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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 β (Aβ). 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 Aβ are increased, while, in wild-type mice, the application 

of soluble Aβ-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 Aβ dimers can induce activity in hippocampal CA1 neurons in vivo but not in in vitro 

hippocampal slices. We then discovered that the ineffectiveness of Aβ 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, Aβ could 

activate the neurons in these slices. Conversely, under in vivo conditions, Aβ application was 

ineffective when the neuronal activity was blocked. The activity dependence was also observed 

in the cortex, where Aβ 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 Aβ. What is the cellular mechanism underlying the baseline activity-dependence of 

the Aβ-induced hyperactivity? We found compelling evidence in vivo and in vitro that Aβ blocks 

the reuptake of synaptically released glutamate. First, Aβ 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 Aβ. Third, both the 

TBOA or Aβ effects were partially saturated in transgenic AD mice. Fourth, electrophysiology 

experiments revealed that Aβ, 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 Aβ derived from the brains of human AD patients also potently induces neuronal 

hyperactivity. This effect was observed for Aβ-containing full brain extract and isolated Aβ 

dimers, but remarkably not for Aβ monomers, indicating species specificity of the Aβ-induced 

effects. 
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In conclusion, we provide evidence that the Aβ-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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Glossary 

(A)CSF  (artificial) cerebrospinal fluid   

(f)MRI  (functional) Magnetic resonance imaging 

AD  Alzheimer’s disease 

AICD  Amyloid precursor protein intracellular cytoplasmic domain 

AM  Acetoxymethyl ester 

AMPAR  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

ApoE  Apolipoprotein E 

APP  Amyloid Precursor Protein 

AUC  Area under the curve 

Aβ  Amyloid-β 

CA  Cornu ammonis 

CHO  Chinese hamster ovary 

DMN  Default mode network 

EAAT  Excitatory amino acid transporter 

EphB2  Ephrin type-B receptor 2 

EPSC  Excitatory postsynaptic current 

FAD  Familial Alzheimer’s Disease 

FcγRIIb  Immunoglobulin G fragment crystallizable region γ receptor II-b  

GLAST  Glutamate aspartate transporter 

GLT-1  Glutamate transporter 1 

HMW  High molecular weight 

ID  Immunodepleted 

iGluR  Ionotropic glutamate receptor 

LilrB2  Leukocyte immune receptor B2  

LMW   Low molecular weight 

LTD  Long-term depression 
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LTP  Long-term potentiation 

MAPT  Microtubule associated protein tau 

MCI   Mild cognitive impairment 

mGluR  metabotropic glutamate receptor 

mOsm  Milliosmolar 

mPFC  Medial prefrontal cortex 

NFT  Neurofibrillary tangle 

NgR1  Nogo-66 receptor 1  

NMDAR N-methyl-D-aspartate receptor 

PET  Positron Emission Photography 

pH  Potential of Hydrogen 

PirB   Paired immunoglobulin-like receptor B2 

PPF  Paired pulse facilitation 

PPR  Paired pulse ratio 

RAGE  Receptor for Advanced Glycation end products 

REM  Rapid eye movement 

ROI  Region of interest 

sAPP  soluble APP 

SDS PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM  Standard error of the mean 

SorL1  Sortilin-related receptor L1 

TBOA  Threo-β-benzyloxyaspartic acid 

TG   Transgenic 

WT  Wild-type 

Α/β-CTF α/β C-terminal fragment 
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1 Introduction 

The goal of my graduate work was to determine a mechanism of amyloid-β (Aβ)-induced 

neuronal hyperactivity in Alzheimer’s disease (AD). This chapter provides an overview of the 

AD pathology with a specific focus on Aβ-dependent changes in the brain. I 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 Aβ 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 Aβ 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. 

Aβ 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 α-, β- and γ-secretases. Cleavage by the β- and γ-

secretases results in the generation of the amyloidogenic Aβ peptide (O'Brien & Wong 2011), 

which can aggregate and therefore accumulate in the brain, while cleavage of the α- and γ-

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-α or -β, 

depending on whether they have been cleaved by α-or β-secretase, while the c-terminal APP 

intracellular domain (AICD) remains in the cytoplasm (Müller et al 2017) (Fig. 1). Because γ-

secretase can cleave the protein at different sites, γ-cleavage can result in an Aβ peptide of 

different lengths, the most abundant of which are 40 and 42 amino acids long (Aβ1-40 and 

Aβ1-42 respectively)(Klafki et al 1996). This is important because longer Aβ fragments are 

more prone to aggregate than the shorter variants and an imbalance of the Aβ1-40/Aβ1-42 

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 (Müller et al 2017).   
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Fig. 1: The canonical pathway of APP processing. APP can be cleaved by α-secretase, inducing the 
non-amyloidogenic pathway, or by β-secretase, eventually leading to the production of Aβ. 
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 Aβ causes AD. In consequence, other pathological changes in the brains of AD 

patients are a result of the ensuing increase in brain Aβ 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 Aβ1-42 to Aβ1-40 (Scheuner et al 

1996), thus providing a direct association to Aβ pathology. This link was strengthened when 

it was discovered that PS1 is the active site of the γ-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 Aβ 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 Aβ pathway. ApoE ε4, 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 plaque 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 Aβ metabolism (Bateman et al 2012), suggesting that tau in fact lies 
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downstream of Aβ. In line with these findings, studies in mice have supported the notion of 

tau as an effector of Aβ 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 Aβ drastically increased NFTs in mice expressing a 

mutated form of human tau (Götz et al 2001). Intriguingly, a complete knockout of the MAPT 

gene rescued Aβ-dependent neuronal dysfunction and memory impairment (Roberson et al 

2007) suggesting that tau is necessary for Aβ-dependent neurotoxicity. Together, these 

findings suggest that Aβ is the main cause for AD and that tau might mediate the toxic 

effects of the Aβ pathology (Bloom 2014). Moreover, Aβ is present in many different forms 

and the fact that the plaque number is not a good predictor of symptoms does not rule out a 

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

1.1.2 Soluble Aβ as the main mediator of Aβ toxicity in the brain 

As Aβ is very prone to aggregate, in the brains of AD patients there is a constantly changing 

mix of differently sized Aβ 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. Aβ fibrils and plaques, on the other hand, are insoluble (Fig. 2). In light of 

the vast number of different Aβ 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: Aβ aggregation. After the subsequent cleavage by β- and γ-secretase, Aβ 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 Aβ 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 Aβ-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 plaques. 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 Aβ species and not amyloid plaques. 

In consequence, the observed pathology around plaques can likely be explained by increased 

levels of soluble Aβ 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 Aβ is very low (Lesné et al 2008). Also, acutely 

decreasing soluble amyloid with inhibitors of γ-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 Aβ in 

healthy mice can cause many of the structural and functional changes observed in mouse 

models of AD and AD patients1. Studying the effects of soluble Aβ by application in healthy 

humans is obviously impossible for ethical reasons.   

The application of Aβ 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 Aβ. 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 Aβ 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, 

                                                           
1
 A detailed description of the Aβ-induced structural and functional pathology can be found in chapter 

1.1.3. 
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Aβ is extracted by homogenization and centrifugation of the post mortem brain tissue. All of 

these ways to gain or synthesize Aβ have their advantages and disadvantages. Synthetically 

produced Aβ monomers or cross-linked dimers are a very specific form of Aβ that can be 

used in huge quantities, but may not recapitulate the full complexity of what is happening in 

the brain of AD patients. Aβ 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 Aβ. Aβ 

from cell cultures lies somewhat in the middle with more physiological Aβ levels and lengths 

than synthetic Aβ but less pathological relevance to sporadic AD than human Aβ. In 

consequence, it is important to use Aβ from all these preparations to get a full understanding 

of Aβ toxicity.  

The emerging picture from Aβ application studies is that the majority of the Aβ-

induced toxic effects are mediated by only a small fraction of Aβ 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 Aβ-dependent pathology, while the more abundant HMW and plaque-

associated oligomers as well as insoluble forms of Aβ 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 Aβ*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 Aβ 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 Aβ (Busche et al 2012, Li et al 2009, 

Shankar et al 2008, Walsh et al 2002). Remarkably, the transgenic expression of covalently 

linked Aβ dimers in mouse models led to synaptic deficits and memory loss in the absence of 

plaque formation, neuro-inflammation or tau hyper-phosphorylation (Müller-Schiffmann et 

al 2016). In the past, there has been surprisingly little hard evidence for the existence of Aβ 

dimers in AD patients. The most widely used tool to separate Aβ 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 Aβ obtained from 

human samples, but also from supernatant of Aβ-producing Chinese hamster ovary (CHO) - 

cells, two bands are particularly prominent - the 4 kilo Dalton (kDa)-band which contains Aβ 

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 Aβ 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 Aβ 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 Aβ 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 Aβ dimers by antibodies in the brains of 

AD patients (Vázquez de la Torre et al 2018), there is now substantial evidence that Aβ 

dimers indeed play a large role in AD pathology.  

 In light of the great toxicity of Aβ dimers, I have chosen to focus my study on 

investigating the effects of Aβ dimer application in the brain of wild-type mice. For most 

parts of my experiments, I used synthetic crosslinked dimers (Shankar et al 2008). To validate 

that Aβ derived from the brain of AD patients had the same effects as synthetic Aβ, I 

repeated key experiments with dimers which had been extracted from patients with sporadic 

AD. Furthermore, I tested the action of human monomers and human brain extract 

containing a mix of soluble Aβ species.  

1.1.3 Aβ-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 Aβ-

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 Aβ and, more specifically, soluble Aβ 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 Aβ 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 β-amyloidosis (Jankowsky & Zheng 2017). A 

possible explanation for these observations might be that Aβ 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 

quantification 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 β-amyloidosis (Jacobsen et al 2006, Malthankar-Phatak et al 2012). The loss of 

synaptic spines is a very early sign of AD and can occur even before the formation of Aβ 

plaques at times, when only soluble Aβ is increased (Hsieh et al 2006, Jacobsen et al 2006). In 

line with this, the application of soluble Aβ oligomers in wild-type mice triggered substantial 

synapse loss in the hippocampus which was dependent on an activation of the complement 

system (Hong et al 2016, Shankar et al 2007). Together, this data indicates that spine loss is a 

direct consequence of increased levels of soluble Aβ. 
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Impaired synaptic plasticity as a cellular basis for memory deficits  

The most extensively studied functional impairment in AD is impaired synaptic plasticity. In 

the hippocampus, long-term potentiation (LTP) and long-term depression (LTD) are widely 

accepted as a cellular model for learning and memory. The concept of LTP and LTD is based 

on the observation that stimulating a synapse repeatedly changes its strength for a long 

time-period (Bliss & Lømo 1973) . This change in transmission strength is recorded as a 

potentiation (LTP) or depression (LTD) of the response of the postsynaptic neuron to a 

defined presynaptic stimulus. It is now clear that, in certain neurons, LTP and LTD rely on the 

activation of postsynaptic N-methyl D-aspartate receptors (NMDARs) and are mostly based 

on changes in the postsynaptic cell, such as an altered number of glutamate receptors (Nicoll 

2017). Studies in mouse models of AD have provided mixed results, but the majority reports 

an impairment of LTP and an enhancement of LTD compared to wild-type mice (Marchetti & 

Marie 2011). Studies in wild-type mice after the intraventricular application of Aβ in vivo or 

the superfusion of brain slices with Aβ-containing CSF, have reported more constant results. 

These studies have almost unanimously reported the Aβ-dependent impairment of LTP after 

the application of Aβ from different sources, including synthetic preparations, cell culture, 

AD mouse and AD human brain extracts (Barry et al 2011, Klyubin et al 2008, Shankar et al 

2008). However, it is important to note that very small concentrations of Aβ can in fact 

enhance LTP (Puzzo et al 2008). In addition to the electrophysiological findings, Aβ was 

reported to prevent the growth of the postsynaptic spine after LTP induction (Wei et al 

2010). Conversely to the findings in LTP, different preparations of soluble Aβ can also 

potently enhance LTD (Li et al 2009). In AD, impairments of synaptic plasticity might be 

connected to memory loss. Thus, in mouse models of AD or after the injection of Aβ directly 

into the hippocampus, impairments of synaptic plasticity were reported to be paralleled by a 

disruption of memory performance in a water maze task (Chapman et al 1999, Nalbantoglu 

et al 1997, Stéphan et al 2001). 
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It is not entirely clear what the mechanisms of the observed Aβ-dependent 

impairments of synaptic plasticity are. However, a direct or indirect interaction of Aβ with 

the NMDA receptor seems to be very likely (Malinow 2012)2.  

Neuronal hyperactivity  

Due to the loss of synapses and the impairment in LTP, which were often referred to as a 

“synaptic failure” (Selkoe 2002), it was expected that neurons in the brain are less active in 

AD. As a consequence, it came as a surprise when many groups reported neuronal 

hyperactivity in the brains of different AD mouse models (Busche et al 2012, Busche et al 

2008, Busche & Konnerth 2015, Keskin et al 2017, Liebscher et al 2016, Rudinskiy et al 2012, 

Scala et al 2015, Siskova et al 2014, Xu et al 2015) (Fig. 3 A, B). These findings are backed up 

by in vitro studies indicating neuronal hyperactivity after Aβ application in slices 

(Kurudenkandy et al 2014) or cell cultures (Alberdi et al 2010, Brorson et al 1995). Neuronal 

hyperactivity in AD can disrupt the normal function of cortical and hippocampal circuits. 

Thus, hyperactive neurons in the visual cortex displayed impaired response properties to 

certain stimuli which was correlated to behavioral impairments (Grienberger et al 2012). In 

the hippocampus, hyperactivity can impair the function of so-called place cells (Koh et al 

2010, Wilson et al 2005), neurons that are essential for processing spatial information and 

encoding a map of the environment (Brun et al 2002, Moser et al 2008). In addition to these 

findings, AD mice have repeatedly been reported to be prone to developing spontaneous 

epileptiform activity as well as nonconvulsive seizures (Palop et al 2007, Palop & Mucke 

2016, Verret et al 2012) (Fig. 3 C, D). Contrary to hyperactive neurons, some cells in AD mice 

are also hypoactive or can be functionally silent (Busche et al 2012, Busche et al 2008). 

Remarkably, this hypoactivity develops at much later ages than hyperactivity and could thus 

be the consequence of a compensatory mechanism to prevent excessive activity (Busche & 

Konnerth 2015). However, the picture could be more complex. Thus, the recently discovered 

                                                           
2
 Aβ interactions with neuronal and non-neuronal proteins will be discussed in chapter 1.1.4. 
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amyloid fragment amyloid-eta can directly decrease neuronal firing rates in mice (Willem et 

al 2015).  

 

Fig. 3: Neuronal hyperactivity in mouse models of AD in vivo. A and B) Left: A representative two-
photon image from layer-2/3 neurons was recorded in the frontal cortex in a wild-type mouse (A) and 
an APP23×PS45 transgenic mouse (B). Neurons are characterized by high brightness in the green 
channel (OGB-1), while Aβ plaques are indicated by blue fluorescence after Thioflavin-S staining. 
Right: Ca2+- traces from the neurons cycled in the left panel. The Ca2+- traces are color coded 
according to the activity status of the respective neuron (silent, blue; normal, black; hyperactive, red). 
C) Electroencephalogram recordings from a wild-type mouse (top, blue) and a mouse model of AD 
(bottom, red). The arrowheads indicate epileptiform spikes. D) Frequency of spikes in wild-type and 
transgenic mice; summary bar graph from panel C (∗∗∗, P < 0.001). Panels A and B adapted from 
(Busche et al 2008), panels C and D adapted from (Verret et al 2012). The whole figure was modified 
from (Zott et al 2018). 

The observed hyperactivity in mouse models of AD is largely backed up by studies in patients 

with early stages of AD. It is not feasible to study neuronal activity on a single-cell level in 

humans. However, it is possible to estimate gross changes of the activity status of brain 

regions by measuring changes in the level of blood oxygenation (Logothetis et al 2001) in 

functional MRI (fMRI). In these experiments, the brain activity while performing a certain 

task is compared with control conditions at rest and allows to detect activity changes with a 

reasonable temporal (several seconds) and spatial (sub-mm3) resolution (Chen & Glover 

2015). Some of the most striking functional impairments in AD can be found in the so-called 
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default mode network (DMN). It includes a number of brain regions, which are usually active 

at rest and deactivate when the subject shifts their attention to the outside, for example in 

learning tasks (Buckner et al 2008, Raichle et al 2001). In AD patients, this deactivation 

breaks down (Fig. 4 A, B), indication that the DMN stays active at all times (Lustig et al 2003, 

Sperling et al 2009). 

Another brain region which was found to be hyperactive in patients with early or 

presymptomatic stages of AD is the hippocampus. Hippocampal hyperactivation during 

memory tasks was observed in subjects with normal memory performance that had either an 

increased genetic risk of developing AD (Bookheimer et al 2000), were carriers of FAD 

mutations (Quiroz et al 2010) or already had some Aβ deposits in the brain (Mormino et al 

2012). Moreover, MCI patients also exhibited hippocampal hyperactivity (Dickerson et al 

2005, Huijbers et al 2015). With disease progression, however, the trend was reported to 

reverse and late-stage AD patients are usually characterized by a marked hypoactivity of the 

hippocampus (Dickerson et al 2005, Pariente et al 2005) (Fig. 4 C). This finding was recently 

supported by longitudinal studies which reported an increase of neuronal activity at early 

stages and a successive decrease over time (Huijbers et al 2015, O'Brien et al 2010). In these 

subjects, there was a strong correlation between high activity levels of the hippocampus at 

baseline and the speed of memory loss. Even though it is not clear what induces the change 

from hyperactivity to hypoactivation, it is natural to speculate that the emergence of first 

hyperactive cells and then additionally hypoactive cells in mouse models of AD (Busche et al 

2008) is the cellular basis for the observed “inverse U-shaped trend” (Sperling et al 2010) of 

hippocampal activity in AD patients.  

One pressing question in light of these findings is whether the observed hyperactivity 

is the result of a compensatory mechanism and is thus beneficial to maintain a sufficient 

level of memory performance at the beginning of the disease. Two lines of evidence make 
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this possibility rather unlikely and indicate that neuronal hyperactivity is instead a 

pathogenic contributor to the disease process (Stargardt et al 2015). First, under 

experimental conditions, the levels of neuronal activity predict subsequent Aβ deposition 

with higher firing rates promoting Aβ release from neurons (Cirrito et al 2005, Dolev et al 

2013, Yuan & Grutzendler 2016). Also, a recent longitudinal study in MCI patients reported 

that the level of hippocampal activity predicted the speed of Aβ deposition over the 

following years (Leal et al 2017) (Fig. 4 D). Second, pharmacologically restoring normal levels 

of hippocampal activity by reducing neuronal firing was reported to rescue memory 

performance in MCI patients (Bakker et al 2015, Bakker et al 2012). This was achieved by 

administration of the antiepileptic drug levetiracetam3.  

 
 
                                                           
3
 A detailed discussion of the possible use of levetiracetam as a disease-modifying drug in AD patients can 

be found in chapter 4.5. 
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Fig. 4: AD-dependent disruptions of neuronal circuits in humans. A) Cortical hotspots of 
amyloid plaque deposition (red-yellow). B) fMRI recordings indicate cortical areas with 
task-specific deactivations (blue). Summary data of young (left), older Aβ-negative 
(middle), and older Aβ-positive subjects (right). C) Task-associated activation is increased 
in the hippocampus of MCI patients compared with healthy controls or AD patients. (∗, P < 
0.03; ∗∗, P < 0.005). D) Regression-analysis of the dependence of the speed of amyloid 
accumulation (slope) on the level of hippocampal activation at baseline. Hippocampal 
activation was determined using fMRI and amyloid levels were detected usi ng PET imaging. 
Panel A and B adapted from (Sperling et al 2009). Panel C adapted from (Dickerson et al 
2005). Panel D adapted from (Leal et al 2017). The whole figure was modified from (Zott et 
al 2018).  

There is now ample in vivo evidence that neuronal hyperactivity is causally related to Aβ and 

most likely mediated by soluble Aβ oligomers such as dimers. First, hyperactivity can be 

observed in young AD mice before plaques are formed. Second, there is a strong correlation 

between the levels of soluble Aβ and the number of hyperactive neurons in the cortex of AD 

mice (Keskin et al 2017). Third, removal of soluble Aβ by inhibitors of γ-secretase potently 

abolished hyperactivity in the hippocampus (Busche et al 2012). Strikingly, this decrease in 

hyperactivity could be achieved with the acute administration of a single dose of a γ-

secretase-inhibitor, which is unlikely to change the number and size of plaques in the brain. 

In line with this, reducing the levels of soluble Aβ by the chronic treatment of AD mice with a 

BACE inhibitor rescued the cortical activity phenotype (Keskin et al 2017). Fourth, in later 

disease stages, hyperactive neurons are exclusively found in the direct vicinity of amyloid 

plaques (Busche et al 2008). This association can be explained by the observation that the 

levels soluble Aβ are especially high in the direct neighborhood of plaques (Hefendehl et al 

2016, Koffie et al 2009). Finally, the acute application of soluble Aβ dimers could trigger 

neuronal hyperactivity, both in wild-type mice (Busche et al 2012) and in AD mice, in which 

the neuronal activity had previously restored by BACE inhibition (Keskin et al 2017).  

What is the mechanism of the Aβ-induced neuronal hyperactivity? Previous work 

from the Konnerth laboratory has demonstrated that the neuronal hyperactivity is driven by 

synaptic inputs rather than a release from Ca2+ stores or a tendency towards 
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hyperexcitability (Busche et al 2008, Busche & Konnerth 2016). More specifically, an 

impaired balance of neuronal excitation and inhibition (E/I balance) with a relative decrease 

in GABAergic inhibition leads to a shift of the E/I balance towards excitation. This leads to an 

increase in neuronal activity and the emergence of hyperactive neurons. In consequence, 

enhancing synaptic inhibition by agonists of GABA receptors (Busche et al 2008) completely 

abolished neuronal hyperactivity and, remarkably, restored memory function in a mouse 

model of AD. However, the exact mechanism of the Aβ-dependent disruption of the E/I 

balance remained unknown. 

Accumulating evidence indicates that Aβ induces neuronal hyperactivity but also that 

neuronal hyperactivity influences the amount of Aβ production. Thus, high levels of activity 

can lead to elevated extracellular concentrations of Aβ or an altered balance of Aβ40/Aβ42 

(Cirrito et al 2005, Dolev et al 2013, Kamenetz et al 2003, Wei et al 2010). In line with these 

findings, chronic sensory activation of certain cortical areas increased the subsequent plaque 

deposition in those regions (Bero et al 2011, Yuan & Grutzendler 2016). Conversely, 

decreasing neuronal activity by chronic sensory deprivation (Bero et al 2011) or by 

chemogenetic inhibition in vivo (Yuan & Grutzendler 2016) led to a markedly decreased 

amyloid burden in the same cortical areas. It is not entirely clear, what the molecular 

mechanism behind this activity-dependent increase in Aβ production is. One study reported 

an activity-dependent change in the conformation of the catalytic site of γ-secretase to be 

responsible for an activity-dependent shift of the Aβ 40/Aβ42 balance (Dolev et al 2013). 

Also, RNA levels of APP are higher in layer than in other cortical layers (Bahmanyar et al 

1987), which could be due to the exceptionally high baseline activity levels of layer 5 

pyramidal neurons (Tischbirek et al 2015).   

In summary, a prominent feature of AD both in mouse models of AD and humans at 

early stages of the disease is neuronal hyperactivity. The basis of this hyperactivity is a 
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soluble Aβ oligomer-induced impairment of E/I balance which is shifted towards excitation. 

However, the underlying cellular mechanism remained elusive. 

Impaired sleep-related slow oscillations 

In addition to functional impairments on the synaptic and cellular level, AD is also 

characterized by disruptions of large-scale network activity. Of particular interest is the 

prominent loss of sleep slow oscillations which can be observed both in mouse models of AD 

and human patients (Busche et al 2015b, Mander et al 2015). Sleep and especially sleep slow 

oscillations are vital for the maintenance of long-term memory. There is now ample evidence 

that particularly during non-REM (rapid eye movement) sleep, recently acquired information 

is transmitted from the short-term memory in the hippocampus to storage sites for long-

term memory located in the neocortex (Diekelmann & Born 2010). The physiological 

correlate of this transfer is so-called replay, which means that neuronal activity patterns 

present during learning in the awake state are repeated in a compressed manner during 

sleep (Peigneux et al 2004, Wilson & McNaughton 1994). Replay occurs preferably during 

deep sleep stages, characterized in the electroencephalogram by the occurrence of slow 

waves, which carry faster rhythms such as sleep spindles and ripples (Staresina et al 2015, 

Steriade 2006, Steriade et al 1993). Even in healthy subjects, impairment of these sleep 

rhythms can lead to impaired memory performance (Clemens et al 2005, Helfrich et al 2018) 

and enhancing slow oscillations improves memory recall (Marshall et al 2006, Ngo et al 

2013).  

Sleep disturbances are an early symptom in many AD patients (Hita-Yanez et al 2012, 

Spira et al 2013, Sprecher et al 2017) and correlate with memory performance (Ficca et al 

2000, Westerberg et al 2010). Even though sleep disturbances are a symptom of many 

diseases (Foley et al 2004), the strong impairment of sleep slow oscillations is specific for AD. 

Since memory loss is one of the most debilitating symptoms of AD, a loss of slow oscillations 
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could be one of the mechanisms responsible for this impairment. Indeed, a recent study 

elegantly described the relationship between Aβ, slow oscillations and memory performance 

(Mander et al 2015). In this study, the authors suggest that the amount of Aβ in certain brain 

areas can predict the level of slow oscillation deficiency and the worsening of memory 

performance (Fig. 5). 

 

Fig. 5: Impaired memory performance is associated with high amyloid plaque load and impaired 
slow wave activity during sleep. A) PET-imaging of the amyloid plaque load in three example subjects 
without cognitive impairments and low (left), intermediate (middle) and high (right) levels of Aβ in the 
medial prefrontal cortex (mPFC, outlined in red). B) Top: EEG-based power spectrum (top) and source 
localization (bottom) of the sleep slow wave activity for the three subjects. C) Relative levels of sleep 
slow wave activity for the subjects sorted according to their level of brain Aβ. D) Memory 
performance of the three subjects. Modified from (Mander et al 2015) and reproduced from (Zott et 
al 2018).  
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As with the other impairments described here, there is now strong evidence from mouse 

studies indicating that soluble Aβ is both sufficient and necessary for the disruption of slow 

oscillations. In mouse models of AD, studies using calcium (Ca2+) imaging demonstrated a 

clear impairment of the coherence of slow waves over all cortical areas (Busche et al 2015b, 

Keskin et al 2017). This desynchronization could be rescued by the removal of soluble Aβ by 

BACE inhibition and reoccurred in the same mice after Aβ application (Keskin et al 2017). 

Conversely, the application of soluble Aβ in wild-type-mice readily induced this 

desynchronization (Busche et al 2015b) (Fig. 6 A). Just like the neuronal hyperactivity, 

desynchronization of slow waves was a product of a shift of the E/I balance towards 

excitation. Thus, enhancing GABAergic tone with benzodiazepines such as midazolam 

restored the coherence of the slow oscillations in AD mice (Busche et al 2015b) (Fig. 6 B, C). 

This intervention also rescued the behavioral phenotype in those mice (Fig. 6 D). However, at 

this point it is still unknown whether the impairment of slow oscillations is a direct 

consequence of the neuronal hyperactivity and whether the same Aβ-dependent 

mechanisms induce neuronal hyperactivity and the impairment of slow oscillations. 
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Fig. 6: Aβ-induced disruption of cortical slow oscillations in vivo. A) Wide-field fluorescence imaging 
of Ca2+-activity in the frontal (red) and occipital (black) cortices of a wild-type mouse under baseline 
(left), Aβ application (middle) and Aβ and midazolam co-application (right) conditions. B) Same as A, 
but in an APP23 x PS45 transgenic muse under baseline (left), midazolam application (middle) and 
washout (right) conditions. C) Color-coded cortical cross-correlation matrices for the eight recording 
sites indicated in the left panel indicate a high coherence of slow oscillations in wildtype mice (left) 
and low correlations in transgenic mice (right). D) Memory performance of wildtype (grey), transgenic 
(red) and transgenic clonazepam-treated (blue) mice in a five-day discriminatory water maze task. 
Adapted from (Busche et al 2015b) and reproduced from (Zott et al 2018). 

1.1.4 Do specific Aβ receptors exist? 

While it is widely accepted that Aβ triggers an extensive range of changes in the brain 

(described in the previous chapter), the exact mechanisms for many of these changes remain 

elusive. It is most likely that the functional and structural changes observed in AD are 

mediated by a direct or indirect interaction of Aβ with one or more receptors. In fact, a huge 

number of possible Aβ receptors have been identified. The literature dedicated to this topic 

is vast and highly controversial (Jarosz-Griffiths et al 2016). Hence I will only give a brief 

overview over the most important possible interaction partners of Aβ. 

  One widely accepted fact is that Aβ can bind to neurons and astrocytes (Hong et al 

2014, Lacor et al 2007) and especially to synapses (Lacor et al 2004). In consequence, it is 

important to ask exactly which part of the neuron Aβ binds to. Since Aβ is generally located 

in the extracellular space, the possible binding partners include membrane proteins, the 

extracellular matrix and membrane lipids.  

Proteins as suggested Aβ receptor candidates 

Three classes of membrane proteins evolve as possible Aβ receptors. The first group 

comprises proteins involved in the Aβ homeostasis and trafficking. A second class includes 

receptors on immune cells, which are implicated in synaptic pruning and could induce 

neuronal cell death. The third class of receptors is located mainly on neurons and involved in 

the Aβ-dependent impairment of synaptic transmission. 
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One of the early candidates implicated in AD was the receptor for advanced glycation 

end products (RAGE), (Yan et al 1996). RAGE is an endothelial receptor and is thought to 

mediate the uptake of Aβ into the brain across the blood-brain barrier (Deane et al 2003). In 

consequence, the disease progression in AD-mice overexpressing RAGE was accelerated and, 

conversely, RAGE-KO mice were protected from AD-dependent changes (Arancio et al 2004). 

Another receptor, which is involved in intracellular Aβ trafficking, is the Sortilin-related 

receptor L1 (SorL1), which was reported to be involved in transporting APP through the cell 

as it gets cleaved. More specifically, SorL1 seems to inhibit BACE-cleavage and the release of 

Aβ into the extracellular space and is thus protective against AD (Andersen et al 2005, Offe et 

al 2006, Spoelgen et al 2006). Recently, SorL1 has repeatedly been implicated as a risk gene 

for AD (Cuccaro et al 2016, Lambert et al 2013). Structurally very similar to SorL1 is sortilin, 

which was recently reported to be important for Aβ clearance from the extracellular space 

(Carlo et al 2013). Also involved in the regulation of Aβ processing is the Nogo-66 receptor 1 

(NgR1), which reportedly modulates the processing of APP by α- and β-secretases (Park et al 

2006a). Generally speaking, exogenously increasing NgR1 reduced Aβ levels and toxicity, 

while its deletion worsened AD pathology in the brains of a mouse model of AD (Park et al 

2006a, Park et al 2006b).  

 Receptors of the second group are expressed on immune cells of the brain. One 

candidate protein implicated in Aβ toxicity is the immune-receptor IgG Fcγ receptor II-b 

(FcγRIIb), which is expressed on B-cells, neutrophils and macrophages. The levels of FcγRIIb 

were reported to be increased in AD patients and knockout or inhibition of this receptor 

alleviated many Aβ-induced deficits in vitro and improved memory performance in a mouse 

model of AD (Kam et al 2013). Also expressed on immune cells is the LilrB2-receptor and its 

murine homolog, the paired immunoglobulin-like type 2 receptor B (PirB). This receptor can 

bind Aβ oligomers (Kim et al 2013). Additionally, it has been reported that deletion of the 

LilrB2-receptor eliminated Aβ-induced neurotoxicity and rescued LTP levels in a mouse 
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model of AD (Kim et al 2013). Recently, the receptor crystal structure has been solved and a  

possible binding pocket for Aβ oligomers has been identified (Cao et al 2018). Finally, the 

excessive pruning of synapses which is a hallmark of early AD was reported to be mediated 

by a complement-dependent activation of microglia (Hong et al 2016). Although not 

classically considered as a receptor for Aβ, there is some evidence for a direct binding of Aβ 

to certain complement factors (Rogers et al 1992).  

 The neuronal surface proteins that soluble Aβ binds to are generally regulators of 

neuronal excitability. One of these receptors which has been implicated in Aβ toxicity early 

on is the α-7 subtype of the nicotinic acetylcholine receptors (nAchRα7) which reportedly 

binds Aβ with a very high affinity (Wang et al 2000). Furthermore, nAchRα7 were reported to 

be increased in a mouse model of AD and this increase was associated with worse memory 

performance (Dineley et al 2001). One of the receptors most frequently indicated in AD is the 

NMDAR. An Aβ-dependent impairment of this receptor, which is highly important for 

memory formation, could possibly explain the Aβ-induced impairments of LTP and LTD 

(Malinow 2012)4. At the moment, however, it is unclear, whether Aβ can directly interact 

with the NMDAR. Thus, Aβ binds to glutamatergic synapses containing NMDARs, but not to 

GABAergic synapses (Lacor et al 2007). One of the most robust finding was that blocking the 

NMDAR or its NR2B subunit prevented the Aβ-dependent effect on synaptic plasticity (Hu et 

al 2009, Rammes et al 2011, Rönicke et al 2011) as well as the Aβ-induced structural 

impairments (Hsieh et al 2006, Shankar et al 2007, Wei et al 2010). However, the interaction 

between Aβ and the NMDAR is probably indirect (De Felice et al 2007, Malinow 2012). This 

indirect interaction could, for example, be mediated by the ephrin type B receptor 2 (EphB2).  

Unlike for NMDA, a direct binding of Aβ to EphB2 has been reported (Cissé et al 2010) .  The 

function of this receptor tyrosine kinase is to regulate NMDAR-levels on the neuronal 

surface. Thus, AD is associated with decreased levels of both NMDARs  (Ikonomovic et al 

                                                           
4
 For a summary of Aβ-dependent LTP and LTD impairments, see chapter 1.1.3  
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1999) and EphB2 (Simon et al 2009). Also, restoring EphB2 levels reversed LTP deficits and 

memory impairment in a mouse model of AD (Cissé et al 2010). An indirect Aβ-dependent 

involvement of postsynaptic NMDARs could also be caused by an Aβ-induced inhibition of 

glutamate uptake, as was reported by the Selkoe lab (Li et al 2009, Li et al 2011). The authors 

of these studies reported that Aβ application impaired synaptic plasticity via an excessive 

activation of NR2B-containing receptors and that the mechanism of this impairment most 

likely involved an impaired uptake of synaptically released glutamate5. One of the best-

characterized receptors for Aβ is the prion protein (PrPc). It can bind Aβ oligomers in mice 

and humans (Dohler et al 2014, Laurén et al 2009) and the knock-out of PrPc as well as the 

application of anti-PrPc antibodies prevented some of the Aβ induced pathology. Thus, PrPc is 

required to mediate the Aβ-induced effects on neuronal plasticity, synapse loss and behavior 

in a mouse model of AD (Barry et al 2011, Gimbel et al 2010, Kudo et al 2012, Laurén et al 

2009, Resenberger et al 2011). However, there is also evidence that PrPc is in some cases not 

required for Aβ-induced neuronal dysfunction (Cissé et al 2011, Kessels et al 2010). Another 

question is how PrPc binding can be translated into an intracellular signal, since PrPc is not a 

transmembrane protein, but rather linked to the outside of the cell membrane with a lipid 

anchor. A possible mediator of PrPc-binding could be mGluR5 (Um et al 2013). When 

activated by Aβ-bound PrPc, mGluR5 was reported to activate, among others, Fyn-Kinase, 

which might further downstream effects such as NMDAR-internalization and the loss of 

dendritic spines (Um et al 2012). The involvement of mGluR5 in AD is of particular interest, 

since it opens a path for pharmacological manipulations. Thus, the chronic inhibition of 

mGluR5 alleviated memory symptoms and pathology in a mouse model of AD (Hamilton et al 

2016).  

                                                           
5
 The Aβ-dependent impairment of glutamate uptake is discussed in more detail in chapter 4.2. 
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Aβ can interact with various membrane components 

Regardless of the binding of membrane proteins, Aβ could also directly interact with 

membrane lipids. In fact, there is some evidence that Aβ binds to gangliosides on the plasma 

membrane (Hong et al 2014, Yanagisawa et al 1995) and cholesterol (Avdulov et al 1997). A 

few studies have also suggested that membrane-associated Aβ has a high propensity to 

aggregate (Bokvist et al 2004, Nagarathinam et al 2013). The membrane-associated Aβ 

aggregates preferentially form in the vicinity of synapses (Renner et al 2010), where they can 

interfere with the function of membrane proteins without necessarily binding to them. Thus, 

a recent study reported that Aβ restricts the lateral mobility of postsynaptic mGluR5 (Renner 

et al 2010). Finally, the interaction of Aβ with the plasma membrane could lead to the 

formation of Ca2+-permeable pores in the membrane (Lashuel et al 2002, Quist et al 2005), a 

process which was reported to be dependent on cholesterol (Di Scala et al 2014). However, 

compelling in vivo evidence for this hypothesis is not available yet. 

In summary, a plethora of receptors have been implicated in AD. The sheer number 

of possible targets makes it rather unlikely that there is only one dedicated Aβ receptor. 

More likely, Aβ pathology is conveyed by the binding of Aβ to a number of different 

mediators. Moreover, it is important to keep in mind that there is not just one species of Aβ 

in the brain. Aβ of different aggregate sizes or conformations could theoretically bind to 

different receptors. Remarkably, what little is known about the relationship of aggregate size 

with receptor affinity is in line with the observed toxic effects of Aβ. For example, Aβ 

receptors such as the PrPc binds Aβ oligomers with a much higher affinity than monomers or 

fibrils (Um et al 2012) and FcγRIIb predominantly binds Aβ oligomers (Cao et al 2018). 

However, further research is needed to determine the interactions of Aβ with membrane 

proteins and lipids.  
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1.2 Recording neuronal function and dysfunction on the single cell level 

in vivo 

The goal of my thesis was to study the mechanism of Aβ-induced neuronal dysfunction based 

on previous observations that the direct application of Aβ is sufficient to trigger neuronal 

hyperactivity in vivo (Busche et al 2012). In order to investigate Aβ-induced neuronal 

dysfunction, it is necessary to record neuronal activity with high temporal and sub-cellular 

spatial resolution. The method of choice to achieve this is in vivo two-photon Ca2+-imaging. 

Here, I will introduce the necessary methodological knowledge for the later chapters. 

1.2.1 Two-photon calcium imaging of neurons 

Before the widespread adoption of two-photon imaging, the preferred method to 

simultaneously record neuronal action potentials was based on extracellular 

electrophysiology using tetrodes (Gray et al 1995). This method provides an excellent 

temporal resolution and can be applied in freely moving animals, but the recordings do not 

contain any anatomical information about the network the neuronal activity is recorded 

from. Moreover, tetrode recordings are biased to only detect active cells (Shoham et al 

2006). In consequence, the invention of two-photon fluorescence imaging (Denk et al 1990, 

Helmchen & Denk 2005) together with the development of methods to detect neuronal Ca2+ 

signals in living brain tissue (Stosiek et al 2003) was a major breakthrough in neuroscience. 

Applying these techniques not only allowed neuroscientists to simultaneously probe the 

neuronal activity of many neurons, including silent ones, in real time. It also enabled them, 

for the first time, to do so with exact knowledge of the anatomy of the neuronal network 

they were recording from.  

Calcium imaging in neurons 

Since two-photon imaging relies on light microscopy, it is vital to translate neuronal activity 

into detectable light signals. This is usually achieved by fluorescent indicators. During an 
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action potential, the neuronal membrane depolarizes and this change in membrane potential 

can be visualized by fluorescent voltage-sensitive dyes. Unfortunately, the limited signal-to-

noise ratio and the extremely rapid time-course of the voltage signal of these dyes does not 

yet allow for a wide-spread application of this technique. However, recent advancements 

might make a use in the future more feasible (Gong et al 2015). The depolarization of the 

neuronal cell membrane is associated with the influx of cations, most notably sodium (Na+) 

and Ca2+ into the neuron. While fluorescent Na+-imaging is possible but not widely used due 

to methodological limitations (Schreiner & Rose 2012), fluorescent Ca2+-indicators dominate 

the field and are the most extensively used tool to visualize neuronal activity in vitro and in 

vivo (Grienberger & Konnerth 2012, Yang & Yuste 2017). Imaging concentration changes of 

Ca2+ is in many ways an optimal way to record neuronal activity. The intracellular Ca2+ 

concentration is only 50-100 nM at rest and can increase massively during action potential 

activity, which allows for high signal-to noise ratios (Berridge et al 2000). Moreover, the 

action-potential induced fluorescence changes reported by Ca2+-indicators have decay times 

in the range of tens to hundreds of milliseconds, depending on the indicator and the cellular 

compartment (Cornelisse et al 2007, Helmchen et al 1996). Thus, in contrast to 

measurements of membrane voltage changes, Ca2+ imaging of neuronal activity can be 

performed at reasonably slow sampling rates of 10-40 Hz. In the soma of neurons, action 

potentials trigger a rapid influx of Ca2+ through voltage-gated Ca2+ channels, followed by a 

slower extrusion of Ca2+ from the cytoplasm into the extracellular space or into intracellular 

stores such as the endoplasmic reticulum (Grienberger & Konnerth 2012). These changes of 

intracellular Ca2+ are then detected as conspicuous changes in the fluorescence of the 

indicator with sharp rise-times and slow decay times (Rochefort et al 2008, Stosiek et al 

2003, Yuste et al 2011).  

One widely used technique to deliver Ca2+-indicators into the brain tissue is the use 

of genetically encoded indicators, which can be stably expressed in transgenic mouse lines or 
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after the injection of a virus carrying the DNA coding for the construct. The advantage of the 

genetically encoded Ca2+-indicators (GECIs) is that it is possible to specifically target 

subpopulations of cells and that they allow for long-term imaging over weeks or months 

(Tian et al 2012). Accordingly, viral or transgenic expression of GECIs is the method of choice 

to perform chronic Ca2+-imaging experiments. However, viral injection of GECIs is 

cumbersome and does not allow for acute experiments. Moreover, even though rapid 

technological advancements in the field have led to a huge improvement of the indicator 

proteins (Chen et al 2013, Dana et al 2018), GECIs still have issues with nonlinearity. Because, 

unlike organic Ca2+-indicators, GECIs have more than one (typically four) binding sites for 

Ca2+, there is no strong linear correlation between increases in Ca2+ and the fluorescence 

changes of the indicator (Rose et al 2014). In consequence, the preferred method to perform 

acute experiments in neurons and astrocytes in a given brain region, is the use of organic 

Ca2+-indicators (Tischbirek et al 2015, Tischbirek et al 2017). These dyes are highly versatile 

and can simply be injected into the brain by pressure-injection from a glass pipette (Kerr & 

Denk 2008, Stosiek et al 2003). In order to homogeneously label virtually all neurons in a 

certain brain area, acetoxymethyl (AM) ester-bound organic Ca2+-indicators are injected into 

the brain tissue (Stosiek et al 2003, Tsien 1981). As long as the indicator is bound to the AM 

ester, it can readily diffuse through cell membranes, but once it has diffused into the 

cytoplasm, the lipophilic ester is cleaved by endogenous esterases, trapping the indicator in 

the cell. Since the goal of my thesis was to determine the acute action of Aβ on neuronal 

activity, I chose to use an organic Ca2+-indicator based approach for my experiments. 

The basics of two-photon microscopy 

One of the major restrictions of light microscopy is the limited penetration depth of light in 

scattering tissues such as the brain. The use of two-photon imaging  of fluorescent indicators 

has pushed the imaging depth limit of laser scanning microscopy from less than 100 µm with 
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single-photon excitation to almost 1 mm, about the depth of the entire mouse cortex 

(Helmchen & Denk 2005).   

 Fluorescent microscopy is based on the principle of exciting a fluorophore with 

monochromatic light and collecting the emitted photons from the fluorescent probe. 

Absorbing a photon elevates a fluorophore to an excited state. This state is unstable and the 

fluorophore returns to its ground state rapidly, again emitting a photon (Lichtman & 

Conchello 2005). As the emitted photon is has slightly less energy, the emitted light has a 

longer wavelength than the excitation light (Fig. 7 A). This difference in wavelengths is called 

Stokes-shift (Resch-Genger et al 2008). In order to rapidly detect fluorescence with a high 

spatial resolution, the laser beam is typically scanned across a rectangular field of view (Fig. 7 

B) using fast galvanometric or resonant mirrors. Different scanning methods also exist (Yang 

& Yuste 2017), but will not be discussed here. Because the laser only illuminates a defined 

spot at a certain time, a rapid detector with a very high sensitivity but only one pixel, such as 

a photomultiplier tube (PMT) can be used and the image is then reconstructed by assigning 

the fluorescence level at a certain time back to the location the laser has hit.  

In the case of single-photon laser scanning microscopy (typically with blue light), the 

highest light intensity will be found in the focal spot, but the cone above and below will also 

get illuminated and thus generate out of focus fluorescence (Fig. 7 C). This can be largely 

overcome by the application of nonlinear two-photon excitation, which makes use of the fact 

that the energy of two photons can add up if they arrive at the same location within about 

0.5 fs from each other (Göppert-Mayer 1931). This means that the same fluorophores as in 

single-photon laser scanning microscopy can be excited by light with longer wavelengths (in 

the near infrared spectrum), i.e. less energy (Fig. 7 A). This brings a lot of advantages such as 

deeper penetration depth (Oheim et al 2001)  and lower phototoxicity (Svoboda & Block 

1994). Furthermore, as the addition of energies is a nonlinear process, the amount of out of 
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focus fluorescence is much lower in two-photon than in single-photon microscopy (Fig. 7 C). 

Since photons that have been generated outside of the focal point hit the objective at slightly 

different angles than those originating from the focal point, they can be blocked out by a 

pinhole to maintain a high resolution as is typically done in confocal microscopy. If using 

nonlinear multi-photon illumination, on the other hand, all photons can be expected to 

result from the focal point and thus no pinhole is needed. 

  

Fig. 7: The basics of two-photon microscopy. A) Jablonski diagram illustrating single-photon and two-
photon absorption. B) Typical laser path in laser scanning microscopy. C) Spatial confinement of signal 
generation with nonlinear excitation. Panels A and C based on (Helmchen & Denk 2005) and 
(Lichtman & Conchello 2005). 

The biggest limiting factor of light microscopy is light scattering. The brain is a highly 

scattering tissue, which means that photons are forced from their ballistic linear path after 

penetrating only few tens of micrometers into the tissue (Oheim et al 2001). This limits the 

recording depth of confocal microscopy as photons that were emitted from the fluorophore 

get scattered on their way back towards the objective and get blocked out by the pinhole, 

which results in a much lower signal as compared to two-photon imaging where no pinhole is 

used. On the contrary, two-photon microscopes are usually equipped with objectives with a 

high acceptance angle, i.e. numerical aperture (NA) to collect as many scattered photons as 

possible. Also those photons emitted by the laser get scattered on their way towards the 

fluorophore, which leads to a lower brightness of the focal point in both methods. In single-
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photon excitation, however, the scattered photons additionally contribute to the amount of 

out of focus fluorescence, whereas, in the two-photon case, the use of laser light with 

approximately double the wavelength, i.e. half the energy, leaves scattered photons with too 

little energy to excite the fluorophore (Helmchen & Denk 2005).    

While two-photon imaging theoretically allowed researchers to perform imaging 

experiments in depths up to 1 mm (Theer et al 2003), the analysis of neuronal activity was 

mainly limited to the cortical layer 2/3 for a long time. In the last years, however, huge 

advances have been made and allow for functional two-photon imaging in deeper cortical 

layers (Tischbirek et al 2017, Yang & Yuste 2017). These include the development of red-

shifted fluorophores with longer excitation and emission wavelengths (Akerboom et al 2013, 

Dana et al 2016, Tischbirek et al 2015) and the targeted labelling of fewer neurons to reduce 

the background fluorescence (Birkner et al 2017). Other methodological advances for deeper 

imaging include the use of three-photon excitation, the implantation of lenses or prisms into 

the cortex and shaping the wave front of the laser to counteract inhomogeneity of the tissue 

(Yang & Yuste 2017). However, these techniques are not widely used yet.  

1.2.2 In vivo analysis of neuronal activity by two-photon imaging in mouse 

models of AD 

Rationale 

The hippocampus is a brain area that is of particular interest to many neuroscientists. It is a 

key player in the formation and maintenance of memory in healthy patients and major 

disruptions of the integrity of hippocampal circuits invariably lead to memory loss, 

independent of the underlying disease (Eichenbaum 2017, Scoville & Milner 1957, Vargha-

Khadem et al 1997).  

 Even though AD pathology can affect the whole brain, the hippocampus is especially 

prone to be disrupted by the disease. Neuropathological and, more recently, imaging studies 
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in AD patients have revealed that the hippocampus highly susceptible to tangle formation 

and atrophy (Braak & Braak 1991, Devanand et al 2007), as well as amyloid plaque pathology 

(Thal et al 2002). Also, the loss of memory functions of AD patients is paralleled by marked 

functional hippocampal impairments in their brains (Sperling et al 2010, Zott et al 2018). The 

most striking aspect of hippocampal dysfunction in early AD stages is an increase in neuronal 

activity, which can be found in human AD patients as well as in mouse models of AD. 

Moreover, several studies in mice have revealed Aβ-dependent impairments of synaptic 

plasticity in the hippocampus of mice6. In consequence, I decided to perform the majority of 

my experiments in hippocampal neurons. 

Methodology 

My graduate work is largely based on previous observations of an Aβ-induced increase of 

baseline activity in wild-type and transgenic mice (Busche et al 2012, Busche et al 2008, 

Busche et al 2015a, Keskin et al 2017). Baseline activity of neuronal networks is induced by 

excitatory and inhibitory synaptic inputs. In consequence, neuronal baseline activity should 

be recorded under conditions which leave the network as intact as possible, such as in vivo 

two-photon Ca2+-imaging. Unfortunately, the hippocampus is not accessible to classical two-

photon imaging approaches, as, in mice, it is covered by more than 1 mm of neocortex and 

white matter (Mizrahi et al 2004). However, exposing the dorsal hippocampus by carefully 

removing the covering cortex makes it accessible to two-photon imaging (Busche et al 2012, 

Dombeck et al 2010, Kuga et al 2011). Even though it is rather invasive, this manipulation did 

not result in any structural or functional changes of hippocampal neurons, probably because 

the overlying cortex is not strongly connected to the hippocampus (Dombeck et al 2010). 

Due to the recent advancements in two- and three-photon imaging, proof of principle 

studies have recently reported that it is possible to record neuronal activity in the 

hippocampus without removing the cortex (Kondo et al 2017, Ouzounov et al 2017). It 

                                                           
6
 A more detailed introduction into Aβ-induced hippocampal pathology can be found in chapter 1.1.3. 
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remains to be shown whether these approaches will be widely applied in the near future. In 

my experiments, I chose to acutely remove the parts of the sensory cortex overlying the 

hippocampus without implanting a cortical window (Fig. 8). This approach allowed for 

pharmacological manipulations through the application of drugs in the bath solution or by 

pipette injection.  



Methods   36 
_______________________________________________________________________________ 
 

2 Methods 

2.1 Mouse models 

All experimental procedures were performed in compliance with institutional animal welfare 

guidelines and were explicitly approved by the local government. In vivo experiments were 

performed in male and female Bl/6 C57N mice, called wild-type mice in the following 

(Charles River, Wilmington, USA), at the age of 5-9 week or age-matched female APP23 x 

PS45 mice. This transgenic mouse line is derived from crossing APP23 mice with a PS45 line. 

The APP23 line expresses a humanized form of APP harboring the so-called Swedish 

mutation under the control of a Thy-1 promoter (Sturchler-Pierrat et al 1997). The regulation 

of the construct by the Thy-1 promoter leads to an overexpression of Aβ in pyramidal cells. 

The Swedish mutation is a double mutation in position 670 and 671 of the APP, which was 

discovered in a group of patients suffering from FAD in Sweden (Mullan et al 1992). It does 

not affect the sequence of amino-acids within the Aβ peptide but is located directly next to 

the site of β-secretase cleavage. As a result, APP is less frequently cleaved by α-secretase, 

which would lead to non-amyloidogenic products, and more regularly cleaved by BACE, thus 

increasing the production of Aβ (Haass et al 1995). The PS45 mouse line expresses the 

humanized PS1 protein with the G384A mutation under the Thy-1 promotor (Herzig et al 

2004). This mutation was found to promote very early onset AD in two Belgian families 

(Martin et al 1991). Crossing these two mouse-lines led to early onset and rapid 

accumulation of soluble Aβ in the double-transgenic mice. At the age I used them (5-9 

weeks), APP23 x PS45 mice were reported to have increased levels of soluble Aβ in the brain 

but no apparent amyloid plaques (Busche et al 2012). 



Methods   37 
_______________________________________________________________________________ 
 

Slice two-photon Ca2+ imaging experiments and electrophysiological experiments were 

performed in 10-25 days old wild-type mice of both sexes.  

2.2 Surgery 

For in vivo experiments, mice were initially anesthetized with Isoflurane (CP pharma, 

Burgdorf, Germany, 2% vol/vol in pure O2). Preemptive analgesia was provided by the 

injection of 2% Xylocaine (AstraZeneca, Wedel, Germany, ca. 50µl) under the scalp and the 

subcutaneous application of metamizole (Bela-pharm, Vechta, Germany, 200 mg/kg 

bodyweight). After a waiting period of 10 min to allow for the analgesic treatment to take full 

effect, the mice were transferred to a heating plate and the temperature was maintained at 

37.5 ± 0.5°C during the whole experiment. The scalp was partially removed and a custom-

made plastic recording chamber with a central opening was attached to the skull using 

cyanoacrylic glue (UHU, Buhl-Baden, Germany). A stereotactic mouse brain atlas (Paxinos & 

Franklin 2012) was used to determine the coordinates of the hippocampal Cornu ammonis 1 

(CA1) region (posterior to bregma: 2.5 mm, lateral from the midline: 2.2 mm) and the skull 

was thinned with a dental drill (Meisinger, Neuss, Germany) in a circle with a diameter of 

approximately 2 mm with the center at the identified coordinates. At this point, the 

recording chamber was filled with artificial cerebrospinal fluid (ACSF; 125 mM NaCl, 4.5 mM 

KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 20 mM glucose, pH 7.4, 

when bubbled with carbogen gas (95 % O2 and 5 % CO2)), which had been heated to 37°C. 

The bone was carefully removed with a thin cannula (30G, Braun, Kronberg, Germany) to 

open a cranial window directly above CA1. In hippocampal Ca2+-imaging experiments, the 

dura was removed using fine forceps (Fine Science Tools, Heidelberg, Germany) After this, 

the cortical tissue covering the hippocampus was removed by suction and the ensuing 

bleeding was stopped by continuous rinsing with ACSF. To stain the CA1 pyramidal cells, 

multi-cell bolus loading was performed as previously described (Stosiek et al 2003). The 
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organic Ca2+-indicator Cal-520 AM (Tada et al 2014) (AAT Bioquest, USA) was pre-diluted in 

dimethyl sulfoxide (DMSO) containing 20 % Pluronic F-127 (Life technology, Carlsbad, USA) 

and vortexed at 1000 RPM for 60 seconds. This dye-containing solution was then diluted with 

Ca2+ free ACSF to a final concentration of 0.5-1 mM. Patch-electrodes were pulled using a 

vertical puller (Narishige, Japan) to have a tip resistance of 2-3MΩ. The diluted Cal-520 

solution was filled into one of these pipettes and the tip was carefully lowered into the 

hippocampal tissue to a depth of 200 µm, using a micro-manipulator (Luigs & Neumann, 

Ratingen, Germany). The back end of the pipette was connected to a picospritzer II (General 

Valve Co. Fairfield, USA) and the Ca2+-indicator was pressure-injected (60 sec, 600 mBar) into 

the hippocampus. To stabilize the preparation, a small drop of heated agarose (2%, 37°C) 

was carefully placed on the hippocampal surface. After the surgery was completed, the 

concentration of Isoflurane was reduced to 0.6 to 0.8% vol/vol. Cortical recordings were 

performed in the primary visual cortex (V1) in a similar manner as the hippocampal 

recordings. The stereotactic coordinates for V1 were identified as 3.8 mm caudal of bregma 

and 2.2 mm lateral to midline. The skull was removed exactly as described above, but the 

dura and cortical tissue were left intact. Cal-520 AM was diluted and pressure-injected as 

described at the depth of 200 µm for recordings in cortical layer 2/3 and at 550 µm for 

imaging layer 5. 

2.3 In vitro hippocampal slice preparation and staining 

The mice were anesthetized by the inhalation of CO2 and subsequently decapitated. The 

brain was surgically removed and submerged in ice-cold slicing solution (24.7 mM glucose, 

2.48 mM KCl, 65.47 mM NaCl, 25.98 mM NaHCO3, 105 mM sucrose, 0.5 mM CaCl2, 7 mM 

MgCl2, 1.25 mM NaH2PO4, and 1.7 mM ascorbic acid) with an osmolarity of 290-300 mOsm 

and a pH of 7.4, which was stabilized by bubbling with carbogen gas. The brain was then 

glued onto a metal plate and horizontal slices (300 µm thickness) were cut using a vibratome 
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(VT1200S; Leica, Wetzlar, Germany). The slices were allowed to recover at room temperature 

for at least one hour in a recovering solution containing 2 mM CaCl2, 12.5 mM glucose, 2.5 

mM KCl, 2 mM MgCl2, 119 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM thiourea 

(Sigma, St. louis, USA), 5 mM Na-ascorbate (Sigma), 3 mM Na-pyruvate (Sigma), and 1 mM 

glutathion monoethyl ester (Santa Cruz Biotechnology, Dallas, U.S.A). The pH value was 

adjusted to 7.4 with HCl, and the osmolality was 290 mOsm. Before the experiment, the 

slices were transferred into the recording setup and superfused with ACSF. For Ca2+-imaging 

experiments, Cal-520 AM was injected into the hippocampal CA1 area as described above. 

2.4 Two-photon calcium imaging 

In vivo and in vitro two-photon Ca2+-imaging was performed in a custom-made multi-photon 

recording setup. Two-photon excitation was provided by a Coherent Chameleon tunable 

Ti:sapphire laser with a pulse-width of 75 fs and a pulse repetition rate of 80 MHz. The laser-

power was adjusted using a pockel-cell (Conoptics, Danbury, USA). The scanning unit for x-y 

scanning was a custom-built galvo-resonance scanner combination with an 8 kHz line-rate, 

which was fixed to an upright microscope (BX51W; Olympus, Shinjuku, Japan). The laser-

beam was focused by a 40x 0.8 NA water-immersion objective with a working distance of 1.2 

mm (Nikon, Tokyo, Japan). This setup allowed for imaging relatively large fields of view of up 

to 300 µm x 300 µm at a frame rate of 40 Hz and a resolution of 400 x 400 pixels. The 

emitted fluorescence was reflected by a beam-splitter and detected by a hybrid-

photomultiplier tube (Hamamatsu, Japan). Image acquisition was performed using custom-

written software based on LabVIEW (National instruments, Austin, USA) and the data was 

stored for offline-analysis.  
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2.5  Targeted application of synthetic Aβ dimers 

Where not specified otherwise, synthetically produced Aβ dimers were used. These were 

produced by replacing the Serine in position 26 of the human Aβ1-40 peptide by a Cysteine. 

After oxidation, two of these mutated peptides form a disulfide bond between their 

respective cysteine residues and thus dimerize the two Aβ peptides (Shankar et al 2008). 

Aβ1-40 S26C dimers were purchased from JPT (Berlin, Germany), dissolved in DMSO and 

stored at -20°C. Immediately before the experiment, the Aβ containing solution was thawed 

and dissolved with ACSF to a final concentration of 500 nM. This solution was then filled into 

a glass patch pipette and directly pressure-applied to the hippocampal cells (300 mBar, 30 

sec) as previously described (Busche et al 2012). In some experiments, Aβ containing ACSF 

was directly superfused over the brain slice. 

2.6 Targeted application of human Aβ preparations 

Human brain extracts were a gift from Dominic Walsh. They were obtained from the brain of 

a patient with sporadic AD as previously described (Hong et al 2018, Jin et al 2018). After 

death, a piece of cortical gray matter was cut into small pieces and dissolved in ACSF 

containing protease inhibitors (Hong et al 2018). The tissue was homogenized using a 

Dounce homogenizer (Fisher, Ottawa, Canada) and spun for 110 min in a centrifuge 

(Beckman Coulter, Fullerton, USA). The supernatant was divided in two portions, one of 

which was treated with the anti-Aβ antibody AW7 to immunodeplete Aβ (ID extract). The 

other half was mock- immunodepleted without removing Aβ (AD extraxt). After ID or mock 

ID, the samples contained 32.66 ng/ml Aβx-42 or 1.72 ng/ml Aβx-42 respectively. 

Immediately before the experiment, the samples were thawed and diluted 1:10 in ACSF. This 

solution was filled into a glass patch pipette and directly pressure-applied to the 

hippocampal cells (300 mBar, 30 sec). 
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 Human brain-derived monomers and dimers were a gift from Dominic Walsh. In order to 

obtain a sufficient amount of Aβ dimers from human tissues, amyloid plaques were dissolved 

in formic acid and the Aβ was separated according to its molecular weight. The fractions 

used in this study contained either monomers or dimers as confirmed by mass spectrometry 

(Dominic Walsh, personal communication). The samples were dissolved in ammonium 

bicarbonate-containing ACSF at a concentration of 1 µg/ml and stored at -80°C. It is not 

possible to calculate the exact molar concentration of Aβ for this solution as it contains a mix 

of different species of various sizes. However, most of these species have similar molar 

weights (~4 kDa for monomers and ~7 kDa for dimers). Thus, a rough estimation can be 

made. Accordingly, the undiluted 1 µg/ml monomer or dimer solutions contained about 250 

nM of monomer or 143 nM of dimers, respectively, with unknown but lower concentrations 

of different subspecies. Immediately before the experiment, the aliquots were thawed and 

diluted 1:5, 1:20, 1:50 or 1:200 in ACSF. This solution was then filled into a glass patch 

pipette and directly pressure-applied to the hippocampal cells (300 mBar, 30 sec).  

2.7 Pharmacologal experiments 

For pharmacological experiments, the following substances were used: 

Name Aim Concentration Source Application 

Bicuculline GABAA receptor 
blocker 

10-100 µM Enzo (BML-
EA1090050) 

Bath 

CNQX AMPAR blocker 50 µM Tocris (0190) Bath/pipette 
D-AP5 NMDAR blocker 50 µM Abcam 

 (Ab120003) 
Bath/pipette 

DL-TBOA (= TBOA) Inhibitor of EAATs 2.5-250 µM Tocris (1223) Bath/pipette 
L-Glutamic acid  Glutamate 40-80µM Sigma (G12521) Bath 
Glutathione 
monoethyl ester 

Antioxidant for 
slice preservation 

1 mM Santa Cruz (SC-
203974) 

Bath 

Gyki53655 AMPA receptor 
blocker 

10 µM Tocris (2555) Bath 

Tetrodotoxin 
citrate (TTX) 

Voltage gated Na+ 
channel blocker 

1 µM Abcam 
(Ab120055) 

Bath 

Table 1: List of drugs and reagents 
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Bath and/or pipette application was performed as indicated in Table 1. The drugs were 

dissolved in water or DMSO and stored at -20°C. Immediately before the experiments, the 

aliquots were thawed and the drug was dissolved in ACSF as indicated above. In pipette 

application experiments, the drug was filled into a glass patch pipette (tip resistance 2-3 

MΩ), which was carefully lowered into the brain or the hippocampal slice and maneuvered 

into the center of the field of view. After a baseline recording with the pipette in place, the 

drug was the carefully pressure applied (300 mBar, 30 sec) into the brain while monitoring 

the neuronal activity. After a washout period of 5-10 minutes, another recording was made 

while the pipette was left in place. For bath-applications, the drug was dissolved in ACSF, 

which was superfused over the brain or the hippocampal slice after performing several 

recordings at baseline conditions. Another series of recordings was started after the drug-

containing solution had perfused the surface for several minutes. 

2.8 Electrophysiological recordings 

For electrophysiological recordings, hippocampal slices were prepared as described in 

chapter 2.3. Individual slices were transferred to the recording setup and perfused with ACSF 

containing 10 µM bicuculline (Enzo, U.S.A) to block GABAA receptor-mediated synaptic 

transmission. In NMDAR-EPSC experiments, 10 µM GYKI53655 (Tocris, United Kingdom) was 

additionally dissolved in the ACSF to block AMPA receptors. To minimize recurrent excitation, 

the Schaffer collaterals between CA3 and CA1 were cut using a razor blade. An upright light 

microscope was used to identify CA1 pyramidal neurons, which were carefully approached 

by a glass pipette with a tip resistance of approximately 7MΩ connected to an EPC 9/2 patch-

clamp amplifier (HEKA, Germany). The patch pipette was filled with an internal solution 

containing  122.5 mM cesium gluconate, 5 mM HEPES, 10 mM cesium BAPTA, 6 mM MgCl2, 

and 10 mM phosphocreatine at a pH of 7.2, adjusted with gluconic acid (Arnth-Jensen et al 

2002). Whole-cell patch clamp recordings were performed and in NMDAR-EPSC experiments, 
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the membrane potential was held at +40 mV, without correcting for liquid junction 

potentials. In PPF experiments, the cell was not depolarized.  

A second glass electrode (5-7 MΩ) filled with 2 M NaCl was used to elicit synaptic 

responses in 5 second intervals (NMDAR-EPSC) or two pulses with inter-pulse intervals of 30-

500 msec (PPF experiments). The pulse amplitude was adjusted to approximately twice the 

value that gave the smallest synaptic response, typically around 10 V and the pulse-length 

was 100 µsec. After recording baseline data, Aβ (500 nM) or TBOA (2.5, 5, 10 or 25 µM) were 

applied in the bath solution and the recording was repeated after several minutes of 

superfusion of the drug. The data was collected with PULSE software (HEKA) at 10 kHz, 

Bessel-filtered at 2.9 kHz and stored for offline analysis. 

2.9 Data analysis 

Ca2+-traces were extracted from the imaging data using custom-written software based on 

LabVIEW (Jia et al 2010). Neurons were visually identified according to their morphology and 

regions of interest (ROIs) were drawn around their somata. Astrocytes were excluded from 

the analysis due to their morphology and their high fluorescence levels (Nimmerjahn & 

Helmchen 2012). The Ca2+ fluorescence of each ROI over time was extracted and low-pass 

filtered (cutoff frequency 10 Hz). The relative fluorescence was then calculated as ΔF(t) = 

(F1(t)-F0)/F0, with F1(t) being the measured fluorescence at time point t and F0 being the 

baseline fluorescence. These traces were analyzed with Igor Pro (Wavemetrics, Lake Oswego, 

USA) and Matlab (Mathworks, Natick, USA). Fluorescence changes were accepted as 

neuronal Ca2+-transients if their peak amplitude was three times larger than the standard 

deviation of the noise band. In drug application experiments, only cells that were visible in 

the field of view during baseline, drug application and washout were analyzed. The area 

under the curve (AUC) was calculated for individual Ca2+-traces using a custom-written 

Matlab algorithm. Δactivity was calculated as the number of Ca2+-transients per minute during 
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the application of Aβ or TBOA minus the number of Ca2+-transients during baseline 

conditions: 

Δactivity = Ca2+-transientsAβ – Ca2+-transientsBaseline 

The application-dependent activity was considered to be increased if Δactivity was larger than 

+1 and decreased if it was smaller than -1. The normalized change of activity was calculated 

for each mouse or slice separately. The mean frequency of Ca2+-transients during drug or Aβ 

application was divided by the number of Ca2+-transients/min during baseline conditions and 

is indicated as “Ca2+-transients (normalized)” in the figures. 

The electrophysiological data was analyzed using Igor Pro software (WaveMetrics, 

U.S.A). Statistical analysis was performed with Matlab. The full width at half maximum 

(FWHM) of NMDAR-EPSCs was measured manually. The decay time was fitted as a bi-

exponential fit with a fast component τ1 and a slow component τ2 and τweighted was calculated 

as previously described (Ferreira et al 2017, Stocca & Vicini 1998): 

τw = (A1τ1 + A2τ2)/(A1 + A2) 

 A1 and A2 were the amplitudes of the first and second decay components, respectively. The 

PPR was calculated as PPR = AP2/AP1 where AP1 and AP2 were the amplitude of the first and 

the second EPSC, respectively.  

2.10 Statistical analysis 

All statistical tests were performed in Matlab. Wilcoxon signed-rank test, Wilcoxon rank sum 

test or Kolmogorov-Smirnov Test were used as indicated and multiple comparison testing 

was employed where appropriate. Linear regression analysis was performed with Matlab. p-

values of < 0.05 were considered to be statistically significant. N corresponds to the number 

of mice in in vivo experiments or the number of slices in in vitro experiments, while n 

corresponds to the number of cells. Average values are indicated as mean ± SEM.  
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3 Results 

The goal of my graduate work was to explore the basic mechanisms underlying Aβ-induced 

neuronal dysfunctions. In this study, I employed in vivo and in vitro two-photon imaging to 

investigate neuronal hyperactivity in mouse models of AD and after the targeted injection of 

Aβ in wild-type mice. Additionally, I used intracellular electrophysiology to determine the 

effect of Aβ on synaptic transmission. These experiments were performed in the 

hippocampal CA1 region or the neocortex. 

3.1 Soluble Aβ dimers induce neuronal hyperactivity in the 

hippocampal CA1 region 

As a first step, I characterized the previously described Aβ-dependent neuronal hyperactivity 

in the hippocampal CA1 region in vivo (Busche et al 2012). To this end, I adapted an in vivo 

two-photon Ca2+-imaging approach that had previously been developed in the Konnerth 

laboratory (Busche et al 2012). In mice, the hippocampal CA1 region is not accessible to 

standard two-photon microscopy (Helmchen & Denk 2005) because it is covered in large 

parts by the somatosensory cortex, which is more than one millimeter thick (Paxinos & 

Franklin 2012). Therefore, the overlying cortical tissue had to be carefully removed before 

bolus loading of the Ca2+-indicator Cal-520 AM into the hippocampus (Stosiek et al 2003, 

Tada et al 2014). The imaging plane was adjusted to the pyramidal layer 100-150 µm below 

the hippocampal surface, which is densely packed with glutamatergic excitatory neurons 

(Bliss 2007). Two-photon imaging was performed at a framerate of 40 Hz and a wavelength 

of 920 nm under anesthesia with low levels of isoflurane (Fig. 8 A). 30 to 60 minutes after 

bolus loading, the neurons were clearly visible as round or ellipsoid structures with sharp 

edges and characterized by their typical fluorescence pattern: higher fluorescence intensities 
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around the edges and lower fluorescence intensities in the center (Fig. 8 B). In line with 

earlier work from the Konnerth lab (Busche et al 2012, Stosiek et al 2003), I did not observe 

any voids of fluorescence, which would be indicative of unlabeled cells. Astrocytes, which are 

also labelled by organic Ca2+-indicators (Nimmerjahn & Helmchen 2012), were rarely found in 

the pyramidal layer and excluded from the analysis according to their irregular shape and 

high brightness. For drug applications, I placed the tip of a patch pipette in the center of the 

field of view. Using this methodology, I was able to detect Ca2+-transients in individual 

neurons as a change of the fluorescence intensity (Fig. 8 C) and to determine the neuronal 

activity status for all recorded cells before, during and after drug application.  

 

Fig. 8: In vivo two-photon Ca2+-imaging in the hippocampal CA1 region of an anesthetized wild-type 
mouse. A) Two-photon imaging setup. B) Representative example of a two-photon image from the 
CA1 pyramidal layer of an anesthetized wild-type mouse. Asterisk: shadow of the injection pipette. C) 
Representative Ca2+-traces from seven neurons (cycled in B). 

Once I could reliably record neuronal activity in the CA1 region in vivo, I replicated earlier 

findings from the Konnerth laboratory demonstrating that the application of soluble Aβ 

induces neuronal hyperactivity in hippocampal CA1 neurons (Busche et al 2012). The Aβ 

preparation used in this study was the synthetic S26C dimer (Shankar et al 2008). I filled a 

glass patch pipette with a tip resistance of 2-3 MΩ with 500 nM of S26C dimer dissolved in 

ACSF and carefully lowered it into the hippocampus at an angle of about 45°. The Aβ-

containing solution was then carefully pressure-applied (5-7 psi) to the extracellular space for 
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30 seconds (Fig. 9). In accordance with the findings from (Busche et al 2012), the application 

of Aβ robustly increased the neuronal activity, as detected by an increased frequency of Ca2+-

transients (Fig. 9 B, N = 7 mice, p = 0.016). The increase in activity was almost immediate and 

lasted longer than the application itself (Fig. 9 A). After a washout period of five to ten 

minutes, however, the neuronal activity had returned to baseline levels (Aβ vs. WO p = 

0.0156; BL vs. WO p = 0.69) (Fig. 9 B). 

 

Fig. 9: Aβ dimers induce neuronal hyperactivity in vivo. A) Top: representative two-photon image of 
the hippocampal CA1 region of a wild-type mouse for baseline (left), Aβ application (middle) and 
washout (right) conditions. The colored dots on the neurons represent the number of Ca2+-transients 
per minute. Bottom: Ca2+-traces for the circled neurons. The grey shaded area represents the time of 
Aβ application. B) Summary data for N = 7 mice. Each dot represents the mean number of Ca2+-
transients per minute for all neurons in one mouse under baseline (BL), Aβ application and washout 
(WO) conditions. Error bars denote SEM, * p < 0.05, Wilcoxon signed rank test 

To ensure that the hyperactivity-inducing effect was specific to Aβ dimers as opposed to a 

pressure-induced artifact or an unspecific effect of the application of large peptides, I next 

performed a series of control experiments, in which the dimers were heat-denatured (95°C 

for 30 minutes) and applied using the protocol described above. The application of 500 nM 

of the denatured dimers had no effect on the neuronal activity (Fig. 10 A, N = 5, p = 0.63). To 

enable a direct comparison between the applications of different substances, I calculated the 

number of Ca2+-transients during the application normalized to baseline conditions for each 
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mouse (Fig. 10 B). The application of Aβ increased the number of Ca2+-transients almost 

fivefold (4.8 ± 1.2), while the frequency of Ca2+-transients was unchanged for denatured Aβ 

(1.2 ± 0.35). In consequence, the difference between the application of native and denatured 

dimers was highly significant (p = 0.0025). 

 

Fig. 10: Denatured Aβ dimers do not induce neuronal hyperactivity in vivo. A) Ca2+-transients/min 
under baseline conditions and during the application of denatured Aβ dimers. Each dot represents the 
mean number of Ca2+-transients per minute for all neurons in one mouse under baseline (BL) and 
denatured Aβ application conditions (N = 5). B) Normalized change of activity for the application of Aβ 
(left, N = 7) and denatured Aβ (right, N = 5). Each dot represents the mean number of Ca2+ transients, 
normalized to baseline, from one mouse. n.s. not significant ** p < 0.005, Wilcoxon signed rank test 
(A) or Wilcoxon rank sum test (B). Error bars denote SEM 

Next, I analyzed the effect of Aβ on the activity of each neuron on a single-cell level.  

Accordingly, I calculated the difference of activity Δactivity between baseline and Aβ 

application conditions7. Remarkably, the application of Aβ increased the activity in the vast 

majority of cells (Fig. 11 A, 89%, 220/248 cells), while only a small number of cells decreased 

their activity (3%, 8/248 cells) or remained unchanged (8%, 20/248 cells). The median change 

of activity was 8 transients/min (Fig. 11 A). Because Δactivity was distributed over a wide range 

of values from -5 to +33 transients/min, I next asked what caused this variability. One 

possible explanation was that the Aβ-induced change of activity was dependent on the 

                                                           
7
 A description of how Δactivity was calculated can be found in the methods section. 
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baseline activity level of the respective neuron. To test this hypothesis, Δactivity was plotted as 

a function of the number of Ca2+-transients at baseline (Fig. 11 B). Because Δactivity was higher 

for increased levels of baseline activity, I performed a linear regression analysis (Fig. 11 C), 

which revealed a strong dependence of the Aβ-induced Δactivity on the number of Ca2+-

transients at baseline (R2 = 0.90). Thus, I concluded that Aβ increases the activity in almost all 

neurons, but the magnitude of the increase depends on the preceding baseline activity of the 

respective neuron.  

 

Fig. 11: Analysis of the Aβ-induced neuronal hyperactivity in vivo. A) Histogram of the difference in 
activity between Aβ application and baseline conditions (Δactivity) for n = 248 cells. B and C) Bar graph 
(B) and linear regression (C) of the average difference of activity (Δactivity) compared to baseline (BL) 
activity. 

An especially noteworthy finding of these experiments is that the effect of Aβ could be 

observed almost instantaneously. To determine the time-course of the Aβ-dependent 

hyperactivity, I calculated the area under the curve (AUC) for each neuron in one-second bins 

(Fig. 12 A). This is a good approximation of neuronal activity since the AUC faithfully tracked 

all neuronal Ca2+-transients. Furthermore, I found that the AUC strongly depended the 

number of Ca2+-transients on a single cell level for all conditions (baseline, Aβ application and 

washout), as illustrated for a representative mouse in Fig. 12 B (R2 = 0.81). Due to the strong 

linear correlation between the number of Ca2+-transients and the AUC, the normalized 

average AUC was calculated for all 248 neurons in one-second bins and plotted against the 
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time (Fig. 12 C). This analysis revealed that the neuronal activity rises immediately after the 

beginning of the Aβ injection. In fact, the AUC was already increased in the first one-second 

bin after the onset of application, stayed elevated during the whole application period and 

beyond. After the five- to ten-minute washout period, the AUC had returned to baseline (Fig. 

12 C). 

 

Fig. 12: Aβ application rapidly induces neuronal hyperactivity. A) Ca2+-trace and calculated AUC of 
the Ca2+-trace in one-second bins (bottom) for a representative neuron under baseline (left), Aβ 
application (middle) and washout (right) conditions. The grey shaded area represents the time of Aβ 
application. B) Linear regression analysis of the number of Ca2+-transients/min and the AUC for all 
neurons of one mouse for baseline (black), Aβ application (red) and washout (blue) conditions (R2 = 
0.81). C) Averaged AUC in one-second bins normalized to baseline for all 248 cells from N = 7 mice for 
baseline (left), Aβ application (middle) and washout (right) conditions. The grey shaded area 
represents the time of Aβ application. a.u. arbitrary units. Error bars denote SEM 
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3.2 The Aβ effect critically depends on the levels of the preceding 

baseline activity 

Subsequently, I performed a series of in vivo and in vitro experiments to further investigate the 

observation that the Aβ-induced change in activity depended on the number of Ca2+-traces at 

baseline on a single-cell level. 

3.2.1 Surprisingly, Aβ does not induce neuronal hyperactivity in vitro  

In the next set of experiments, I worked together with Manuel Simon, a MD-student in the 

Konnerth laboratory, to investigate whether Aβ could also induce neuronal hyperactivity in 

hippocampal slices. We wanted to perform the experiments in acute slices, because they are 

more accessible to pharmacological manipulations than in vivo preparations. The neurons 

were stained with bolus loading of Cal-520 AM, just like in the in vivo experiments and the 

slice was placed under a two-photon microscope (Fig. 13). We applied Aβ as described 

before for the in vivo experiments, that is, we carefully pressure applied 500 nM Aβ S26C 

dimer for 30 seconds through a patch pipette, which was placed in the center of the field of 

view. Remarkably, Aβ application did not induce neuronal hyperactivity in these hippocampal 

slices (Fig. 14, p = 0.55, N = 9). This puzzling finding could likely be explained by a difference 

between the in vivo and the in vitro slice conditions, since the groups of neurons from the 

same brain area became hyperactivated after Aβ application in vivo but not in vitro. One of 

the obvious differences between the two conditions is the level of spontaneous baseline 

activity. Neurons in the hippocampus are highly active in vivo (Kamondi et al 1998), even 

under isoflurane anesthesia  (Busche et al 2012, Hudetz et al 2011), while neuronal network 

activity usually breaks down after slice preparation because excitatory afferent connections 

get severed (Hájos et al 2009). In fact, in our hands, the baseline activity in vivo (N = 7) was 

much higher than in slices (N = 9, p = 0.00019), where it was virtually absent (Fig. 15 A). 
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Moreover, the distribution of activity was highly different and revealed a shift towards lower 

levels across the whole frequency spectrum in slices compared to in vivo conditions (Fig. 15 

B, p < 0.0001, n = 248 for in vivo and n = 217 for in vitro conditions,).  

 

Fig. 13: Two-photon imaging of neuronal activity in acute hippocampal slices. A) Hippocampal slice 
recording setup. The hippocampal CA1 neurons were stained with Cal-520 (inset, green). B) 
Representative two-photon image of the hippocampal CA1 area of an acute hippocampal slice. 

 

 

Fig. 14: Aβ application does not induce neuronal hyperactivity in hippocampal CA1 slices. A) Top: 
representative two-photon image of the CA1 region in a hippocampal slice from a wild-type mouse 
for baseline (left) Aβ application (middle) and washout (right) conditions. The colored dots on the 
neurons represent the number of Ca2+-transients per minute. Bottom: Ca2+-traces of the circled 
neurons. The grey shaded area represents the time of Aβ application. B) Summary data for N = 9 
slices. Each dot represents the mean number of Ca2+-transients per minute for all neurons in one slice 
under baseline (BL), Aβ application and washout (WO) conditions. Error bars denote SEM. n.s. not 
significant, Wilcoxon signed rank test  
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Fig. 15: Hippocampal CA1 baseline activity is lower in slices than in vivo. A) Comparison of the 
average baseline activity in the hippocampal CA1 region in vivo (N=7) and in acute hippocampal slices 
(N = 9). ** p < 0.005, Wilcoxon rank sum test. B) Cumulative distributions of spontaneous Ca2+-
transients of hippocampal CA1 neurons in vivo (n = 248) and in slices (n = 217). *** p < 0.0001, 
Kolmogorov-Smirnov test. Error bars denote SEM 

3.2.2 Inducing neuronal baseline activity in hippocampal slices makes them 

susceptible to Aβ-induced neuronal hyperactivity 

In order to examine whether the occurrence of baseline activity is sufficient to make CA1 

neurons susceptible to Aβ-induced hyperactivity, we next tested several protocols to induce 

baseline activity in hippocampal slices. Since the slices in our preparation were submerged in 

an ACSF bath, it was possible to change the ion composition of the ACSF and add drugs to the 

bath while monitoring the neuronal activity by two-photon microscopy. Thus, in a first set of 

experiment, we carefully increased the extracellular potassium (K+) concentration, a 

manipulation which is known to induce neuronal activity by shifting the membrane potential 

towards depolarization (Somjen 1979). This method is also often used to study epilepsy in 

the hippocampus (Jensen & Yaari 1997, Traynelis & Dingledine 1988). By careful titration of 

the extracellular potassium level for each slice individually, we were able to induce sparse 

neuronal activity in the slices, which was reminiscent of the baseline activity in vivo without 

triggering epileptiform activity (Fig. 16 A-C). This effect could typically be achieved at 
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extracellular potassium concentrations of 6.5 to 8 mM (N = 7). In a second set of 

experiments, we dissolved low concentrations of glutamate in the ACSF in order to induce 

neuronal activity by an increase in the excitatory input (Herman & Jahr 2007) . Indeed, an 

extracellular glutamate concentration of 40-60 µM induced sparse neuronal activity in 

hippocampal slices (N = 9). In a third approach, we applied high doses (60-80µM) of the 

GABAA receptor antagonist bicuculline in the ACSF to fully block GABAergic transmission. In 

these slices, we cut the Schaffer collateral pathway (Barnes et al 1997) to prevent the 

occurrence of bicuculline-induced seizures (Williamson & Wheal 1992). Since bicuculline 

application was not sufficient to induce neuronal activity in some slices, we then slowly 

increased the extracellular potassium levels, until we detected neuronal hyperactivity by 

two-photon Ca2+-imaging (typically at 5.5 to 6.5 mM). All three manipulations significantly 

increased the neuronal activity in the slices (Fig. 16 D, ACSF vs. K+: p = 0.018; ACSF vs. Glu: p = 

0.0052; ACSF vs. BIC: p = 0.0017) to levels observed in vivo under baseline conditions (p = 1 

for all three groups vs. in vivo baseline activity). 

 

Fig. 16: Induction of baseline activity in acute hippocampal slices. A) representative two-photon 
image of a slice imaged under baseline conditions. The asterisk indicates an Astrocyte. B) Overlay of 
the Ca2+-traces of all neurons identified in the slice in A, superfused with standard ACSF (n = 34). C) 

Same as in B, but during the superfusion of high- K+
 ACSF. D) Boxplot of the average baseline activities 

in under different conditions. The N-numbers for each experiment are indicated over the respective 
boxes. *p<0.05, **p<0.005, Kruskal Wallis test with Dunn-Sidak post-hoc comparison 
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Once we were able to induce stable levels of neuronal baseline activity in hippocampal slices, 

we returned to applying Aβ in those preparations. Remarkably, Aβ application reliably 

triggered hyperactivity under these conditions. We first demonstrated this in slices in which 

the activity had been increased by blocking GABAergic receptors and increasing extracellular 

potassium (Fig. 17 A). Just like under in vivo conditions (Fig. 9), Aβ increased neuronal 

activity (normalized activity: 2.9 ± 0.34) in all recorded slices (Fig. 17 B, N = 7, p = 0.016). 

After a washout period of five to ten minutes, the activity had returned to baseline levels (Aβ 

vs. WO p = 0.016; BL vs. WO p = 1). It is important to note, that in order to avoid 

concentration gradients between the solution in the ACSF bath and the solution puffed out 

from the pipette, Aβ was dissolved in the same ACSF containing bicuculline and increased 

levels of potassium that also superfused the respective slice. Thus, in control experiments, 

the vehicle solution was pressure applied onto the CA1 to ensure that the effect of the Aβ 

application was not an artifact of the application or the composition of the vehicle solution 

(Fig. 18 A). As expected, applying the vehicle solution did not increase neuronal activity (0.99 

± 0.06, N = 6) and the effect was significantly different from the application of the Aβ-

containing vehicle (p = 0.0012). Since we had observed an activity-dependence of the Aβ-

induced action on a single-cell level under in vivo conditions (Fig. 11), we next tested, 

whether this was also true for the slice conditions. Indeed, linear regression analysis, 

revealed a strong dependence of the Aβ-induced activity on the baseline activity (Fig. 18 B, 

R2 = 0.78). The fact that Aβ could induce neuronal hyperactivity when high doses of 

bicuculline were applied are especially noteworthy, since many authors consider the 

neuronal hyperactivity in mouse models of AD to be a product of a decrease in GABAergic 

inhibition (Busche et al 2008, Palop et al 2007, Verret et al 2012)8. 

                                                           
8
 See chapter 4.2 for a discussion of the role of GABAergic inhibition in Aβ-induced hyperactivity. 
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Fig. 17: Aβ induces neuronal hyperactivity in bicuculline-treated hippocampal slices. A) Top: 
representative two-photon image of a hippocampal slice from a wild-type mouse for baseline (left) Aβ 
application (middle) and washout (right) conditions. The colored dots on the neurons represent the 
number of Ca2+-transients per minute. Bottom: Ca2+-traces of the circled neurons. The grey shaded 
area represents the time of Aβ application. B) Summary data for N = 7 slices. Each dot represents the 
mean number of Ca2+-transients per minute for all neurons in one slice under baseline (BL), Aβ and 
washout (WO) conditions. * p < 0.05, Wilcoxon signed rank test. Error bars denote SEM 

 

Fig. 18: Analysis of the Aβ-induced neuronal hyperactivity in vitro A) Normalized change of activity 
for the application of Aβ (left, N = 7) or vehicle (right, N = 7) in hippocampal slices in which the 
neuronal baseline activity had been induced by the superfusion of high doses of bicuculline in ACSF 
containing elevated K+-concentrations (5.5 - 6.5 mM). Each dot represents the mean of one slice. B) 
Linear regression analysis of the average difference of activity (Δactivity) compared to the baseline 
activity for Aβ application. R2 = 0.78. ** p < 0.005. Wilcoxon rank sum test. Error bars denote SEM 

In line with the previous results, inducing neuronal hyperactivity by other pharmacological 

manipulations made the slices susceptible for Aβ-induced neuronal hyperactivity as well. 
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Thus, Aβ readily induced neuronal hyperactivity in slices which were superfused with ACSF 

containing high levels of potassium (Fig. 19 A, B, N = 6, normalized activity: 2.5 ± 0.26, p = 

0.031). The application of the vehicle had no effect in these slices (N = 6, normalized activity: 

0.94 ± 0.11, Aβ vs. vehicle p = 0.0022). Moreover, Aβ application could activate CA1 neurons, 

when their baseline activity was increased by glutamate application (Fig. 19 C, D). In these 

experiments, Aβ had again a strong effect on all slices (N = 7, normalized activity: 5.5 ± 0.58, 

p = 0.016), while vehicle application did not change neuronal activity (n = 6, normalized 

activity: 1.2 ± 0.10, Aβ vs. vehicle p = 0.0012). Next, we compared the activity-inducing effect 

of Aβ for all three manipulations (Fig. 19 E). Surprisingly, Aβ application had a stronger 

hyperactivity-inducing effect in slices, in which the baseline activity had been induced by 

glutamate application when compared to bicuculline- and potassium-treated ones (Bic vs. K+, 

p = 0.84; Bic vs. Glu, p = 0.034; K+ vs. Glu, p = 0.0046). This intriguing finding could not be 

explained by differences in the baseline activity (Fig. 16).  

 

Fig. 19: K+- or glutamate-dependent induction of baseline activity makes hippocampal slices 
susceptible to Aβ-induced neuronal hyperactivity. A) Summary data for N = 6 slices superfused with 
high K+-ACSF. Each dot represents the mean number of Ca2+-transients per minute for all neurons in 
one slice under baseline (BL), Aβ application and washout (WO) conditions. B) Normalized change of 
activity for the application of Aβ (left, N = 6) and vehicle (right, N = 6) in slices superfused with high K+- 

ACSF. Each dot represents the mean of one slice. C and D) Same as A and B for slices superfused with 
40-60 µM of glutamate (Aβ, N = 7; vehicle, N = 6). E) Boxplot of the normalized activity after 
bicuculline (BIC, N = 7) high K+ (N = 6) or glutamate (Glu, N =7) superfusion of the slice. * p < 0.05, ** p 
< 0.005. Wilcoxon signed rank test (A, C), Wilcoxon rank sum test (B, D), Kruskal Wallis test with Dunn-
Sidak post-hoc comparison (E). Error bars denote SEM 
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One possible explanation for the bigger impact of Aβ in glutamate-treated slices was that Aβ 

could in many cases induce baseline activity in neurons that remained silent even after 

glutamate superfusion. Silent neurons in bicuculline-treated slices, on the other hand, almost 

always stayed silent during Aβ application (Fig. 20). Thus, we turned our attention to those 

cells for a more in-depth analysis (Fig. 21). More than half of the silent neurons (n = 88) 

under glutamate-application conditions increased their activity beyond 1 transient/30 

seconds during Aβ application (Fig. 21 B) while only 5% of neurons (n = 65) from bicuculline-

treated slices could be activated by Aβ (Fig. 21 A). Also the number of Ca2+-transients in 

these activated neurons was much higher for glutamate than for bicuculline conditions (Fig. 

21 C). In fact, the analysis of the distribution of the activities (Fig. 21 D) revealed a marked 

shift towards higher activities for glutamate as compared to bicuculline treatment and Aβ 

application (p < 0.0001). In consequence, the enhanced effect of Aβ on slices treated with 

glutamate compared to bicuculline or potassium-superfused slices (Fig. 19 E) can at least 

partially be explained by the fact that glutamate application made silent neurons susceptible 

to Aβ-induced hyperactivity, while bicuculline superfusion did not.  

 

Fig. 20: Glutamate superfusion makes silent neurons susceptible to Aβ-dependent activation. A) 
Representative two-photon image of a hippocampal slice superfused with bicuculline. The colored 
dots on the neurons represent the number of Ca2+-transients per minute. B) Ca2+-traces of the circled 
neurons in A for baseline (left) Aβ application (middle) and washout (right) conditions. The grey 
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shaded area represents the time of Aβ application. C and D) Same as A and B, but for a slice 
superfused with glutamate. 

 

Fig. 21: Glutamate but not bicuculline superfusion makes silent neurons susceptible to Aβ-
dependent activation. A and B) Pie chart depicting the number of silent neurons that get activated 
after Aβ application from slices superfused with bicuculline (A, n = 65) or glutamate (B, n = 88). C) 
Number of Ca2+-traces during Aβ application for all silent neurons from bicuculline (left) or glutamate 
(right) superfused slices. Each dot represents one cell. D) Cumulative distributions of the number of 
Ca2+-transients during Aβ application for all silent neurons from bicuculline or glutamate superfused 
slices. *** p < 0.0001, Kolmogorov-Smirnov test 

3.2.3 Blocking neuronal baseline activity in vivo prevents the Aβ-induced 

neuronal hyperactivation 

So far, we established that Aβ-induced neuronal hyperactivity critically depends on the level 

of previous baseline activity in hippocampal slices. In consequence, I next asked whether this 

also applies to in vivo conditions, that is, whether blocking baseline activity in vivo could 

prevent the Aβ-induced neuronal hyperactivity. To address this question, I superfused the 

hippocampus in vivo for thirty minutes with the ionotropic glutamate receptor blockers D-

APV and CNQX (50 µM each) (Fig. 22). As previously described (Busche et al 2008), these 

drugs blocked the spontaneous neuronal activity in all neurons. In line with my previous 

findings from the in vitro experiments, Aβ application was ineffective under these conditions 

(Fig. 22) and could not increase the neuronal activity (N = 5, p = 0.50). These results were 

independently confirmed in a second experiment, in which the hippocampus was silenced by 

the superfusion of the sodium channel blocker TTX (1µM). Similar to the previous 
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experiment, all neurons were completely inactive under these conditions and the application 

of Aβ had no effect on the neuronal activity under these circumstances (Fig. 23, N = 4, p = 

0.8). In summary, these experiments demonstrate that the Aβ-induced neuronal 

hyperactivation of hippocampal CA1 neurons critically depends on their baseline activity 

both in vitro and in vivo.  

Fig. 22: The superfusion of D-APV and CNQX prevents the Aβ-induced neuronal hyperactivity in 
vivo. A) Top: representative two-photon image of the hippocampal CA1 region from a wild-type 
mouse during the superfusion of APV and CNQX for baseline (left), Aβ application (middle) and 
washout (right) conditions. The colored dots on the neurons represent the number of Ca2+-transients 
per minute. Bottom: Overlay of the Ca2+-traces from the five circled neurons. The grey shaded area 
represents the time of Aβ application. B) Summary data for N = 5 mice. Each dot represents the mean 
number of Ca2+-transients per minute for all neurons in one mouse under baseline (BL), Aβ application 
and washout (WO) conditions. n.s. not significant, Wilcoxon signed rank test. Error bars denote SEM  

 

Fig. 23: The superfusion of TTX prevents the Aβ-induced neuronal hyperactivity in vivo. A) 
Top: representative two-photon image of the hippocampal CA1 region from a wild-type 
(WT) mouse during the superfusion of TTX for baseline (left), Aβ application (middle) and 
washout (right) conditions. The colored dots on the neurons represent the number of Ca 2+-
transients per minute. Bottom: Overlay of the Ca 2+-traces from the five circled neurons. 
The grey shaded area represents the time of Aβ application. B) Summary data for N = 5 
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mice. Each dot represents the mean number of Ca 2+-transients per minute for all neurons 
in one mouse under baseline (BL), Aβ application and washout (WO) conditions. n.s. not 
significant, Wilcoxon signed rank test Error bars denote SEM 

 

3.2.4 Aβ application induces neuronal hyperactivity in CA1 but not in all 

cortical circuits  

In the previous experiments, I have demonstrated that neuronal activity is necessary to make 

hippocampal CA1 neurons susceptible to Aβ-induced neuronal dysfunction. Next, I 

investigated whether this activity-dependence is also relevant for cortical areas, where Aβ 

pathology manifests earlier than in the hippocampus in AD patients (Palmqvist et al 2017). 

The spontaneous activity of cortical layer 2/3 neurons has been well characterized because it 

is accessible to classical two-photon imaging applications (Grienberger & Konnerth 2012). 

The baseline activity in this cortical region is much lower than in the hippocampus (Busche et 

al 2012, Kerr et al 2005, Rochefort et al 2009). Also, the neuronal hyperactivity in AD mice 

has previously been described in layer 2/3 (Busche et al 2015a, Grienberger et al 2012, 

Keskin et al 2017). As expected, I found rather low levels of spontaneous baseline activity in 

cortical layer 2/3 (Fig. 24 A, B). In contrast, the spontaneous baseline activity in layer 5 was 

expected to be much higher (De Kock et al 2007, Niell & Stryker 2008, Tischbirek et al 2015). 

Since recent advances in two-photon imaging (Tischbirek et al 2015) have enabled us to 

image deeper cortical layers, I specifically stained cortical layer 5 neurons with bolus loading 

of Cal-520 AM by carefully injecting a small volume of the indicator at a depth of 550 µm 

from the surface (Birkner et al 2017). I then adjusted the imaging plane to the dendritic 

trunks of these neurons at a depth of about 350 µm (Fig. 24 C). This facilitates the detection 

of individual Ca2+-transients in these highly active neurons, because the decay time of the 

fluorescent signals are much shorter in the trunk than in the cell body (Tischbirek et al 2017). 

As expected, I found that the neuronal activity in layer 5 was much higher than in layer 2/3 

(Fig. 24 D). 
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Fig. 24: Neuronal baseline activity in cortical layer 2/3 and layer 5 in vivo A) Cartoon of 
the preparation for layer 2/3 imaging. B) Baseline activity of seven representative layer 2/3 
neurons from a wild-type mouse. C) Cartoon of the preparation for layer 5 imaging. Note 
that the imaging plane was adjusted to record from the dendritic trunk of the neurons. D) 
Baseline activity of seven representative layer 5 neurons from a wild-type mouse. 

Next, I tested whether Aβ could induce neuronal hyperactivity in those two different layers. 

To achieve this, I applied Aβ into layer 2/3 or layer 5 (Fig. 24 A, C). The Aβ application was 

performed as previously described, that is, 500 nM of S26C Aβ dimers dissolved in ACSF were 

puffed from a patch pipette into the extracellular space around the neuronal cell bodies for 

30 seconds. Remarkably, the application of Aβ in layer 2/3 did not change the activity of the 

surrounding neurons (Fig. 25 A). In layer 5, however, Aβ application robustly increased the 

number of Ca2+-transients in most neurons (Fig. 25 B). Since, especially in layer 5, it was 

difficult to count individual Ca2+-transients, I used the AUC of the Ca2+-traces as an 

approximation of the neuronal activity. Thus, I calculated the AUC for each neuron in three-

second bins, as previously described (Fig. 12 A, B). In layer 2/3, the average AUC was low at 
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baseline conditions and stayed at similar levels during Aβ application (Fig. 26 A). In layer 5, 

conversely, the AUC was higher under baseline conditions and increased further during Aβ 

application (Fig. 26 B). To compare both applications, I calculated the normalized AUC for all 

neurons during baseline, Aβ application and washout-conditions (Fig. 26 C, D). In layer 2/3, 

the AUC during the Aβ application was not different from baseline conditions (Fig. 26 C, n = 

129 cells from 5 mice, p = 0.35). In layer 5, on the other hand, the Aβ application robustly 

increased the AUC in the neurons surrounding the pipette tip (Fig. 26 D, n = 144 cells from 4 

mice, p < 0.0001). These results indicate that the activity-dependency of the Aβ-induced 

action I had previously observed in the hippocampus is also relevant for cortical circuits in 

vivo.  

 

Fig. 25: Aβ induces neuronal hyperactivity in cortical layer 5 but not in layer 2/3 in vivo. 
A) Ca2+-traces of seven representative layer 2/3 neurons from a wild-type mouse for 
baseline (left), Aβ application (middle) and washout (right) conditions. The gr ey shaded 
area represents the time of Aβ application. B) Same as in A, but for layer 5 cortical 
neurons.  
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Fig. 26: Analysis of the Aβ-induced effects in cortical circuits in vivo. A) Average AUC, 
calculated in three-second bins, of the seven layer 2/3 neurons from Fig. 25 for baseline 
(left), Aβ application (middle) and washout conditions. The grey shaded area corresponds 
to the time of Aβ application. B) Same as A, but for the seven layer 5 neurons in Fig. 25. C) 
Boxplot of the normalized AUC from all recorded layer 2/3 neurons (n = 129 cells from 5 
mice) for baseline (left), Aβ application (middle) and washout conditions. D) Same as C, but 
for all recorded layer 5 neurons (n = 144 from 4 mice). a.u. arbitrary units, n.s. not 
significant, *** p < 0.0001. Wilcoxon signed rank test 

 

3.3 Impaired glutamate uptake as a cellular mechanism of Aβ-induced 

neuronal hyperactivity in vivo 

Action potentials in pyramidal neurons are largely driven by glutamatergic inputs (Spruston 

2008). In the previous experiments, I revealed that the Aβ-induced neuronal dysfunction 

critically depends on the neuronal activity status, both in the hippocampus and the cortex. 

Thus, I hypothesized that the cellular mechanism of the Aβ-dependent neuronal 
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hyperactivity involved an impairment of the cerebral glutamate metabolism as previously 

indicated (Li et al 2009, Li et al 2011, O'Shea et al 2008). 

3.3.1 Co-application of iGluR-antagonists prevents the effect of Aβ  

In order to test whether the cellular mechanism of the Aβ-induced neuronal hyperactivation 

involved an increase of extracellular glutamate, I first investigated whether the activation of 

ionotropic glutamate receptors (iGluRs) was necessary to mediate the Aβ-induced neuronal 

hyperactivity. Thus, I co-applied Aβ (500 nM) with D-APV (50 µM) and CNQX (50 µM) in the 

CA1 region of wild-type mice as described above. The co-application of the three substances 

did not induce neuronal hyperactivity (Fig. 27). Rather, there was a trend towards decreased 

neuronal activity during the application of all three substances (N = 5, p = 0.063). Moreover, 

the effects of Aβ application alone (N = 7) and Aβ co-application with D-APV and CNQX (N = 

5), were significantly different (Fig. 28 A, p = 0.0025). Since the co-application of Aβ with the 

iGluR-blockers not only blocked the Aβ action, but rather decreased neuronal activity, I asked 

whether the Aβ action was dominated by the iGluR-blockers. Thus, I next applied the iGluR 

blockers alone, which had a similar effect as their co-application with Aβ. (Fig. 28 B, N = 5, p = 

0.31). Unlike the bath-application of the same concentrations (Fig. 22), the local application 

of D-APV and CNQX did not block all neuronal activity in the field of view.  
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Fig. 27: Co-application with iGluR blockers prevents the hyperactivity-inducing effects of Aβ. A) Top: 
representative two-photon image of the hippocampal CA1 region of a wild-type mouse in vivo for 
baseline (left), Aβ, D-APV (abbreviated as APV in the figure) and CNQX application (middle) and 
washout (right) conditions. The colored dots on the neurons represent the number of Ca2+-transients 
per minute. Bottom: Ca2+-traces for the circled neurons. The brown shaded area represents the time 
of application. B) Summary data for N = 5 mice. Each dot represents the mean number of Ca2+-
transients per minute for all neurons in one mouse under baseline (BL), Aβ, D-APV and CNQX 
application and washout (WO) conditions. P = 0.063, Wilcoxon signed rank test. Error bars denote 
SEM  

 

Fig. 28: The application of iGluR blockers dominates the action of Aβ. A) Normalized 
change of activity for the application of Aβ (left, N = 7) and Aβ, D-APV and CNQX (right, N = 
5) in vivo. Each dot represents the mean of one mouse. B) Normalized Ca2+ transients for 
the application of Aβ, D-APV and CNQX (left) and D-APV and CNQX (N = 5) in vivo. Each dot 
represents the mean of one mouse. n.s. not significant, ** p< 0.005. Wilcoxon rank sum 
test 

3.3.2 Aβ-dependent block of glutamate uptake at excitatory synapses 

Because the Aβ-induced neuronal hyperactivity was absent when iGluRs were blocked (Fig. 

27), I hypothesized that the mechanism of the observed activity-dependence of the Aβ-

induced neuronal hyperactivation involved an increase in extracellular glutamate. The levels 

of extracellular glutamate are controlled by glutamate release and glutamate uptake 

(Danbolt 2001, Zhou & Danbolt 2014). Unlike other neurotransmitters, glutamate cannot be 

enzymatically degraded in the extracellular space. Thus, dwell-time of glutamate in the 

synaptic cleft is limited by neuronal and astrocytic uptake mechanisms. Previous in vitro 
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studies have reported that the non-transportable glutamate uptake blocker TBOA had very 

similar effects on synaptic plasticity as Aβ (Li et al 2009, Li et al 2011). To test, whether 

blocking glutamate uptake could also mimic the Aβ action in vivo, I injected 250 µM of TBOA 

in the hippocampus of wild-type mice just as I had applied Aβ in the previous experiments 

(Fig. 29 A). Remarkably, TBOA faithfully induced neuronal hyperactivity in all tested mice 

(Fig. 29 B, N = 6, p = 0.031). Moreover, the effect of TBOA application was very similar to that 

of the Aβ application (Fig. 30 A). Both the application of TBOA (N = 6) or Aβ (N = 7) increased 

the neuronal activity almost five-fold (TBOA 4.6 ± 0.33; Aβ 4.8 ± 0.46, p = 0.63). Like the Aβ 

application (Fig. 11 A), TBOA increased the number of Ca2+-transients in almost all neurons 

(Fig. 30 B). During the application, the activity of 91% (268/295) of all cells was increased, 

decreased in only 3% (8/295) of all neurons and unchanged in 6% (19/295). The median 

increase in activity during TBOA application was +12 transients/min.  

 

Fig. 29: TBOA induces neuronal hyperactivity in vivo. A) Top: representative two-photon image of the 
hippocampal CA1 region of a wild-type mouse for baseline (left), TBOA-application (middle) and 
washout (right) conditions. The colored dots on the neurons represent the number of Ca2+-transients 
per minute. Bottom: Ca2+-traces for the circled neurons. The blue shaded area represents the time of 
Aβ application. B) Summary data for N = 6 mice. Each dot represents the mean number of Ca2+-
transients per minute for all neurons in one mouse under baseline (BL), TBOA and washout (WO) 
conditions. Error bars denote SEM, * p< 0.05, Wilcoxon signed rank test 
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Fig. 30: Analysis of the TBOA-induced neuronal hyperactivity in vivo. A) Normalized 
change of activity for the application of Aβ (left, N = 7) or TBOA (right, N = 6). Each dot 
represents the mean of one mouse. B) Histogram of the difference in activity between Aβ 
application and baseline conditions (Δactivity). n.s. not significant. Wilcoxon rank sum test. 
Error bares denote SEM 

3.3.3 Impaired glutamate uptake in mouse models of AD 

Next, I turned my attention to the neuronal activity in a mouse model of β-amyloidosis, the 

APP23 x PS45 mouse model. As previously demonstrated in the Konnerth laboratory (Busche 

et al 2012), at early ages, a significant fraction of neurons in the hippocampal CA1 region of 

this mouse model is hyperactive. This was observed even before plaques were formed, when 

only the levels of soluble Aβ were increased. In consequence, the neuronal hyperactivity in 

this mouse model was hypothesized to be caused by increased levels of soluble Aβ (Busche 

et al 2012). In a first set of experiments, I replicated these findings independently. As 

expected, two-photon Ca2+-imaging in six week-old wild-type (Fig. 31 A, B) and APP23 x PS45 

transgenic mice (Fig. 31 C, D) revealed that more neurons are hyperactive in the transgenic 

mouse model. To quantify the number of hyperactive cells, the neurons were classified 

according to their activity status as previously described (Busche et al 2012). Neurons were 

categorized as functionally silent if they did not have a single Ca2+-transient in five minutes, 

and as hyperactive if they had more than 20 Ca2+-transients per minute on average. All 
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neurons that had activity levels between these two values were categorized as normal (Fig. 

32). In wild-type mice, 10% of all cells (n = 542 from 8 mice) were functionally silent, while 

88% had normal activity levels and only 2% were hyperactive (Fig. 32 A, B). In the transgenic 

mice, on the other hand, only 3 % of all neurons (n = 299 from 6 mice) were silent, much 

more cells (14%) were hyperactive and 84% had normal activity levels (Fig. 32 C, D).  

 

Fig. 31: In vivo baseline activity in a wild-type (WT) and an APP23 x PS45 transgenic (TG) 
mouse. A) Representative two-photon image of the hippocampal CA1 region of a wild-type 
mouse. B) Ca2+-traces of the four circled neurons in A. C) Representative two-photon image 
of the hippocampal CA1 region of a TG mouse. D) Ca2+-traces of the four circled neurons in 
C. Traces from hyperactive cells are shown in red.  
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Fig. 32: Neuronal hyperactivity in APP23 x PS45 transgenic (TG) mice. A) Activity histogram depicting 
the frequency of Ca2+-transients under baseline conditions in wild-type mice (n = 524 cells from 8 
mice). B) Pie chart of the percentage of silent, normal and hyperactive neurons. C) Activity histogram 
depicting the frequency of Ca2+-transients under baseline conditions in TG mice (n = 299 cells from 6 
mice). D) Pie chart of the percentage of silent, normal and hyperactive neurons. 

If Aβ and TBOA both inhibit glutamate uptake, then the TBOA effect should be less severe in 

mouse models of AD with high intrinsic levels of Aβ. In other words, the neuronal activity, 

which is already increased in mouse models of AD, would not increase much further after 

TBOA application, because the high intrinsic levels of soluble Aβ in this mouse model of AD 

(Busche et al 2012, Busche et al 2015a, Keskin et al 2017) would already inhibit some of the 

glutamate uptake. Thus, I next applied TBOA in the CA1 region of the APP23 x PS45 mouse 

model (Fig. 33). While, in wild-type mice, the application of TBOA led to a pronounced 

increase of neuronal activity (normalized activity: 4.6 ± 0.33, Fig. 29, Fig. 33 B), the effect was 

much weaker in the transgenic mice (normalized activity: 1.8 ± 0.019, Fig. 33 A, Fig. 34 A) 

and the difference was highly significant (Fig. 34 B, p= 0.0095). This indicates that the TBOA 

effect is partially saturated in transgenic mice. Also, the neuronal activity after TBOA 
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application was not significantly different in the two mouse lines (WT 17 ± 2.3 Ca2+-

transients/min, TG 11 ± 1.3, p = 0.17). Next, I applied Aβ in the AD mice to test whether a 

further increase of Aβ would lead to an additional increase in neuronal activity (Fig. 34 C, D). 

Even though the number of Ca2+-transients still increased slightly, the effect of Aβ was much 

smaller in transgenic mice (1.3 ± 0.08 fold increase compared to baseline)  than in wild-

type mice (4.81 ± 1.3, p = 0.0012). The neuronal activity after Aβ application was slightly, but 

not significantly higher in in wild-type mice (13 ± 2.0 Ca2+-transients/min) compared to AD 

mice (8.4 ± 1.2, p = 0.07). 

 

Fig. 33: The TBOA effect is partially saturated in a mouse model of AD. A) Overlay of the 
Ca2+-traces from all cells (n = 18) in one APP23 x PS 45 transgenic (TG) mouse for baseline, 
TBOA application and washout conditions. The blue shaded area represents the time of Aβ 
application. B) Same as A, but for all cells from one wild-type (WT) mouse (n = 22). 
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Fig. 34: The TBOA and Aβ effects are partially saturated in a mouse model of AD.  A) 
Average frequency of Ca2+-transients for baseline and TBOA application in wild-type (WT, 
left, N = 7) and APP23 x PS45 transgenic (TG, right, N = 4) mice. The colored dots represent 
the mean of Ca2+-transients of one mouse. The black dots indicate the mean of all mice. B) 
Normalized activity change of TBOA application in wild-type (left, solid bar) and TG mice 
(right, open bar). The grey dots represent the mean of one mouse. C and D) Same as A and 
B, but for Aβ application (WT, N = 7; TG, N = 6). * p < 0.05. **p < 0.005, Wilcoxon rank sum 
test  

3.3.4 Aβ can impair glutamate uptake in vitro 

Even though TBOA increases neuronal activity just like Aβ and the TBOA effect is partially 

saturated in AD mice, the two substances could possibly have the same effect via different 

pathways. Thus, I next turned my attention to investigating whether Aβ indeed increases the 
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levels of extracellular glutamate. These experiments were performed in collaboration with 

Hsing-Jung Chen, a postdoc in the Konnerth laboratory. The inhibition of glutamate uptake 

should result in a longer dwell-time of glutamate in the extracellular space. In fact, glutamate 

which has been released from the presynaptic site can reach very high concentrations 

rapidly, but only remains in the synaptic cleft for around one millisecond (Clements et al 

1992). In the hippocampus, stimulating the axonal connection from CA3 to CA1 (i.e. the 

Schaffer collateral pathway) will lead to a release of glutamate in the CA1 region 

(Collingridge et al 1983). At the postsynaptic site, glutamate triggers an excitatory 

postsynaptic current (EPSC) in CA1 pyramidal neurons by enabling cation influx through α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and NMDARs, 

which can be detected by whole cell patch-clamp recordings of the postsynaptic cell (Keller 

et al 1991). While the AMPARs have fast kinetics, the NMDARs bind glutamate with a high 

affinity and can thus stay activated for more than 100 milliseconds, depending on the 

receptor subunit composition (Cull-Candy et al 2001, Hestrin et al 1990, Lester et al 1990). 

Because NMDARs are usually blocked by a magnesium (Mg2+) ion at the resting membrane 

potential, it is possible to experimentally isolate the NMDAR-dependent EPSC (NMDAR-EPSC) 

by depolarizing the cell and/or by the pharmacological block of AMPARs in the absence of 

Mg2+ (Keller et al 1991). An inhibition of glutamate uptake can be detected as a prolongation 

of the postsynaptic NMDAR-EPSC and the  application of TBOA was reported to increase the 

decay time of the NMDAR-currents both after the application of exogenous glutamate 

(Jabaudon et al 1999) or after triggering synaptic glutamate release by electrical stimulation 

of the presynaptic axons (Arnth-Jensen et al 2002).  

In a first set of experiments, we replicated these experiments (Fig. 35). To isolate the 

NMDAR-EPSCs, we depolarized the cells to +40 mV under whole cell patch-clamp conditions 

and blocked AMPARs with 10 µM GYKI. Synaptic glutamate release was then triggered by 

electrical stimulation of the Schaffer collaterals (typically 10 V, 100 µs) and the EPSC was 
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recorded under baseline conditions and after wash-in of TBOA for 10 min. As expected, the 

application of low doses of TBOA in the bath (10 µM) led to a prolongation of the NMDAR-

EPSC, as shown for an example cell in Fig. 35 A-D. Even though the amplitude was slightly 

increased in some cells, the average amplitude change was not significant (Fig. 35 E, p = 0.29, 

n = 7). However, TBOA application robustly increased the full width at half maximum 

(FWHM) (Fig. 35 F, p = 0.016), as well as the decay time τweighted in all cells9
  (Fig. 35 G, p = 

0.016). Next, we tested whether the application of Aβ affected the NMDAR-EPSC the same 

way as TBOA does (Fig. 36). Thus, we performed the same recordings in a different set of 

cells (n = 8) under baseline conditions and after wash-in of 500nM Aβ dimers (Fig. 36 A-D). 

Just like TBOA, the application of Aβ did not significantly change the EPSC amplitude (Fig. 36 

E, p = 0.15) but robustly increased the FWHM (Fig. 36 F, p = 0.0078) and τweighted (Fig. 36 G, p 

= 0.0078). Most of these findings are in line with a previous study using Aβ from cell culture 

(Li et al 2009). The authors of this study reported an increase in decay time for the 

application of Aβ, but also saw a strong decrease in amplitude, which we did not observe.  

Finally, we examined whether the effect of the decay time was dose-dependent for 

the TBOA application in order to determine which dose of TBOA has the same effect as 500 

nM of Aβ dimer (Fig. 37). To this end, we applied TBOA at the concentrations of 2.5 µM (n = 

5), 5 µM (n = 10), 10 µM (n = 7) and 25 µM (n = 9) and compared the effects on the FWHM 

with the application of 500 nM Aβ dimers (Fig. 37 A). We estimated, that 500 nM of Aβ have 

a similar effect as 5-10 µM of TBOA (Fig. 37 B). Taken together, these findings demonstrate 

that Aβ has the same effect on the NMDA-EPSC as TBOA and provides strong evidence that 

both substances increase extracellular glutamate via the same mode of action, that is, by an 

inhibition of glutamate uptake. 

                                                           
9
 A full description how τweighted was calculated can be found in the methods section. 



Results   75 
_______________________________________________________________________________ 
 

 

Fig. 35: TBOA prolongs the decay time of the NMDAR-EPSC in acute hippocampal slices.  A, 
B) Average of the synaptically evoked NMDAR-EPSC of one representative hippocampal CA1 
neuron from a wild-type mouse for baseline (A) and TBOA (10 µM) superfusion (B). C, D) 
Overlay (C) and scaled overlay (D) of the traces in A and B. E-G) Boxplot of the normalized 
EPSC amplitudes (E), normalized FWHM (F) and τweighted (G) for baseline (left) and TBOA 
superfusion conditions (right, n = 7). Each grey line represents one cell; the thick black line 
depicts the median. n.s. not significant, *p < 0.05. Wilcoxon signed rank test 

 

 

Fig. 36: Aβ prolongs the decay time of the NMDAR-EPSC in acute hippocampal slices.  A, B) 
Average of the synaptically evoked NMDAR-EPSC of one representative hippocampal CA1 
neuron from a wild-type mouse for baseline (A) and Aβ (500 nM) superfusion (B). C, D) 
Overlay (C) and scaled overlay (D) of the traces in A and B. E-G) Boxplot of the normalized 
EPSC amplitudes (E), normalized FWHM (F) and τweighted (G) for baseline (left) and Aβ 
superfusion conditions (right, n = 8). Each grey line represents one cell; the thick black line 
depicts the median. n.s. not significant, *p < 0.05. Wilcoxon signed rank test 
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Fig. 37: Estimation of the TBOA concentration which has the same effect as 500 nM Aβ. A) 
Bar graph of the normalized FWHM of the synaptically evoked NMDAR-EPSC after the 
superfusion of 500nM Aβ dimer (n = 8), 2.5 µM TBOA (n = 5), 5µM TBOA (n = 9), 10 µM 
TBOA (n = 7) and 25µM TBOA (n = 9). Each dot represents the mean of one neuro n. The 
error bars indicate SEM. B) Semi-logarithmic plot of the concentration of TBOA and its 
effect on the FWHM (mean ± SEM). The red line and red shaded area indicate the mean and 
SEM of the Aβ-dependent effect on the FWHM 

3.3.5 Aβ does not affect the presynaptic glutamate release 

An increase in extracellular glutamate could not only be caused by an impairment of the 

glutamate uptake, but also by an increase in glutamate release from presynaptic sites. Thus, 

we next examined whether an increase of the presynaptic glutamate release could 

contribute to the observed effects. In order to determine, whether Aβ changed the release 

probability of glutamate at the presynaptic site, we performed paired pulse facilitation (PPF) 

experiments. When a synapse is stimulated twice in rapid succession (10 – 200 msec), the 

second stimulus typically leads to an enhanced postsynaptic EPSC, typically presenting as an 

increase in the paired pulse ratio (PPR)10 (Thomson 2000, Zucker & Regehr 2002). The 

mechanism of PPF is thought to be based on residual Ca2+ in the presynapse, leading to the 

exocytosis of larger quantities of glutamate (Fioravante & Regehr 2011). The PPR is altered 

                                                           
10

 A full description of how the PPR is calculated can be found in the methods section 
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after pharmacological manipulations which change the release property of glutamate at the 

presynapse but is unaffected by manipulations at the postsynaptic site (Manabe et al 1993). 

In consequence, PPF can be viewed as a sensitive tool to detect changes in the release 

probability of glutamate at the presynaptic site.  

I performed these experiments in collaboration with Hsing-Jung Chen. We induced 

PPF in slices that were perfused with ACSF (n = 8 cells), ACSF containing 500 nM Aβ dimer (n 

= 8 cells) or 5 µM TBOA (n = 5 cells). We observed similar levels of potentiation for all three 

conditions at an inter-stimulus interval of 200 msec (Fig. 38 A, B, C). PPF is expected to be 

more pronounced when the two pulses are delivered within very short succession (<100 

msec) and the PPR is expected to decrease as a function of the length of the inter-pulse 

intervals (Wu & Saggau 1994). Thus, we also performed PPF at different inter-pulse intervals 

ranging from 30 to 500 milliseconds. As expected, the PPR was larger than one for short 

inter-pulse intervals and decayed towards one with increasing intervals (Fig. 38 D). We did, 

however, not detect any difference when the slice was superfused with ACSF, Aβ or TBOA for 

all of the tested intervals (30 msec, p = 0.36; 50 msec, p = 0.46; 100 msec, p = 0.80; 200 

msec, p = 0.77; 500 msec, p = 0.39). Thus, we found no evidence that Aβ or TBOA 

significantly alter the release probability of glutamate at the presynaptic site and conclude 

that the observed increases in the decay times of the NMDAR-EPSC were rather caused by an 

inhibition of glutamate uptake. These results were not surprising, since many previous 

studies did not report any change in PPF after the application of other Aβ preparations 

(Cerpa et al 2010, Li et al 2009, Schmid et al 2008, Shankar et al 2008, Talantova et al 2013, 

Zhao et al 2018).  
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Fig. 38: Aβ or TBOA superfusion have no impact on the paired pulse ratio (PPR) at 
Schaffer collateral – CA1 synapses. A-C) Average EPSCs recorded from in vitro CA1 
pyramidal neurons during paired pulse stimulation of the Schaffer collateral pathway with 
an inter-pulse interval of 200 msec (arrows). The superfusion of ACSF (A), 500 nM Aβ (B) or 
5 µM TBOA (C) is indicated by the colored bars on the top. D) Paired pulse ratio  (PPR) for 
inter-pulse intervals ranging from 30 to 500 msec for cells superfused with ACSF (black, n = 
8), Aβ (red, n = 8) or TBOA (blue, n = 5). Error bars denote SEM. The differences between 
the three applications are not significant for all inter -pulse intervals. Kruskal Wallis test  

3.4 Aβ from human AD patients induces neuronal hyperactivity in vivo 

When working with soluble Aβ, it is important to choose the Aβ preparation with great care. 

In the first part of my thesis, I only used the synthetic Aβ 1-40 S26C dimer, (Shankar et al 

2008). Thus I next tested whether the results obtained so far can also be reproduced with Aβ 

which has been derived from human AD brains. In the following experiments, I investigated 

whether brain extract obtained from a patient suffering from sporadic AD (hence called AD 

extract) had the same hyperactivity-inducing effect as the synthetic dimer (Fig. 39). The Aβ 

was extracted from post-mortem brain tissue via homogenization and centrifugation (Barry 

et al 2011, Hong et al 2018, Shankar et al 2008, Wang et al 2017). Since this homogenate 

contains many forms of Aβ, it is hard to quantify the Aβ concentration of the sample, but 

western blot analysis revealed that it contained 0.2 ng/ml Aβx-42 before and 3.3 ng/ml Aβx-
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42 after denaturation of the oligomers with guanidium chloride. The AD extract was pressure 

applied in vivo in the CA1 hippocampal region of wild-type mice, the same way as the dimer 

had been applied in the above experiments. Remarkably, the targeted application of AD 

extract robustly increased the neuronal activity in all mice (Fig. 39, N = 6, p = 0.031). To prove 

that the hyperactivity-inducing effect of the AD extract is attributable to Aβ, I next 

performed control experiments with brain extracts from the same AD patient, in which only 

the Aβ had been removed by immunodepletion with Aβ antibodies (Hong et al 2018, Jin et al 

2018). The application of this immunodepleted extract (hence called ID extract) had no effect 

on the number of neuronal Ca2+-transients (Fig. 40 B, N = 5) and I observed a significant 

difference between the normalized effect on neuronal activity for both extracts (Fig. 40 C, p 

= 0.0043). To test, whether the effect of the AD extract was activity-dependent, I next 

repeated the application in the hippocampus of mice, in which the baseline activity had been 

blocked by the superfusion of 50 µM D-APV and CNQX (Fig. 40). Just like the Aβ dimer (Fig. 

22), the application of the AD extract did not induce hyperactivity in the absence of baseline 

activity (Fig. 41 N = 5, p = 0.25). Thus, I conclude that human brain extract induces neuronal 

hyperactivity in an activity-dependent manner.  

 

Fig. 39: Human AD extract induces neuronal hyperactivity in vivo. A) Top: representative two-photon 
image of the hippocampal CA1 region of a wild-type mouse for baseline (left), AD extract application 
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(middle) and washout (right) conditions. The colored dots on the neurons represent the number of 
Ca2+-transients per minute. Bottom: Ca2+-traces of the circled neurons. The brown shaded area 
represents the time of AD extract application. B) Summary data for N = 6 mice. Each dot represents 
the mean number of Ca2+-transients per minute for all neurons in one mouse under baseline (BL), AD 
extract application and washout (WO) conditions. Error bars denote SEM, * p < 0.05, Wilcoxon signed 
rank test 

 

 

Fig. 40: Human ID extract does not induce neuronal hyperactivity in vivo. A) Ca2+-traces 
from five representative hippocampal CA1 neurons of a wild-type mouse for baseline (left), 
AD extract application (middle) and washout (right) conditions. B) Same as in A, but for the 
application of ID extract. The green shaded area represents the time o f ID extract 
application. C) Normalized change of activity for the application of AD extract (left,  N = 6) 
and ID extract (right, N = 5). Each dot represents the mean for all neurons in one mouse. 
Error bars denote SEM, ** p < 0.005, Wilcoxon rank sum test 

 

Fig. 41: The application of D-APV and CNQX prevents the AD extract-induced neuronal hyperactivity 
in vivo. A) Top: representative two-photon image of the hippocampal CA1 region from a wild-type 
(WT) mouse during the superfusion of D-APV and CNQX for baseline (left), AD extract-application 
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(middle) and washout (right) conditions. The colored dots on the neurons represent the number of 
Ca2+-transients per minute. Bottom: Overlay of the Ca2+-traces from the five circled neurons. The 
brown shaded area represents the time of AD extract application. B) Summary data for N = 5 mice. 
Each dot represents the mean number of Ca2+-transients per minute for all neurons in one mouse 
under baseline (BL), AD extract and washout (WO) conditions. Error bars denote SEM, n.s. not 
significant, Wilcoxon signed rank test 

Next, I turned my attention to the question which of the Aβ species in the brain of AD 

patients is responsible for inducing neuronal hyperactivity. Various studies of synaptic 

plasticity have reported that especially LMW oligomers and dimers are highly toxic, while 

monomers as well as larger assemblies were inefficient in impairing LTP or inducing LTD 

(Cleary et al 2004, Lesné et al 2006, Shankar et al 2008, Yang et al 2017). Because of the 

remarkable effect of synthetic dimers (see above), I next tested the effects of Aβ dimers 

which had been derived from the post-mortem brains of AD patients. The application of 

these human Aβ dimers (200 ng/ml)11 potently induced neuronal hyperactivity in murine 

hippocampal CA1 pyramidal neurons in vivo (Fig. 42, N = 6, p = 0.031). The analysis of the 

activity changes on a single cell level revealed that the effect of the synthetic and the human 

Aβ dimers were remarkably similar (Fig. 43). Just as the synthetic dimers (Fig. 11), the 

application of human dimers increased neuronal activity in the majority of neurons (80 %, 

188/235 cells), decreased the activity in only 2% (5/235) and left 18% (42/235) unchanged 

(Fig. 43 A). The median increase of activity was +6 Ca2+-transients/min. Moreover, linear 

regression analysis revealed a strong dependence of the Aβ-induced activity on the baseline 

activity (Fig. 43 B, R2 = 0.77).  

                                                           
11

 It is impossible to calculate the exact molar concentration of Aβ in this solution containing a mix of 
different peptides. An approximation can however be found in the methods section. 
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Fig. 42: Aβ dimers isolated from human brain induce neuronal hyperactivity in vivo. A) Top: 
representative two-photon image of the hippocampal CA1 region of a wild-type mouse for baseline 
(left), human Aβ dimer application (middle) and washout (right) conditions. The colored dots on the 
neurons represent the number of Ca2+-transients per minute. Bottom: Ca2+-traces for the circled 
neurons. The grey shaded area represents the time of AD extract application. B) Summary data for N = 
6 mice. Each dot represents the mean number of Ca2+-transients per minute for all neurons in one 
mouse under baseline (BL), human Aβ dimer applicaion and washout (WO) conditions. Error bars 
denote SEM, * p < 0.05, Wilcoxon signed rank test 

 

Fig. 43: Analysis of the human Aβ dimer-induced neuronal hyperactivity in vivo. A) Histogram of the 
difference in activity between human Aβ dimer application and baseline conditions (Δactivity) for n = 
235 cells. B) Linear regression analysis of the average difference of activity (Δactivity) compared to 
baseline activity 
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To test whether the hyperactivity-inducing effect was specific for dimers, I next applied 

similar concentrations (200 ng/ml)12 of isolated human monomers from the same AD 

patients. As shown in Fig. 44, the application of Aβ monomers in vivo only had a small, yet 

significant effect of increasing the neuronal activity (N = 6, p = 0.031). Whether this minor 

change in neuronal activity is due to a small effect of monomeric Aβ or whether the 

hydrophobic Aβ monomers start to aggregate in the application pipette once they are 

dissolved in ACSF, remains unclear. A closer analysis of the activity changes on a single-cell 

level revealed that the small increase of activity triggered by the application of Aβ monomers 

was due to a small number of neurons with relatively strong increases of their firing rate as 

opposed to a general right-shift of the neuronal activity (Fig. 45 A). Thus, the application of 

human Aβ monomers did not change the activity in 53% (100/189) of cells, while 30% 

(56/189) of the cells had increased and 17% (33/189) decreased activities compared to 

baseline conditions. The median activity change was 0.0. Also, the application of the human 

Aβ dimers had a much stronger effect than the application of the monomers (Fig. 45 B, p = 

0.0039).  

 

Fig. 44: Aβ monomers isolated from human brain slightly increase the neuronal activity in vivo. A) 
Top: representative two-photon image of the hippocampal CA1 region of a wild-type mouse for 

                                                           
12

 It is impossible to calculate the exact molar concentration of Aβ in this solution containing a mix of 
different peptides. An approximation can however be found in the methods section. 
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baseline (left), human Aβ monomer application (middle) and washout (right) conditions. The colored 
dots on the neurons represent the number of Ca2+-transients per minute. Bottom: Ca2+-traces for the 
circled neurons. The purple shaded area represents the time of AD extract application. B) Summary 
data for N = 6 mice. Each dot represents the mean number of Ca2+-transients per minute for all 
neurons in one mouse under baseline (BL), human Aβ monomer and washout (WO) conditions. Error 
bars denote SEM, * p < 0.05, Wilcoxon signed rank test 

 

Fig. 45: The hyperactivity-inducing effect of human Aβ dimers in vivo is much stronger 
than that of monomers. A) Histogram of the difference in activity between human Aβ 
monomer application and baseline conditions (Δ activity) for n = 189 cells. B) Normalized 
activity change for the application of human Aβ dimers (left, N = 6) and human Aβ 
monomers (right, N = 6). Each dot represents the mean number of one mouse. Error bars 
denote SEM, ** p< 0.005, Wilcoxon rank sum test  

Finally, I asked, whether the effect of human Aβ could be observed at physiological Aβ levels. 

One prominent point of criticism when working with soluble Aβ is that in most application 

studies, authors typically apply Aβ concentrations in the high nanomolar or even low 

micromolar range (Selkoe 2008), while the concentration of soluble Aβ in the brains of AD 

patients was reported to be in the low picomolar range (Moore et al 2012) with similar levels 

in mouse models of AD (Keskin et al 2017). Thus, I applied the human Aβ dimers in 

decreasing concentrations ranging from 200 ng/ml to 5 ng/ml. Remarkably, the application 

of 20 ng/ml Aβ dimer still had a stronger effect than the application of 200 ng/ml Aβ 
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monomer or vehicle (Fig. 46). These findings demonstrate that human Aβ dimers increase 

neuronal activity even at very low concentrations.    

 

Fig. 46: Low concentrations of human Aβ dimers induce neuronal hyperactivity. Semi-
logarithmic plot of the human Aβ dimer-induced increase in neuronal activity (black line). 
The numbers indicate the concentration of human Aβ dimer in ng/ml  (200, N = 7; 50, N = 7; 
20, N = 3; 5, N = 3). The purple line and shaded area indicate the effect of 200 ng/ml of 
monomers (mean ± SEM, N = 7). The red line and shaded area indicate the effect of vehicle 
applications (mean ± SEM, N = 3). Error bars denote SEM 
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4 Discussion 

A huge body of literature on pathological changes in the brain of AD patients is available. 

However, we are only beginning to understand the exact disease-associated impairments of 

neuronal and circuit function. Multimodal imaging studies in humans facilitate the 

identification of brain regions which are especially susceptible to AD-induced alterations and 

the analysis of mouse models helps us to understand the underlying cellular pathology. 

Accumulating evidence, both from observations in mouse models and humans, indicates that 

an early dysfunction in AD is the Aβ-dependent hyperactivity in a subset of neurons. 

However, the cellular mechanism(s) of this hyperactivity have thus far remained unknown. In 

my graduate work, I have addressed this question in several Aβ application experiments, 

both in vivo and in vitro. I provide substantial evidence that a vicious cycle of Aβ-dependent 

neuronal hyperactivation which is driven by an impairment of glutamate uptake is a linchpin 

of the Aβ-induced neuronal dysfunction. 

4.1 Baseline-activity dependence of the Aβ-induced neuronal 

hyperactivity 

Previously, the Konnerth laboratory demonstrated that neuronal hyperactivity in the APP23 x 

PS45 transgenic mouse model of AD does not affect all brain circuits at the same time. More 

precisely, neuronal hyperactivity could be found in the hippocampus of young transgenic 

mice at an age at which the activity in cortical layer 2/3 was still comparable to wild-type 

mice. In 6-10 month old transgenic mice, on the other hand, neuronal hyperactivity was 

detected in the both of these regions (Busche et al 2012, Busche et al 2008). At the time, it 

was not clear whether this was due to a difference in Aβ concentrations or due to brain 

regions’ distinct susceptibilities to Aβ. My results now offer, for the first time, an explanation 
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for the lack of layer 2/3 hyperactivity in young AD mice. I demonstrated that, in isoflurane 

anesthetized young wild-type mice, hippocampal CA1 neurons were susceptible to Aβ-

induced hyperactivity (Fig. 9), while Aβ application in cortical layer 2/3 had no effect on the 

neuronal activity. Moreover, the application of Aβ in cortical layer 5 readily induced neuronal 

hyperactivity (Fig. 25, 26). What causes this surprising difference in susceptibility to Aβ-

induced neuronal dysfunctions? One of the major differences between those brain areas is 

their frequency of Ca2+ transients under baseline conditions, which is high in hippocampal 

CA1 and cortical layer 5, and lower in cortical layer 2/3. In consequence, I hypothesized that 

the lower spontaneous baseline activity of layer 2/3 is not sufficient to render this area 

susceptible to the Aβ-induced neuronal hyperactivation. I could establish a mechanistic link 

between baseline activity and susceptibility to Aβ in a series of in vivo and in vitro 

experiments in the hippocampal CA1 area. Remarkably, Aβ application in hippocampal slices 

only induced neuronal hyperactivity after the baseline activity of those slices had been 

pharmacologically raised to levels of activity observed in vivo (Fig. 14-19). This could be 

achieved by increasing the extracellular potassium levels, by blocking GABAergic inhibition 

with bicuculline or by applying glutamate. Conversely, the hyperactivity-inducing effect of Aβ 

in the CA1 area in vivo could be prevented by abolishing neuronal baseline activity in the CA1 

area by pharmacological manipulations including the block of excitatory synaptic 

transmission with D-APV and CNQX or the block of neuronal spiking with TTX (Fig. 22, 23). 

Moreover, linear regression analysis suggests that, on a single cell level, the baseline activity 

of the respective neuron determines its susceptibility to Aβ-induced dysfunctions, both for 

synthetic and human Aβ (Fig. 11, 43). Due to these observations, I hypothesize that the 

baseline activity of layer 2/3 is not high enough to allow for Aβ-induced hyperactivation in 

vivo, as opposed to cortical layer 5 and the hippocampal CA1 region. The remaining question 

is why the cortical layer 2/3 of older transgenic mice is susceptible to Aβ-induced 

dysfunctions (Busche et al 2008). A possible explanation could be that neuronal activity levels 
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increase with aging. Indeed, a tendency towards higher neuronal activity levels was reported 

for aged wild-type mice in the hippocampus (Wilson et al 2005) as well as cortical layer 2/3 

(Lerdkrai et al 2018). It was beyond the scope of this study to verify whether the increased 

neuronal activity in aged mice is can make neurons in cortical layer 2/3 prone to Aβ-

dependent hyperactivation.  

What are the implications of the observed activity dependence for human AD cases? 

In vivo imaging studies of AD patients have revealed that early functional impairments of 

brain circuits can be detected in some brain regions before others (Brier et al 2014, Drzezga 

et al 2011, Jones et al 2016). More specifically, the hippocampus and certain cortical areas 

(together referred to as the DMN) show functional impairments at very early disease stages 

when other brain regions are still largely unaffected (Palop & Mucke 2016, Sperling et al 

2010, Zott et al 2018)13. The exceptional susceptibility of the hippocampus and the DMN to 

AD-induced pathology is likely not just a consequence of Aβ production, since the expression 

patterns of APP, BACE and γ-secretase do not offer a satisfactory explanation (Bero et al 

2011, Goedert 1987, Lahiri & Ge 2004). Instead, higher levels of neuronal connectivity 

(Buckner et al 2008, Utevsky et al 2014) and baseline activity (Buckner et al 2005, Lustig et al 

2003) compared to other brain regions could put them at the center of the disease process. 

Similar to mice, healthy aging in humans is typically associated with higher neuronal baseline 

activity levels. During healthy aging, many genes involving GABAergic inhibition are 

downregulated (Loerch et al 2008), which in turn could lead to increased levels of activity 

compared to young adults (Bishop et al 2010). Moreover, in memory tests, aged patients 

usually recruit more brain areas (Cabeza et al 2002) and show higher levels of activation 

(Yassa et al 2011). In consequence, as humans age, some of their brain regions get more 

active, which might make them more prone to Aβ-dependent neuronal dysfunctions such as 

                                                           
13

 A detailed description of the functional impairments in the brains of AD patients can be found in chapter 
1.1.3. 
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neuronal hyperactivity. In consequence, persons with elevated Aβ brain levels might start to 

develop AD-specific network dysfunctions once the activity status of certain brain areas 

reaches critical levels.  

4.2 Impaired glutamate uptake as a cellular mechanism for the Aβ-

induced neuronal hyperactivity 

In my thesis, I have provided compelling evidence that soluble Aβ increases the extracellular 

glutamate concentration by an inhibition of glutamate uptake. Accordingly, the 

hyperactivity-inducing effects of Aβ in vivo were blocked by a simultaneous application of the 

glutamate receptor antagonists D-APV and CNQX (Fig. 22). In slices that were superfused 

with bicuculline, Aβ increased the neuronal activity almost exclusively in neurons with 

preceding baseline activity. In the presence of glutamate, on the other hand, Aβ was able to 

also induce hyperactivity in neurons which had previously been silent. These findings indicate 

that Aβ is more potent in the presence of glutamate (Fig. 20, 21). The most convincing line of 

evidence, however, is based on the observation that the glutamate uptake blocker TBOA has 

similar effects as Aβ, both in vivo and in vitro. The application of TBOA could induce neuronal 

hyperactivity in vivo and thus mimic the effects of Aβ (Fig. 29). Moreover, the TBOA effects 

were less pronounced in mouse models of AD (Fig. 33, 34), suggesting that the TBOA action 

was saturated, potentially due to a preexisting glutamate uptake inhibition by the increased 

levels of intrinsic soluble Aβ in these mice. Next we asked whether Aβ and TBOA acted on a 

similar mechanism in vitro. The application of TBOA in hippocampal slices was repeatedly 

reported to lead to an increased decay time of the NMDAR-EPSC (Arnth-Jensen et al 2002, 

Jabaudon et al 1999, Nie & Weng 2009), which was attributed to an increased dwell-time of 

glutamate in or around the synaptic cleft. Our experiments revealed that Aβ and TBOA 

indeed have similar effects on the NMDAR-EPSC and both increase the decay-time of the 

current without significantly affecting the amplitude (Fig. 35, 36). Finally, PPF experiments 
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confirmed that Aβ did not change the presynaptic release property of glutamate (Fig. 38). 

Together, these findings demonstrate that the Aβ-induced neuronal hyperactivation is 

mainly caused by an Aβ-dependent inhibition of glutamate uptake.  

Evidence for impaired glutamate uptake in AD patients and mouse models 

Unlike other neurotransmitters, glutamate cannot be enzymatically degraded in the 

extracellular space. In consequence, the glutamate dependent signaling process has to be 

terminated by removal from the synaptic cleft by neuronal and astrocytic uptake 

mechanisms (Danbolt 2001). Some synapses can transmit individual signals up to a frequency 

of 100 Hz. Accordingly, the uptake mechanisms have to act very fast. Indeed, glutamate 

uptake transporters limit the dwell-time of glutamate in the synaptic cleft to a few 

milliseconds (Clements et al 1992) and keep the extrasynaptic concentration of glutamate at 

levels below 1 µM (De Bundel et al 2011). There are five excitatory amino acid transporters 

(EAATs) in the brain, out of which EAAT1 (or GLAST in rodents) and EAAT2 (or GLT-1 in 

rodents) are primarily expressed in Astrocytes, while EAAT3 is usually found in neurons, and 

the other two only play minor roles (Zhou & Danbolt 2014). Electron microscopy studies have 

revealed that glutamatergic synapses are tightly wrapped in astrocytic membrane, forming a 

“tripartite synapse” (Perea et al 2009) which consists of the presynaptic terminal, the 

postsynapse and the ensheathing astrocytic membrane. In consequence, 90% of the 

glutamate uptake in the brain is attributed to the predominantly astrocytic EAAT2 (Kim et al 

2011).  

Over the last years, accumulating evidence has pointed to an impairment of glutamate 

uptake in AD. Thus, post-mortem studies have reported decreased levels and impaired 

functionality of EAAT2 in patients suffering from AD (Li et al 1997, Masliah et al 1996, Scott 

et al 2011). Additionally, AD patients have lower levels of the vesicular glutamate 

transporter, which is required to transport glutamate into presynaptic vesicles (Kashani et al 
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2008, Kirvell et al 2006). An impairment of glutamate uptake has also been reported in 

mouse models of AD. Levels of GLT-1 protein expression were reported to be decreased in 

aged mice of multiple mouse models of AD but normal in young AD mice (Hefendehl et al 

2016, Schallier et al 2011, Takahashi et al 2015, Zumkehr et al 2015). Previously, advances in 

protein engineering have enabled the rapid and sensitive detection of glutamate in the brain 

using fluorescence microscopy (Marvin et al 2013) and recently, the group of Timothy 

Murphy reported an impairment of glutamate transients around cortical amyloid plaques 

(Hefendehl et al 2016).  

In line with the findings in mouse models of AD, multiple studies have demonstrated that 

the acute exposure to Aβ is sufficient to impair glutamate transporter function. First studies 

in which full-length Aβ or fractions thereof were applied on cultured astrocytes impaired 

glutamate uptake following incubation times ranging from multiple days (Parpura-Gill et al 

1997) to as little as 30 minutes (Fernández-Tomé et al 2004, Harris et al 1996), but see also 

(Abe & Misawa 2003, Rodriguez-Kern et al 2003). Furthermore, the application of Aβ onto 

hippocampal slices was reported to promote the mislocalization of GLT1 (Scimemi et al 

2013). The most convincing evidence, however, comes from the group of Dennis Selkoe. 

They demonstrated that many different preparations of Aβ (including synthetic dimers 

oligomers as well as Aβ derived from CHO cells and human Aβ) impaired LTP and boosted 

LTD in the Schaffer collateral CA1 pathway of the hippocampus. Strikingly, the Aβ-induced 

effects on LTP and LTD could be mimicked by TBOA (Li et al 2009, Li et al 2011). Moreover, 

they investigated the effect of TBOA or Aβ on the NMDAR-EPSC. In line with my work (Fig. 

36), these authors observed a prolongation of the EPSC after Aβ application (Li et al 2009). 

However, in contrast to my findings, they also reported a strong decrease of the NMDAR-

EPSC amplitude. These discrepancies might be explained by the use of different Aβ 

preparations containing dissimilar species and/or doses of Aβ. It is important to note that, in 

our hands, the application of low doses of TBOA (5 µM) had no effect on the EPSC amplitude 
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(Fig. 35). The main conclusion of the two papers from the Selkoe group was that Aβ-

dependent impairment of glutamate uptake led to spill over of glutamate and, in 

consequence, an activation of (predominantly extrasynaptic) NMDA receptors containing the 

NR2B subunit (Li et al 2011). However, the Selkoe group could not provide evidence that this 

impairment was relevant for the neuronal function in vivo. My data now demonstrates that 

the Aβ-dependent uptake inhibition of glutamate triggers substantial neuronal hyperactivity 

in the brain of wildtype mice and indicates by occlusion experiments that also the chronic 

presence of Aβ in the brain of AD mice inhibits glutamate uptake.  

One of the surprising findings of my graduate work is that GABAergic signaling is unlikely 

to be the trigger of the observed Aβ-dependent neuronal hyperactivity. In theory, the Aβ-

induced shift of the E/I balance towards excitation could be based on two factors: increased 

excitation and/or decreased inhibition (Busche & Konnerth 2016). While the results from my 

graduate work clearly indicate a strong role for the excitatory neurotransmitter glutamate, 

there was no evidence for a major contribution of the inhibitory system. Thus, the effect of 

Aβ was entirely blocked by a co-application of the glutamatergic antagonists D-APV and 

CNQX (Fig. 27) in the absence of GABA-receptor blockers. Moreover, Aβ still increased 

neuronal activity in slices that had been superfused with high doses of the receptor-

antagonist bicuculline, which should lead to a complete block of GABAA receptors (Nowak et 

al 1982). Together, these findings render a major contribution of GABAergic inhibition on the 

observed Aβ-induced neuronal hyperactivity rather unlikely. This conclusion might be 

surprising, since neuronal hyperexcitability in mouse models of AD has repeatedly been 

attributed to an impairment of GABAergic interneurons (Martinez-Losa et al 2018, Palop & 

Mucke 2016, Schmid et al 2016, Verret et al 2012). Moreover, previous work from the 

Konnerth laboratory demonstrated that the neuronal hyperactivity in mouse models of AD 

was associated with a relative decrease in inhibition and that enhancing the GABAergic tone 

could restore the neuronal activity (Busche et al 2008). However, these results do not 
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exclude that the initial increase in activity was caused by an accumulation of glutamate and 

that enhancing the GABAergic tone merely restored the E/I balance. Moreover, since all 

these studies were performed in mouse models of AD, it is possible that the observed 

interneuron dysfunction is a chronic effect of the disease in transgenic mice and develops 

independently from the glutamate accumulation.  

Does Aβ affect glutamate release? 

In order to test whether Aβ also had an effect on presynaptic glutamate release, we 

performed PPF experiments (Fig. 38)14. In these experiments, neither Aβ nor TBOA induced a 

significant change of the PPR. These findings are in line with observations from several other 

groups indicating that the application of soluble Aβ does not change the release probability 

of glutamate (Cerpa et al 2010, Li et al 2009, Schmid et al 2008, Shankar et al 2008, Talantova 

et al 2013, Zhao et al 2018). On the other hand, few authors have reported an Aβ-dependent 

change in glutamate release (Bobich et al 2004, Kabogo et al 2010). The vast majority of the 

authors that have performed PPF in transgenic mouse models of AD reported no or only 

minor differences to wild-type mice (Marchetti & Marie 2011), but see also (Davis et al 

2014).  

Another source of excess glutamate in AD could be release from astrocytes. The 

application of soluble Aβ in astrocytic cell cultures can increase the extracellular glutamate 

concentration (Sanz-Blasco et al 2016, Talantova et al 2013). However, the authors did not 

address whether the inhibition of glutamate uptake contributed to their observations. Also, 

it remains to be determined whether glutamate release from astrocytes is pathologically 

relevant (Acosta et al 2017).  

                                                           
14

 A more detailed description of the physiological background of PPF experiments can be found in chapter 
3.3.5. 
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Long-term toxicity of glutamate accumulation 

Besides neuronal hyperactivity, an Aβ-induced block of glutamate uptake and the resulting 

glutamate accumulation could also have other long-term effects in AD mice and patients. 

Indeed, a chronic increase in glutamate due to knock-out (Tanaka et al 1997, Watase et al 

1998) or inhibition (Rothstein et al 1996) of EAATs led to behavioral impairments, epilepsy 

and, in many cases, neuronal loss in mice. In line with these findings, the injection of TBOA 

into the CSF of rats caused marked neurodegeneration (McBean & Roberts 1985). Moreover, 

a transgenic mouse line overexpressing Glud1, a gene involved in glutamate synthesis, 

displayed hippocampal cell loss and impaired LTP at the age of 12-20 months. The 

extracellular glutamate concentration was only increased by 10% in these mice (Bao et al 

2009). Remarkably, these phenotypes developed in the absence of AD-related pathological 

changes, indicating that an extracellular glutamate accumulation could contribute to the loss 

of neurons and synapses as well as memory impairments in AD patients independently from 

the underlying disease. 

4.3 The molecular mechanism of the Aβ-dependent impairment of 

glutamate uptake 

Even though it is beyond the scope of this thesis, it will be important to understand the 

molecular mechanism of the Aβ-dependent inhibition of glutamate uptake. Since the 

hyperactivity-inducing effect of Aβ was almost immediate (Fig. 12), the interaction between 

Aβ and the impairment of glutamate uptake has to be rather fast. Thus, the downregulation 

of EAAT2/GLT-1 numbers, as observed in AD patients and mice (Hefendehl et al 2016, Li et al 

1997, Masliah et al 1996, Schallier et al 2011, Scott et al 2011, Takahashi et al 2015, Zumkehr 

et al 2015), is unlikely to be the only mechanism. Rather, Aβ could impair the functions of 

glutamate transporters on the cell membrane by direct or indirect interaction. Unlike for 
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TBOA (Boudker et al 2007), a binding site for Aβ has, to my knowledge, not been described in 

the literature. One possible mechanism could be an Aβ-dependent impairment of 

transporter mobility. It was recently reported that GLT-1 is highly mobile on the cell 

membrane and that this mobility is necessary for an efficient uptake of glutamate from the 

synaptic cleft (Murphy-Royal et al 2015). In consequence, it is tempting to speculate that Aβ 

might interfere with this lateral mobility. Indeed, Aβ has been reported to inhibit the lateral 

mobility of mGluR5 on the cell membrane (Renner et al 2010). Moreover, this hypothesis 

would be compatible with my findings. Even though the application of Aβ or TBOA led to 

very similar results in vivo (Fig. 29) and in vitro, (Fig. 36-38), the TBOA effect was not fully 

saturated in mouse models of AD with high intrinsic levels of Aβ (Fig. 33, 34), indicating that 

Aβ and TBOA might interact with different properties of glutamate transport. However, 

further experiments to determine the molecular mechanism of the Aβ-dependent inhibition 

of glutamate uptake are needed.   

4.4 Soluble Aβ dimers as a key pathological factor in AD 

Even though AD mouse models are a very useful tool to study certain AD features such as Aβ 

or tau pathology, synapse loss or functional changes associated with early AD (Götz et al 

2018), their complexity makes it very difficult to study the toxicity of certain Aβ species in an 

isolated fashion. Thus, the method of choice to study the effect of Aβ oligomers is their 

direct application in cell culture, in slices or in in vivo wild-type mice (Barry et al 2011, 

Borlikova et al 2013, Freir et al 2001, Jin et al 2011, Klyubin et al 2008, Shankar et al 2008). 

However, limitations of such studies arise mainly from the use of unphysiological Aβ species 

or staggeringly high Aβ concentrations. There are four ways to obtain soluble Aβ, which 

can be summarized as in vitro or ex vivo (Benilova et al 2012). The in vitro generation 

includes synthetic generation of Aβ and Aβ-production by CHO-cells harboring one or 

more mutations common in FAD patients (Podlisny et al 1995). Alternatively, Aβ can be 
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derived from the ex vivo brains of AD mice or patients (Meyer-Luehmann et al 2006, 

Shankar et al 2008). In the majority of experiments, I used synthetic Aβ S26C dimers 

(Shankar et al 2008). Admittedly, these dimers do not exist in the brain of AD patients. The 

S26C mutation is artificially introduced to crosslink two monomers, a manipulation which 

does not happen in vivo (Shankar et al 2008). However, it is remarkable, how faithfully the 

application of synthetic S26C Aβ dimers in wild-type mice can reproduce neuronal pathology 

observed in AD mice such as the impairments of synaptic plasticity (Hong et al 2014, Hu et al 

2008, Li et al 2011, Li et al 2018, Shankar et al 2008). Moreover, previous data from the 

Konnerth laboratory demonstrated that Aβ S26C dimers induce neuronal hyperactivity in the 

hippocampus of wild-type mice (Busche et al 2012) and reintroduced neuronal hyperactivity 

in AD mice, in which the neuronal activity had been restored by BACE inhibition (Keskin et al 

2017). I have now confirmed and expanded these findings by applying Aβ in untreated AD 

mice, where it only had a small effect on neuronal activity (Fig. 34) compared to wild-type 

mice (Fig. 9, 10). This saturation of the effect of exogenous Aβ in transgenic mice with high 

levels of intrinsic Aβ (Busche et al 2012) indicates that their mode of action is not 

fundamentally different. Instead, the residual effect of Aβ in transgenic mice might rather be 

due to the high concentration of the applied dimers (500 nM), which was considerably larger 

than brain Aβ levels in AD mice and patients (Busche et al 2012, Busche et al 2008, McDonald 

et al 2012, Puzzo et al 2015). To ensure that the hyperactivity-inducing effect of Aβ was not 

limited to artificial dimers, I also tested the application of different human preparations of 

Aβ. Thus, Aβ-containing human brain extract from an AD patient potently induced neuronal 

hyperactivity (Fig. 39), while the removal of Aβ from this extract by immunodepletion 

prevented the effect (Fig. 40), indicating that the hyperactivity-inducing effect of the brain 

extract can be attributed to Aβ. Moreover, to further investigate the toxicity of Aβ dimers, I 

applied Aβ dimers derived from human material, which potently induced neuronal 
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hyperactivity (Fig. 42). Remarkably, the application of monomers did not have a comparable 

effect (Fig. 44).  

As mentioned above, a valid point of criticism is often the use of very high Aβ 

concentrations in application experiments (Selkoe 2008). In order to overcome this 

limitation, I recorded a dose-dependency curve of the effect induced by human Aβ dimers 

(Fig. 46), which unveiled that even the application of very low concentrations of human Aβ 

dimers (20 ng/ml, corresponding to low nanomolar concentrations 15) increased neuronal 

activity. Notably, Aβ dimers appear to be much more toxic than the synthetic S26C dimers 

because lower concentrations of human Aβ dimer (in the low nanomolar range) have similar 

effects as much higher doses of the synthetic product (500 nM). This observation encourages 

the further investigation of the toxicity of human brain derived materials. 

4.5 A vicious cycle of Aβ-induced neuronal hyperactivation and 

therapeutic implications 

My observation that high levels of baseline activity make neuronal networks susceptible to 

an Aβ-induced hyperactivation prompts the notion of a vicious cycle of Aβ-induced neuronal 

dysfunction. More precisely, in brain regions with high levels of glutamatergic inputs, Aβ 

blocks the uptake of synaptically released glutamate. This leads to an extracellular 

accumulation of glutamate which further increases the neuronal activity within the affected 

brain circuit, making it again more susceptible to the Aβ-induced hyperactivation (Fig. 47). 

There have been reports that an increase in neuronal activity boosts the neuronal Aβ 

production (Bero et al 2011, Cirrito et al 2005, Dolev et al 2013, Kamenetz et al 2003), which 

might further accelerate the vicious cycle. Conversely, since the Aβ uptake inhibition would 

be ineffective in the absence of glutamate, neuronal circuits with lower levels of glutamate-

driven baseline activity would be expected to be less affected by this vicious cycle. 

                                                           
15

 A detailed description of the approximation of the human brain-derived Aβ concentrations can be found 
in the methods section. 
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An increase in activity in a group of neurons would raise the release of glutamate in the 

brain regions their axons project to. This should increase the level of glutamate in the latter 

brain area and, in consequence, make it more susceptible to Aβ-induced pathology. 

Moreover, the increased neuronal activity might raise the production of Aβ in the projecting 

region (Yamamoto et al 2015). In fact, in AD patients, there is substantial evidence that the 

neuronal dysfunctions spreads between functionally connected brain areas (Jones et al 2016) 

and it is tempting to speculate that the described vicious cycle might be one of the 

underlying mechanisms of this propagation.  

 

Fig. 47: A vicious cycle of Aβ-dependent neuronal hyperactivation 

Implications for the treatment of AD 

Disease-modifying drugs against AD could break this vicious cycle at different points. A large 

variety of drugs that might reduce neuronal activity have been shown to be promising 

candidates for the symptomatic treatment of AD. The antiepileptic drug levetiracetam, for 

example, was reported to reduce hippocampal hyperactivity in MCI patients as measured by 
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fMRI (Bakker et al 2015, Bakker et al 2012). Also, the memory performance of the treated 

MCI patients was slightly improved. In line with this, levetiracetam also partially restored 

cognitive functions in rodent models of AD (Koh et al 2010, Sanchez et al 2012). Due to these 

promising results, levetiracetam is currently undergoing phase 2 clinical testing for treating 

MCI patients and APOE ε4 carriers (clinicaltrials.gov identifier NCT02002819, NCT03461861). 

Even though its exact mechanism of action is unclear, levetiracetam was reported to bind to 

a vesicular protein (Lynch et al 2004) and might decrease glutamate release and, in 

consequence, postsynaptic neuronal activity (Lee et al 2009, Sanz-Blasco et al 2016).  

 Another way to prevent the Aβ-induced neuronal hyperactivity might be to enhance 

the GABAergic inhibitory tone in the brain. This is currently tested by the application of 

baclofen, sometimes in combination with acamprosate. Both substances lead to a reduced 

neuronal activation, the GABA-derivate baclofen by a binding to GABAB-receptors (Hill & 

Bowery 1981) and acamprosate by reportedly preventing excessive glutamate release (Mann 

et al 2008). The co-application of both drugs prevented Aβ toxicity in vitro (Chumakov et al 

2015) and has led to slightly beneficial effects in patients with mild AD in an exploratory 

phase 2 trial (Bennys et al 2016).   

One of the central consequences of an Aβ-dependent glutamate accumulation by the 

impairment of glutamate uptake is the excessive activation of glutamate receptors, such as 

the NMDAR (Fig. 36). In consequence, blocking NMDARs might alleviate some of the toxic 

effects of Aβ. It was repeatedly observed that pretreating NMDAR expressing cells with 

diclozilpine (MK-801) could prevent many of the toxic effects of the application of soluble Aβ, 

including hyperactivation (Alberdi et al 2010, Le et al 1995) and cell death (Domingues et al 

2007). However, MK-801 binds to the NMDAR with a very high affinity and, in consequence, 

MK-801 also blocks its physiological voltage-dependent activation which is instrumental for 

learning and memory (Frankiewicz et al 1996). These considerations prompted Danysz and 
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colleagues to develop the uncompetitive NMDA receptor antagonist memantine (Danysz et 

al 2000), which binds NMDARs with lower affinities and leaves the voltage-dependent 

unblocking of the receptor largely unaffected. The use of memantine has not only resulted in 

many beneficial effects both in vivo and in vitro (Wojciech & Parsons 2012), it is also one of 

the few drugs that have effectively resulted in a slight improvement of symptoms in AD 

patients (Reisberg et al 2003) and is routinely used as a disease-modifying drug in patients 

with early AD.  

The most efficient way to break the vicious circle of Aβ-dependent neuronal 

hyperactivation would be the prevention of the Aβ-induced impairment of glutamate uptake. 

Even though no specific drugs are available yet, the pharmacological overexpression of GLT-1 

was reported to have beneficial effects in mouse models of AD (Hefendehl et al 2016, 

Takahashi et al 2015, Zumkehr et al 2015). Ceftriaxone, which reportedly increases the 

transcription of GLT-1 (Lee et al 2008, Rothstein et al 2005), restored glutamate transients 

(Hefendehl et al 2016) and rescued the cognitive function in mouse models of AD without 

affecting the plaque pathology (Zumkehr et al 2015). A very potent enhancer of glutamate 

uptake is LDN/OSU-0212320. This small molecule increases GLT-1 expression by translational 

upregulation (Colton et al 2010, Kong et al 2014) and had a beneficial effect on synapse 

survival and behavior in a mouse model of AD (Takahashi et al 2015). Although these results 

are very promising, it is still too early to know whether ceftriaxone or LDN/OSU will have 

beneficial effects in AD patients. Moreover, additional research is needed to determine how 

the application of these drugs affects the neuronal activity in the brain of AD mouse models 

and patients. 

Even though all of these drugs have distinct modes and targets of action, they are all 

expected to decrease the neuronal activity in the brain, either by an increase in glutamate 

uptake (ceftriaxone and LDN/OSU-0212320), by a decrease in glutamate release 
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(levetiracetam, acamprosate), by an increase in GABAergic inhibition (baclofen) or by an 

inhibition of NMDA receptors (memantine). However, their action on neuronal activity in 

vivo remains to be shown. None of these drugs prevents the interaction of Aβ with 

glutamate transporters mechanistically or restores the impaired glutamate transport..  

4.6 Summary of the main conclusions  

In this study, we have identified a cellular mechanism of Aβ-induced neuronal hyperactivity. 

We have established the in vivo hyperactivating effect of Aβ dimers and human AD brain 

extracts. The key conclusions from this work are: (1) The Aβ-dependent neuronal 

hyperactivation requires sufficiently strong preceding glutamatergic excitation, as present in 

vivo in some (e.g. hippocampal, cortical layer 5) but not all (e.g. layer 2/3) neurons during 

spontaneous ongoing activity. (2) The cellular mechanism of Aβ-induced hyperactivity 

critically depends on the impaired uptake of synaptically released glutamate. (3) These two 

factors trigger a vicious cycle of Aβ-dependent neuronal hyperactivation in brain areas with 

high levels of neuronal activity driven by glutamatergic inputs (Fig. 47). Our findings clarify 

why, in AD patients, especially brain areas with high levels of baseline activity are affected by 

early circuit dysfunctions. Also, our results provide an explanation for the partial success of 

certain anti-glutamatergic drugs in AD patients and mouse models. Moreover, they 

encourage the search for targeted treatments to prevent the Aβ-induced impairment of 

glutamate uptake. 
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