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Abstract 

Alzheimer’s disease (AD) is a progressive, age-related neurodegenerative disorder 
that is clinically characterized by memory problems. On a neuropathological level, 

-
and neurofibrillary tangles containing Tau. Aging, genes, and lifestyle factors can 
all influence AD risk. Apolipoprotein E4 (ApoE4) is the major genetic risk factor 
for AD. The ApoE gene has three major isoforms: ApoE2, ApoE3 and ApoE4, and 
while ApoE4 increases AD risk, ApoE2, on the other hand, is known to be protective 
against AD. At early AD stages, prior to clinical onset and the appearance of plaques 
and tangles, there are already cellular changes, including endosomal and synaptic 
alterations and intraneuro

link and mechanism(s) involved between ApoE4 and AD remain poorly understood. 
The overall aim of this thesis was to investigate the role of different ApoE isoforms, 
in particular the AD-risk variant ApoE4, in early neuronal changes associated with 
AD.  

We found that ApoE is localized at cellular sites that are impacted in early AD, 
including synaptic terminals and the endosome-lysosome system. ApoE 
differentially influences neuronal activity depending on the ApoE isoform and on 
the origin, either astrocytic or neuronal. Additionally, we demonstrated that ApoE4 
impairs protein translation, a process needed for synaptic plasticity. Similarly, 
amyloid precursor protein (APP  
hyperactivity in AD-transgenic neurons overexpressing APP 
which may be caused by dysregulated homeostatic synaptic plasticity. We also 
showed that adding astrocyte-derived ApoE3, but not ApoE4, can ameliorate 
neuronal hyperactivity in AD transgenic neurons. Moreover, we found that 
astrocyte-derived ApoE predominantly localizes to late endosomes/lysosomes and, 
interestingly, intracellularly coincides wi  

Altogether, this thesis shows a cellular localization and effect of ApoE in sites 
altered in early AD stages, including synapses and endosomes. This thesis work 
reinforces the literature on the involvement of ApoE in cellular changes observed in 
early AD, including endosomal impairment, synaptic dysfunction and the presence 

ApoE4 in early AD and may help in discovering new therapies for AD. 
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Popular science summary 

Alzheimer’s disease (AD) is a progressive, age-related disorder that most 
prominently causes memory problems. At advanced stages of the disease, AD 
patients have trouble learning new things and tend to forget many details, including 
the names and faces of their relatives. At this stage, they are fully dependent on their 
caregivers. This makes AD not only a devastating disease for the patients 
themselves, but also for their loved ones. Currently, no effective cure is available to 
treat, slow down nor prevent AD. Whether or not someone will develop AD during 
their lifetime depends on many factors, including genetics and lifestyle. Specific 
gene variants can influence one’s risk for developing AD. The ApoE4 gene variant 
strongly increases the risk to develop AD, and it is relatively common in the general 
population. In total, there are three ApoE variants: ApoE2, ApoE3 and ApoE4. 
While ApoE4 increases AD risk, ApoE2 lowers the chance of developing AD. It 
remains poorly understood how ApoE4 promotes the development of AD.  

There is evidence that ApoE4 plays a role in the early stages of AD. Even before 
the appearance of clinical symptoms, AD already alters the brain by causing lesions 
and inducing changes on a cellular level. Cellular changes, which are some of the 
earliest changes seen in AD, include impaired intracellular trafficking, which is the 
system dealing with the movement of cargo via endosomes within a cell, and 
dysfunction of synapses, which are needed for neuronal communication and 
memory formation. 

In this thesis, the aim was to study the role of ApoE4 on early cellular changes linked 
to AD, including endosomal and synaptic changes. We found that ApoE is present 
at synapses and influences neuronal activity differently depending on whether 
ApoE3 or ApoE4 is present. We also found that ApoE4 dysregulates the generation 
of new proteins, a process important for proper synaptic function. In a mouse model 
of AD, we found that neurons have increased neuronal activity, and this may be 
caused by the reduced capacity of neurons to adapt to changes in neuronal activity. 
The presence of ApoE3, but not ApoE4, prevents AD-associated neuronal 
hyperactivity. Lastly, we found that ApoE is present in endosomes and co-localizes 

-amyloid, a key protein in AD. 

Altogether, this thesis work describes the presence and potential role of ApoE at 
early cellular sites impacted in AD, including endosomes and synapses, and may 
help to better understand the role of ApoE4 in early AD processes.  
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Populärvetenskaplig sammanfattning 

Alzheimers sjukdom kommer smygande med stigande ålder och orsakar till en 
början minnesproblem. Med tiden förvärras symptomen och patienterna minns 
varken namnen eller ansiktena på sina familjemedlemmar och blir helt beroende av 
vårdgivare i sin omgivning. Detta gör Alzheimers sjukdom till en förödande diagnos 
både för individen och deras nära och kära. I nuläget saknas effektiva läkemedel 
som behandlar, saktar ner eller förhindrar sjukdomsförloppet.  

Vad som avgör om en person kommer drabbas av Alzheimer sjukdom beror på flera 
faktorer och inkluderar både genetik och livsstil. Olika genvarianter kan påverka 
individens risk att utveckla specifika sjukdomar, så som Alzheimers sjukdom. 
ApoE4 är en sådan genvariant som ökar risken att få Alzheimers sjukdom och 
samtidigt är ApoE4 relativt vanligt förekommande i samhället. De mest 
förekommande varianterna av ApoE i befolkningen är ApoE2, ApoE3 och ApoE4. 
I motsats till ApoE4 som ökar risken för Alzheimer sjukdom, har ApoE2 en 
skyddande effekt. Varför ApoE4 orsakar en högre risk att insjukna i Alzheimers 
sjukdom är idag fortfarande oklart.  

Tidigare forskning pekar på att ApoE4 verkar tidigt i sjukdomsförloppet. 
Patologiska förändringar i hjärnan har upptäckts långt innan kliniska symptom 
uppkommer. Dessa patologiska förändringar inkluderar skador på hjärnans struktur 
samt mikroförändringar på en cellulär nivå. De cellulära förändringarna är bland de 
tidigaste som kan upptäckas och är relaterade till den intracellulära transporten av 
protein, vilket hanteras av vesiklar som kallas endosomer, samt nervcellernas 
sammankoppling som skapas av synapser. Synapser är väsentliga för nervcellernas 
förmåga att kommunicera med varandra och för att forma minnen.  

Syftet med denna avhandling var att studera ApoEs roll i de tidigt förekommande 
cellulära förändringarna i Alzheimers sjukdom och inkluderar den intracellulära 
transporten samt den synaptiska funktionen. Vi upptäckte att ApoE är närvarande 
vid synapser och att genvarianterna ApoE3 och ApoE4 påverkade nervcellernas 
elektriska kommunikation på olika sätt. ApoE4 försämrade även genereringen av 
nya protein, vilket är ett nödvändigt svar på den synaptiska aktiveringen. Med hjälp 
av musmodeller som efterliknar Alzheimers sjukdom upptäckte vi att deras 
nervceller har ökad synaptisk aktivitet i jämförelse med nervceller från friska möss. 
Detta tyder på att Alzheimers sjukdom påverkar nervcellerna kapacitet att anpassa 
sig till den synaptiska aktiviteten, vilket skapar en patologisk hyperaktivering. 
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Förekomsten av ApoE3, men inte ApoE4, kunde förhindra en hyperaktivering av 
nervcellerna. Slutligen fann vi att ApoE är närvarande i intracellulära endosomer 
tillsammans med -amyloid, ett av de patologiska kännetecknen för Alzheimers 
sjukdom.  

Sammanfattningsvis beskriver avhandlingen förekomsten av ApoE vid strukturella 
platser, så som endosomer och synapser, vilka är kopplade till tidiga förändringar 
vid Alzheimers sjukdom samt beskriver en potentiell roll för ApoE i uppkomsten av 
dessa cellulära förändringar. Denna avhandling bidrar till en bättre förståelse för 
betydelsen av ApoE4 i de tidigaste förloppen som påverkar utvecklingen av 
Alzheimers sjukdom.  
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Populair-wetenschappelijke 
samenvatting (NL) 

De ziekte van Alzheimer wordt gekenmerkt door geheugenproblemen en deze 
problemen worden steeds erger naarmate de ziekte vordert. In vergevorderde stadia 
van de ziekte kan de patiënt zelfs zijn eigen familieleden niet meer herkennen en 
wordt hij volledig afhankelijk van zijn verpleging. Hierdoor heeft de ziekte van 
Alzheimer niet alleen een grote impact op de patiënt zelf, maar ook op zijn 
geliefden. Op dit moment is er geen effectief geneesmiddel om de ziekte te stoppen, 
te voorkomen of af te remmen. 

Verschillende factoren, waaronder veroudering, erfelijkheid en 
omgevingsinvloeden, kunnen eraan bijdragen of iemand Alzheimer ontwikkelt. Een 
veelvoorkomend gen dat de kans op Alzheimer drastisch verhoogt, is een gen 
genaamd apolipoproteïne E4 (ApoE4). Het ApoE gen komt hoofdzakelijk voor in 
drie varianten: ApoE2, ApoE3 en ApoE4. Dragers van het ApoE4 gen hebben een 
verhoogde kans op Alzheimer. Daarentegen hebben ApoE2 dragers een 
verminderde kans om de ziekte te krijgen tijdens hun leven. Het blijft een raadsel 
hoe ApoE de ontwikkeling van Alzheimer beïnvloedt.  

Eerdere onderzoeken wijzen naar een vroege rol van ApoE4 in de ziekte van 
Alzheimer, zelfs voor de start van klinische symptomen. Voordat de symptomen 
van Alzheimer zichtbaar zijn in de patiënt, zijn al veel veranderingen aanwezig in 
de hersenen. De eerste veranderingen in de hersenen zijn te vinden op cellulair 
niveau, waaronder veranderingen in het intracellulaire transport van eiwitten via 
endosomen en in neuronale verbindingen, ook wel synapsen genoemd. Synapsen 
zijn belangrijk in de neuronale communicatie tussen cellen en in het vormen van 
herinneringen. 

Het onderzoeksdoel van deze thesis was om de rol van ApoE4 in vroege Alzheimer-
gerelateerde cellulaire veranderingen te bestuderen, met name de veranderingen in 
endosomen en synapsen. Ons onderzoek laat zien dat ApoE gedetecteerd kan 
worden in synapsen en endosomen. Daarnaast hebben we aangetoond dat ApoE3 en 
ApoE4 neuronale activiteit op een verschillende manier beïnvloeden. We hebben 
ook aangetoond dat ApoE4 zorgt voor een verminderde eiwitproductie in neuronen. 
De productie van nieuwe eiwitten is belangrijk in de werking van synapsen. In een 
muismodel voor de ziekte van Alzheimer hebben we aangetoond dat 
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Alzheimerneuronen een verhoogde neuronale activiteit hebben vergeleken met 
neuronen van een controlemuis. De abnormale neuronale activiteit in 
Alzheimerneuronen wordt mogelijk veroorzaakt door een verstoorde adaptatie van 
neuronen op veranderingen in neuronale activiteit. Het toevoegen van ApoE4 aan 
de Alzheimerneuronen induceert een abnormale verhoogde neuronale activiteit. 
Echter, het toevoegen van ApoE3 voorkomt de verhoging in neuronale activiteit in 
Alzheimerneuronen. Op een sub-cellulair niveau hebben we aangetoond dat de 

-amyloïd, een belangrijk eiwit in de ziekte van 
Alzheimer. 

Conclusie: het onderzoek in deze thesis toont aan dat ApoE aanwezig is en mogelijk 
invloed uitoefent op cellulaire locaties en processen die worden aangetast in vroege 
stadia van de ziekte van Alzheimer, waaronder endosomen en synapsen. De thesis 
draagt bij aan een beter begrip van de rol van het genetisch risicogen ApoE4 in de 
vroege fases van de ziekte van Alzheimer.  
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Introduction 

Alzheimer’s disease 
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is 
clinically characterized by symptoms such as memory and cognitive decline. AD is 
the most common cause of dementia and accounts for 60-80% of all dementia cases 
("2021 Alzheimer's disease facts and figures,"). According to the World Health 
Organization, worldwide over 55 million people were suffering from dementia in 
2020. As a result of the increasing average life expectancy, this number is expected 
to almost double every 20 years, reaching 139 million dementia cases in 2050.  

AD causes a progressive decline in behavioral, memory and social skills, which 
eventually results in complete loss of independence ("2021 Alzheimer's disease 
facts and figures,"). In particular, memory loss is seen as one of the major clinical 
symptoms of AD. In early stages of the disease, mild memory problems start to 
appear in the form of e.g. forgetting recent events. As the disease progresses, 
memory impairment eventually begins to affect daily life (Albert et al., 2011). 
Clinical AD is preceded by mild cognitive impairment (MCI). MCI patients 
experience cognitive decline which is higher than observed in normal healthy aging, 
but their daily life and independence is not yet effected by their memory problems 
(Petersen, 2001a). MCI can have many different causes and does not always 
progress into AD or other dementia types, although, MCI patients have an increased 
risk to develop dementia or AD (Petersen et al., 2001b). Brain positron emission 
tomography (PET) scan and cerebrospinal fluid (CSF) tests can help predicting 
whether MCI will eventually develop into AD.  

Neuropathological hallmarks of AD 
In 1906, clinical psychiatrist and neuroanatomist Alois Alzheimer was the first to 
describe the disease that is now known as AD (Alzheimer, 1911; Alzheimer et al., 
1995). By post-mortem analysis of the brain of Auguste Deter, patient in her fifties 
that showed symptoms of dementia and confusion, Alois Alzheimer described 
various neuropathological alterations in the brain, including neuritic plaques, 
neurofibrillary tangles, gliosis and lipid inclusions (Alzheimer et al., 1995). Even 
now, amyloid plaques and neurofibrillary tangles are still considered as the two 
major neuropathological hallmarks of AD.  
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Amyloid plaques
-

cleavage product of amyloid precursor protein (APP), a transmembrane protein. 
APP can be processed by two main pathways: the amyloidogenic and non-
amyloidogenic pathway (Figure 1

-
- -CTFs; also known as 

-cle -CTF is further cleaved 
- (AICD) (Haass & Selkoe, 

1993). In contrast, the non- -
-CTFs (also known as -cleaved APP 

- -secretase into p3 peptide and AICD. In 
the non- -

a et al., 1990).

Figure 1: Non-amyloidogenic and amyloidogenic processing of APP. APP can be proteolytically cleaved by two 
main pathways. In the non-amyloidogenic pathway, APP is initially cleaved -secretase, -secretase, 

-secretase and 
-

- lengths 
40 is the most abundant form, however longer 

42 are more associated with AD pathology (Jarrett et al., 
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and, as a results, have a stronger tendency to aggregate and form toxic aggregates 
and fibrils (Iwatsubo et al., 1994; Jarrett et al., 1993; McGowan et al., 2005).  

In AD, two forms of plaques are commonly described: dense core plaques and 
diffuse plaques (DeTure & Dickson, 2019; Dickson & Vickers, 2001; Thal et al., 
2006). Dense core plaques, also known as neuritic plaques, have a compact core and 
stain positive for thioflavin S and Congo red, indicating the presence of fibrillar 

es (DeTure & Dickson, 2019; Dickson & Vickers, 
2001; Thal et al., 2006; Yamaguchi et al., 1988). Dense core plaques are commonly 
surrounded by dystrophic neurites, i.e. swollen abnormal neurites, and gliosis 
(DeTure & Dickson, 2019; Serrano-Pozo et al., 2011). Additionally, areas with 
dense core plaques are associated with synaptic loss. In contrast, diffuse plaques 
stain negative for thioflavin S and Congo red and differ in morphology from dense 
core plaques as diffuse plaques show a homogeneous labeling without clear core 
(DeTure & Dickson, 2019; Dickson & Vickers, 2001).  

 

Neurofibrillary tangles 
Intraneuronal neurofibrillary tangles (NFT) are also one of the major hallmarks in 
AD. NFTs mainly consist of paired helical filaments (PHF) of abnormal 
hyperphosphorylated Tau, a microtubule-associated protein. The human Tau protein 
is encoded by the MAPT gene and plays a main role in stabilization of microtubules 
in neurons (Weingarten et al., 1975). (De)phosphorylation of Tau is known to 
regulate the normal function of Tau in microtubule assembly. (Lindwall & Cole, 
1984). However, the accumulation of abnormal hyperphosphorylated Tau is 
associated with several diseases, including AD. These diseases are known as 
tauopathies. In general, three major maturation levels of NFTs are described: 
pretangles, mature tangles and ghost tangles (Bancher et al., 1989; Moloney et al., 
2021). In the pretangle phase, low levels of abnormal Tau aggregates can be 
detected around the neuronal nucleus while the neuron is still healthy. In mature 
tangles, inclusions still reside inside neurons, but the neuron is clearly affected as 
often seen by a dislocated or shrunken nucleus. In the mature phase, the Tau 
inclusions could fill up the entire cytosol of the neuron. In the final ‘ghost tangle’ 
phase, observed at late stages of AD, neuronal death occurs and Tau aggregates are 
found in the extracellular space. The progressive phases and brain distribution of 
NFT is best described by the Braak stages (Braak & Braak, 1991). In early Braak 
stages, NFTs are predominantly detected in the entorhinal cortex. At later stages 
(Braak stage >III), when ghost tangles start to appear, NFTs are known to 
accumulate in CA1 in the hippocampus and subiculum. In general, the presence of 
NFTs is a good correlate for neuron loss and AD progression and correlates better 
with disease severity than amyloid plaques (Arriagada et al., 1992; Bierer et al., 
1995). 
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Diagnosis and treatment 
Neuropathological alterations associated with AD play a central role in the 
development of diagnostic tools and therapies for AD. Traditionally, post-mortem 
examination of the patient’s brain was required to confirm AD. The presence of the 
neuropathological hallmarks amyloid plaques and neurofibrillary tangles in the 
patient’s brain allowed to diagnose AD with certainty, but exclusively after death. 
In the clinics, when a patient is expected to be suffering from AD, various cognitive 
assessments are performed, such as tests for episodic memory, language skills and 
attention. Cognitive tests commonly used by clinicians are the Mini Mental State 
Exam (MMSE) and the Montreal Cognitive Assessment (Folstein et al., 1975; 
Freitas et al., 2013). However, a limitation of the use of neurophysiological tests to 
diagnosis AD is that they do not allow to make clear distinction between AD and 
other types of dementia (Mathias & Burke, 2009).  

More recently new brain scan methods and CSF biomarker tests were discovered to 
diagnose AD even before symptom onset. To diagnose future AD, PET and 
magnetic resonance imaging (MRI) scans detecting abnormal amyloid or Tau, and 

42 or high total or phosphor-Tau levels in CSF can be used 
(Klunk et al., 2004; Mattsson et al., 2017; Motter et al., 1995; Palmqvist et al., 2014). 
Recently, an a
2019), offering a promising, cheaper and less invasive alternative to diagnose AD. 
Biomarker studies revealed that preclinical AD-related brain changes could start 20 
years before clinical onset, thus highlighting the relevance of early (preclinical) 
diagnosis of AD. An early diagnosis of AD appears to be increasingly important for 
the development of successful treatments against AD. Early diagnosis, before 
clinical onset, would allow medical doctors to treat AD at early stages. 

Despite the enormous amount of animal studies and clinical trials performed to 
develop a treatment against AD, a therapy that completely stops or prevents AD 
does still not exist. For many years, all approved AD treatments on the market only 
targets clinical AD symptoms, without impacting disease progression. Three 
approved AD treatments, donepezil, galantamine and rivastigmine, counteract the 
imbalance in acetylcholine (Yiannopoulou & Papageorgiou, 2020). One approved 
drug against AD, memantine, is an N-methyl-D-aspartate (NMDA) receptor 
antagonist. Glutamate is believed to be linked to AD symptoms, and therefore 
blocking glutamate receptors like NMDA can relieve symptoms related to AD. All 
four drugs that are approved modestly relieve clinical symptoms in AD patients, 
without affecting the course of the disease.  

Recently, for the first time in over 20 years, a new drug against AD was approved 
by the Food and Drug Administration (FDA) in the US. The drug Aduhelm 
(Aducanumab) is a human monoclonal antibody that binds to aggregated but not 

number of amyloid plaques in the brain of AD patients (Sevigny et al., 2016). 
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However, there has been controversy about the ability of Aducanumab to slow 
down/stop cognitive decline as conflicting data on cognitive decline in AD patients 
have been published in phase 3 clinical trials of Aducanumab (Knopman et al., 
2021; Kuller & Lopez, 2021). A phase 4 clinical trial is currently ongoing to confirm 
whether Aducanumab truly benefits AD patients while it is already on the market. 

Despite the current debate about the efficacy of the FDA approved drug 
Aducanumab and the high failure of AD treatments in clinical trials caused by lack 
of beneficial effect, several other drug targets are currently under investigation in 
human clinical trials. In 2021, 28 therapeutic agents for AD were in phase 3 of 
clinical trials (Cummings et al., 2021). Most of these drug candidates in phase 3 

thereby potentially modifying disease progression. The high number of ongoing 
phase 3 trials on AD-modifying drugs and the progress in the development of 
diagnostic tools for AD give hope to future early AD identification and treatments 
to slow down and/or prevent AD. 

Genetics 
AD can be sub-divided into two major groups: early onset AD (EOAD) and late 
onset AD (LOAD). Patients with a clinical AD onset younger than 65 years of age 
are considered to have EOAD, while an age of onset of 65 years or older is called 
LOAD. The vast majority of the AD cases (95-99%) are LOAD. Age is considered 
to be the major risk factor for AD, as the incidence rates for AD and dementia in 
general increases with age (Corrada et al., 2010; Gao et al., 1998). Besides aging, 
lifestyle factors and genetics can also influence the risk of developing AD. Although 
AD is not a complete genetic disorder, twin studies revealed a high heritability link 
to AD (Gatz et al., 2006), suggesting a strong genetic influence on disease 
development and onset. 

EOAD is strongly associated with rare dominant mutations that directly cause AD. 
 

Three causative genes that are commonly linked to EOAD are APP, presenilin 1 
(PSEN1) and presenilin 2 (PSEN2) (Goate et al., 1991; Rogaev et al., 1995; 
Sherrington et al., 1995) (Figure 2, top). PSEN1 and PSEN2 are critical proteins in 

-secretase complex. To date, over 200 genetic variants predominantly linked to 
APP and PSEN1/2 are identified that could directly cause EOAD, also known as 
familial AD (Giau et al., 2019) (https://www.alzforum.org/mutations). In general, 
the causative AD mutations in APP, PSEN1 or PSEN2 are promoting either the 

42

(Scheuner et al., 1996; Selkoe & Hardy, 2016). A commonly studied mutation in 
APP, often used in generating AD mouse models, is the APP Swedish mutation 

(Mullan et al., 1992). 
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Figure 2: Overview of genes related to Alzheimer’s disease. Genes known to directly cause AD disease in humans 
are shown at the top of the graph. Genes associated with increased risk for AD are distributed over the graph based on 
their population frequency (%) (rare to common) on the x-axis and risk level (low to high risk) on the y-axis. The colors 
indicate the pathways where the gene is involved in. The figure was adapted from Scheltens et al. (2016), with 
permission from Elsevier (license number: 5195891182177). 
 

The most common form of AD, LOAD, is not associated with dominant genetic 
mutations causing AD, but rather with genetic risk factors increasing the risk of 
developing AD. Over the years, genome-wide association studies (GWAS) have 
identified numerous risk genes and variants related to AD (Lambert et al., 2013; 
Schwartzentruber et al., 2021) (Figure 2). Although most risk genes are very rare, 
it could give clues to identify the most crucial cellular mechanisms underlying AD. 
Most genes linked to AD risk are involved in endosomal trafficking (e.g. BIN1, 
PICALM and SORL1), lipid metabolism (e.g. ApoE, CLU and ABCA7) and/or 
inflammation (e.g. TREM2 and CLU) (Giri et al., 2016; Jones et al., 2010; Van 
Acker et al., 2019). The strongest and most common genetic risk factor for LOAD 
is apolipoprotein E4 (ApoE4). The presence of one or two ApoE4 allele(s) increases 
the risk for AD by around 4 and 14 fold, respectively, compared to ApoE3/ApoE3 
carriers (Raber et al., 2004).  



Introduction 

31

Apolipoprotein E
ApoE is a 299 amino acids long lipoprotein and has a molecular weight of 34-36 
kDa. In humans, the ApoE gene is located on chromosome 19. The ApoE protein 
can be sub-divided into two main regions: The N-terminal domain (residues 1-167) 
and the C-terminal domain (residues 206-299) that are connected via a hinge region 
(Figure 3) (Chen et al, 2011; Weisgraber, 1994). The receptor binding region of 
ApoE is located in the N-terminal domain (residues 136-150), and the lipid binding 
region in the C-terminal domain (residues 244-272). 

Figure 3: Schematic representation of the structure of human ApoE. The human ApoE protein consists of a N-
terminal and C-terminal domain that are connected by a hinge region. The receptor binding region is located at the N-
terminal domain (136-150). The lipid-binding domain is located at the C-terminal domain (244-272). The different human 
ApoE isoforms, ApoE2, ApoE3 and ApoE4, differ in structure at location 112 and 158. Two recent mutations in ApoE 
were associated with reduced risk for AD. These include the ApoE Christchurch mutation at position 136 and 
Jacksonville mutation (V236E variant) at position 236. Cys = Cysteine, Arg = Arginine.

In humans, ApoE consists in three major isoforms: ApoE2, ApoE3 and ApoE4. 
ApoE3 is the most common form with a prevalence of 77.9% in Caucasians. ApoE2 
and ApoE4 have a prevalence of 8.4% and 13.7%, respectively (Farrer et al., 1997; 
Liu et al., 2013). The E3/E3 genotype is by far the most common with a frequency 
of 60.9% in Caucasians, followed by the E3/E4 genotype (21.3%). The E2/E4, 
E4/E4 and E2/E2 genotypes are relatively rare with a genotype frequency of 2.6%, 
1.8%, and 0.8%, respectively (Farrer et al., 1997; McKay et al., 2011). An ApoE4 
genotype is strongly associated with an increased risk for AD (Corder et al., 1993). 
On the other hand, an ApoE2 genotype seems to be protective against AD (Corder 
et al., 1994). Remarkably, the ApoE allele frequency and the impact of ApoE on 
AD risk differs between different ethnicities, with East-Asians being most 
vulnerable to the effects of ApoE4 (Belloy et al., 2019; Farrer et al., 1997). Besides 
AD, ApoE is also highly associated with aging and longevity, with ApoE2 
positively and ApoE4 negatively impacting longevity in humans (McKay et al., 
2011; Shinohara et al., 2020).
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Structurally, the human ApoE isoforms differ at just two amino acid positions: 112 
and 158. The ApoE3 protein has a cysteine (Cys) at position 112 and an arginine 
(Arg) at position 158 (Figure 3). The Cys on position 112 is replaced by an Arg in 
the ApoE4 protein, while in the ApoE2 protein the Arg on position 158 is substituted 
by Cys (Rall et al., 1982; Weisgraber et al., 1981). The amino acid differences 
between the different ApoE isoforms seem to impact the receptor binding and 
lipidation of ApoE. The exact native structure of ApoE and how it effects its 
functioning remains poorly understood. In contrast to ApoE2 and ApoE3, ApoE4 
can form a salt-bridge between Arg61 and Glu255, resulting in an interaction 
between the N- and C-terminal domain of ApoE4, causing a closed structure (Dong 
& Weisgraber, 1996; Yu et al., 2014). This interaction seems to affect the lipid-
binding properties of ApoE (Dong & Weisgraber, 1996). In addition to differences 
in ApoE isoforms, the lipidation status itself also can affect the structure of ApoE. 
Although the exact native lipidated structure of ApoE needs to be better defined, 
ApoE lipidation appears to cause a higher structural separation between the two 
domains, thus altering the receptor binding capacity (Yamazaki et al., 2019). 

Normal function of ApoE 
ApoE was first described as a plasma lipoprotein produced by liver cells that 
transports cholesterol and lipids (Shore & Shore, 1973; Utermann, 1975). It was 
later discovered that ApoE is also highly expressed in the brain, where it is the most 
abundant lipoprotein. The main function of ApoE in the brain is to transport 
cholesterol and lipids from astrocytes to neurons. The blood brain barrier (BBB) 
prevents the exchange of both ApoE and cholesterol between the periphery and 
brain (Bjorkhem & Meaney, 2004; M. Liu et al., 2012). Therefore, the brain is 
largely dependent on local production of ApoE and cholesterol (Bjorkhem & 
Meaney, 2004). The major source of ApoE in the brain is from astrocytes (Pitas et 
al., 1987), although microglia, neurons, smooth muscle cells and choroid plexus 
cells can also produce ApoE to a lesser extent (Xu et al., 2006). Neurons only 
express ApoE under stress conditions, such during as excitotoxic stress (Boschert et 
al., 1999; Xu et al., 2006). 

Cholesterol metabolism is essential for healthy neuronal function and synapse 
formation (Goritz et al., 2005; Mauch et al., 2001). Neurons cannot produce 
endogenous cholesterol efficiently and are therefore highly dependent on external 
sources, like cholesterol produced by astrocytes (Feringa & van der Kant, 2021; 
Nieweg et al., 2009). ApoE is a central player in cholesterol transfer from astrocytes 
to neurons. ApoE is produced by astrocytes and thereafter becomes lipidated by 
ATP-binding cassette (ABC) transporters, such as ABCA1 and ABCG1, whereby it 
forms a high-density lipoprotein (HDL)-like lipid particle consisting of cholesterol 
and other lipids. In turn, neurons can take up the HDL-like ApoE lipid particles via 
endocytosis. The internalization of the ApoE-lipid complex is initiated by ApoE 
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binding to receptors from the low-density lipoprotein receptor (LDLR) family. In 
the endosome-lysosome system free cholesterol is released from the ApoE lipid 
particle and subsequently escapes the endosomal system to traffic to other cellular 
compartments (Ikonen, 2008). In general, ApoE4 is considered to be poorly 
lipidated, suggesting that ApoE3 is more efficient in transporting and providing 
cholesterol to neurons (Gong et al., 2002). 

In addition to the commonly described ApoE-related astrocyte to neuron lipid 
transport, recently ApoE was also found to play a role in a lipid shuttle transferring 
fatty acids (FA) from neurons to astrocytes (Ioannou et al., 2019; Liu L. et al., 2017; 
Qi et al., 2021). Excessive cytosolic FAs are toxic to neurons. This in turn causes 
mitochondrial impairment and eventually even neurodegeneration (Schonfeld & 
Reiser, 2017; Sultana et al., 2013). Catabolizing FAs or storing FA in lipid droplets 
could prevent lipid toxicity, however, neurons have a limited capacity to store FAs 
and form lipid droplets; and are inefficient in oxidizing lipids (Schonfeld & Reiser, 
2013). Astrocytes are very efficient in neutralizing the toxic effects of free FAs and 
ApoE plays a crucial role in transporting toxic free FAs from neurons to astrocytes 
for neutralization (Ioannou et al., 2019). ApoE4 transfers and neutralizes FAs less 
efficiently from neurons to astrocytes than ApoE3 (Qi et al., 2021), again suggesting 
a more efficient lipid trafficking by ApoE3. 

ApoE and AD 
Already in the early 1990s, ApoE was described to localize inside amyloid plaques 
(Namba et al., 1991). In 1993, ApoE4 was discovered to be the major genetic risk 
factor for AD (Corder et al., 1993; Strittmatter et al., 1993). The presence of one or 
two ApoE4 alleles do not only strongly increase the risk to develop AD, an ApoE4 
genotype is also associated with an earlier age of onset in an allele dose dependent 
manner (Corder et al., 1993). While in the general population the prevalence of an 
ApoE4 allele is around 14%, in AD patients this is increased to almost 40% (Farrer 
et al., 1997), highlighting the impact of ApoE4 in AD pathogenesis.  

Recently, rare mutations in the ApoE gene were associated with reduced AD risk. 
Two copies of the ApoE3 Christchurch mutation (Arg to Serine substitution at 
amino acid position 136) (Figure 3) protected an individual carrying an autosomal 
dominant AD PSEN1 gene variant from developing major clinical cognitive deficits 
and Tau pathology but not amyloid pathology before her 70s (Arboleda-Velasquez 
et al., 2019). Other individuals carrying the same PSEN1 AD mutation, but without 
being homozygous for the ApoE3 Christchurch mutation, develop AD before their 
50s (Acosta-Baena et al., 2011). In addition, another rare ApoE mutation, the ApoE3 
Jacksonville mutation (Valine to Glutamic acid at amino acid position 236) (Figure 
3), also dramatically reduces AD risk, potentially caused by reduced ApoE 
aggregation and increased lipid-binding (Liu et al., 2021; Medway et al., 2014). 
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ApoE4 and amyloid plaques 
Since the discovery of ApoE4 as a major risk gene for AD, the number of studies 
on ApoE4 and amyloid pathology has increased tremendously. ApoE4, both in 
mouse models as well as in human ApoE4 carriers, is strongly associated with 
increased plaque load and density compared to non-ApoE4 mice and human carriers 
(Fagan et al., 2002; Holtzman et al., 2000; Rebeck et al., 1993; Schmechel et al., 
1993; Tiraboschi et al., 2004) (Figure 4, amyloid pathology). Human ApoE 
impacts amyloid deposition in an isoform-dependent manner, with ApoE2 showing 

In the complete absence of ApoE, amyloid plaques, in particular neuritic/dense core 
thioflavin S-positive plaques, were dramatically reduced (Bales et al., 1997; 
Holtzman et al., 2000), highlighting the crucial role of ApoE on amyloid pathology. 
 

 
 
Figure 4: ApoE4-related effects on the major AD hallmarks and early cellular changes in AD. Literature suggests 
a role of ApoE in multiple processes related to AD pathology. This schematic illustration shows the ApoE4-induced 
alterations in processes related to AD pathology that are relevant for the scope of this thesis.  
 

The precise mechanism between ApoE4 and plaque development remains poorly 
understood. Studies transiently suppressing or overexpressing ApoE4 showed a 
critical effect of ApoE on plaque seeding but not plaque growth, as ApoE4 
suppression or overexpression only affected plaque load prior to plaque onset 
(Huynh et al., 2017; Liu C. et al., 2017). No clear effect of ApoE3 on plaque 
formation was found in these studies, suggesting an ApoE4-specific effect on early 
amyloid pathology prior to plaque seeding (Huynh et al., 2017; Liu C. et al., 2017). 
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Amyloid plaque formation is commonly hypothesized to be caused by an imbalance 

formation (Castano et al., 1995; He et al., 2007; Huang et al., 2017; Ma et al., 1994). 

also 
influenced by the lipidation status of ApoE. Poorly lipidated ApoE, caused by 

transgenic mouse models (Koldamova et al., 2005; Wahrle et al., 2005). As 
previously discussed, ApoE4 is generally considered to be poorly lipidated 
compared to the ApoE2 and ApoE3 isoforms (Gong et al., 2002), suggesting the 
ApoE4-induced effects on plaque pathology might be linked to its poor lipidation 
state. 

aggregation, amyloid pathology is also 

and cellular lysosomal degradation (Yamazaki et al., 2019
is decreased in the presence of ApoE4 (Kanekiyo et al., 2014; Yamazaki et al., 

brain is complex. Proteolytic degradation is suggested to be decreased in ApoE4 
-degrading enzyme and 

neprilysin, were shown to be decreased in post-mortem AD brains from ApoE4 
carriers compared to non-ApoE4 carriers (Cook et al., 2003; Miners et al., 2006). 
ApoE4 is al
Q. Ma et al., 2018; Robert et al., 2017). Although the mechanism(s) of ApoE4 on 

at a slower rate via LDL receptors at the BBB than ApoE2 and ApoE3 (Deane et 
al., 2008)

reduced in the presence of ApoE4 (Lin et al., 2018). Consistent with that, neuronal 

trafficking and degradation by lysosomes compared to the ApoE3 isoform (Li et al., 
2012).  

Altogether, although the precise mechanisms of the effect of ApoE4 on enhanced 
amyloid pathology remain poorly understood, it is clear that ApoE4 negatively 

s that 
could eventually lead to amyloid plaques formation. 
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ApoE4 and Tau neurofibrillarly tangles 

connection between ApoE4 and Tau is less clear. The current understanding on how 
ApoE isoforms affect Tau-related pathology is contradictory in the field. Some 
studies support a detrimental effect of ApoE4 on Tau pathology (Figure 4, Tau 
pathology). In a Tau mouse model (carrying the Tau P301S mutation) without 
amyloid pathology, ApoE induced Tau-mediated neurodegeneration in an ApoE 
isoform dependent way, with ApoE4/P301S mice showing the strongest 
neurodegeneration and ApoE2/P301S the weakest (Shi et al., 2017). In the absence 
of ApoE, Tau-mediated neurodegeneration was almost prevented, suggesting a 
critical role of ApoE in Tau-associated neurodegeneration (Shi et al., 2017). This 
Tau-mediated neurodegeneration seems to be dependent on ApoE produced by 
astrocytes as selectively removing astrocytic ApoE4 was shown to reduced tau 
pathology and neurodegeneration in these mice (Wang C. et al., 2021).  

In contrast, other studies support a detrimental effect of ApoE2, rather than ApoE4, 
on Tau pathology. ApoE2 but not ApoE4 is associated with a higher incidence of 
primary tauopathies, disorders in which Tau plays a major role (Ikeda et al., 1997; 
Robinson et al., 2020; Zhao et al., 2018). The high incidence of ApoE2 in primary 
tauopathies is reflected by the presence of stronger tau pathology in an ApoE2 target 
replacement mouse models carrying the Tau P301L mutation and in progressive 
supranuclear palsy (PSP) patients carrying ApoE2 (Zhao et al., 2018). AD is 
considered to be a secondary tauopathy. In the presence of amyloid pathology, an 
ApoE4 genotype was strongly associated with higher and ApoE2 with lower levels 
of NFTs, while ApoE isoforms do not affect NFT density in the absence of amyloid 
pathology (Farfel et al., 2016). This indicates distinct effects of ApoE isoforms on 
primary tauopathies and AD. 

In contrast to the finding of Wang C. and colleagues (2021) that Tau-induced 
pathology is dependent on astrocytic ApoE, the expression of ApoE4 in neurons 
also led to high Tau phosphorylation in both mouse and induced pluripotent stem 
cell (IPSC)-derived neuronal models (Tesseur et al., 2000; Wang et al., 2018). 
Although neurons are not the major source of ApoE in the brain, neurons can 
produce ApoE under certain circumstances such as stress (Boschert et al., 1999). 
Neuronal ApoE, but not astrocytic ApoE, can be cleaved into C-terminal truncated 
ApoE fragments, fragments that have been associated with increased Tau 
phosphorylation (Brecht et al., 2004; Ljungberg et al., 2002). ApoE4 is more prone 
to cleave into C-terminal truncated fragments than ApoE3 (Harris et al., 2003; Y. 
Huang et al., 2001; Wang et al., 2018), potentially explaining the higher levels of 
phosphorylated Tau in neurons in the presence of ApoE4. 
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Early cellular changes in AD 
In the pre-clinical phase of AD, prior to the formation of amyloid plaques and NFTs, 
early alterations are already observed at a cellular level. Among the earliest changes 

alterations. The mechanism(s) how these early cellular changes affect AD 
pathology, and which cellular process happens first in AD remain poorly 
understood.  

 

42, was first 
described in the post-mortem human brains (Gouras et al., 2000; Mochizuki et al., 
2000) and has since then been confirmed in human AD brains (Cataldo et al., 2004; 
D'Andrea et al., 2001; Tabira et al., 2002) and AD transgenic mouse models 
(Knobloch et al., 2007; Oakley et al., 2006; Shie et al., 2003; Takahashi et al., 2002) 

-positive neuronal cell bodies were mainly observed 
in brain regions known to be vulnerable for AD, such as hippocampus and entorhinal 

abeling was 
described in MCI patients with early amyloid and Tau pathology, while the extent 

re 
the onset of amyloid plaques.  

initial proteolytic enzyme involved in the amyloidogenic APP cleavage, has an 
optimal activity at a low acidic pH as present in endosomes (Vassar et al., 1999) and 
was shown to cleave APP in endosomal compartments (Rajendran et al., 2006; 

-
secretase remained unclear (van der Kant & Goldstein, 2015), recently, PSEN2, a 

-secretase, was shown to specifically localize to late 
endosomes/lysosomes (Sannerud et al., 2016). Intriguingly, while PSEN1 is 
normally localized throughout the entire cell, AD mutations in the PSEN1 gene 
results in PSEN1 re-localization to endosomes/lysosomes. AD PSEN1 mutations 

42 40 ratio, highlighting 
42 generation. In 

40 42 were shown to internalize 
and aggregate in acidic compartments of the endosomal pathway (Esbjorner et al., 

multivesicular bodies (MVBs) in neurites and synaptic terminals (Langui et al., 
2004; Takahashi et al., 2002).  
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Endosomal impairment
Abnormal endosomes in neurons are among the earliest pathological changes linked 
to AD. In healthy conditions, cargo is internalized and initially transported to early 
endosomes (Hu et al., 2015; Neefjes & van der Kant, 2014) (Figure 5). In early 
endosomes, the internalized cargo are sorted and either (1) transported via late 
endosomes to lysosomes for degradation, (2) recycled back to the plasma membrane 
via recycling endosomes, or (3) transported to the trans Golgi network via the 
retromer pathway (Hu et al., 2015; Jovic et al., 2010; Neefjes & van der Kant, 2014). 
During the endosomal maturation from early into late endosomes, late endosomal 
MVBs containing intraluminal vesicles (ILVs) are formed. ILVs can be secreted as 
then exosomes into the extracellular space via exocytosis or are degraded when 
MVBs fuse with lysosomes (Eitan et al., 2016). Compared to the cytosol (pH 7), the 
endosomal system has an acidic environment which progressively drops during 
endosomal maturation towards lysosomes (early endosomes pH 6.5; lysosome pH 
4.5) (Hu et al., 2015). The endosome-lysosome system in neurons is less well 
characterized. Neurons are highly polarized cells with long extended processes. 
Endocytosis predominantly takes place at synaptic and growth sites, and endosomal 
vesicles mature towards late endosomes and lysosomes while transported 
retrogradely towards the cell soma (Overly & Hollenbeck, 1996). Endosomal 
recycling occurs locally in neurites, without the involvement of the cell soma.

Figure 5: The endosomal-lysosomal system. Cargo are internalized into cells from the outside and trafficked towards 
early endosomes. In early endosomes the cargo are sorted and either recycled back towards the cell membrane via 
recycling endosomes, retrogradely transported towards the trans Golgi network, or transported via late endosomes 
towards lysosomes for degradation. In late endosomes, intraluminal vesicles are formed thereby creating multivesicular 
bodies. The intraluminal vesicles can be either seceted into the extracellular space by exocytosis or degraded by 
lysosomes. Intracellular proteins can be taken up by autophagy into autophagosomes and fused with late endosomes 
into amphisomes or directly with lysosomes for degradation. In brown, some subcellular markers to detect certain 
intracellular cell organelles are shown.
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Accumulating evidence suggests that endosomal dysfunction plays a crucial role in 
early AD. Several papers reported alterations in the endosome-lysosome system 
related to AD prior to amyloid plaque onset. This observation was also investigated 
in Down syndrome, where AD-like dementia occurs invariably with age. These 
observed alterations include, but are not limited to, enlargement of endosomes 
(Cataldo et al., 2000), increased levels of endosomal genes such as Rab5 and Rab7 
(Ginsberg et al., 2010), and lysosomal impairment (Jiang et al., 2019). Additionally, 
as discussed in the previous section, the endosomal system appears to be a major 
site in the generation of 
increased risk for LOAD are related to endosomal trafficking, for instance BIN1, 
PICALM, SORL1 and ApoE (Van Acker et al., 2019). This further highlights the 
potential relevance of the endosome-lysosome system in early stages of AD. 

Enlarged endosomes are observed in very early stages of AD in human post-mortem 

immunolabeling was detected inside the enlarged Rab5-positive endosomes in 

impaired early endosomes, but also further intracellular trafficking at late 
endosomes and lysosomes (Cataldo et al., 2008).  

Synaptic dysfunction 
In the brain, neurons can communicate with each other via synapses. Synaptic 
plasticity is a way to strengthen or weaken synaptic terminals in response to 
increased or decreased neuronal activity. Synaptic plasticity is highly linked to 
learning and memory and consists of two main processes: long-term potentiation 
(LTP) and long-term depression (LTD). LTP induces synaptic strengthening by 

-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors on the cell membrane, activating 
NMDA receptors and increasing Ca2+ influx. On the other hand, LTD internalizes 
AMPA receptors, thereby reducing the number of AMPA receptors on the 
membrane. This, in turn, induces reduced NMDA receptor activation and Ca2+ 
influx, leading to weakening of the synapse. In relation to synaptic plasticity, 
neuronal activity is also shown to influence local protein synthesis by impacting 
protein translation (Costa-Mattioli et al., 2009; Sutton & Schuman, 2006; Sutton et 
al., 2004). Well-regulated synaptic plasticity is crucial for learning and memory in 
a healthy brain. 

Synaptic dysfunction is an early pathological event in AD and during disease 
progression, synapse loss correlates well with cognitive impairment in AD 
(DeKosky & Scheff, 1990; Terry et al., 1991). In line with increased synapse loss, 
pre- and post-synaptic proteins levels were shown to be reduced in post-mortem 
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brains of AD patients compared to age-matched control brains (Davidsson & 
Blennow, 1998; Reddy et al., 2005). Prior to plaques being formed, synaptic 

Takahas
plaques, are associated with synaptic toxicity, causing synaptic dysfunction, 
synapse loss and impaired synaptic plasticity. Impairments in synaptic plasticity 
include alterations in LTP and LTD, and dysregulated local protein synthesis 
(Koffie et al., 2009; Li S. et al., 2009; Ma et al., 2013; Walsh et al., 2002). In 

with reduced synaptic density and has been shown to disrupt synapses (Koffie et al., 
2009; Takahashi et al., 2004). 

AD also features aberrant network activity. Already before plaque onset, brain 
regions vulnerable to AD were shown to be hyperactive in AD mouse models 
(Busche et al., 2012; Palop et al., 2007). In humans, hyperactivity in the 
hippocampus appears to be a good predictor of cognitive deficits in MCI patients 
(Miller et al., 2008; Quiroz et al., 2010). AD- au can both 

n mainly associated with 
hyperexcitability, and Tau has been seen to induce either hypo- or hyper-excitability 
in different studies (Angulo et al., 2017; Bright et al., 2015; Busche et al., 2019). 

In sum, synaptic and neuronal network dysfunction are among the earliest 
alterations seen in AD and correlate well with AD-related cognitive decline.  

The role of ApoE4 in early cellular changes in AD 
The major AD genetic risk factor ApoE4 has been shown to affect many processes 
linked to AD, however, the most critical mechanism(s) and cell types involved 
remain(s) to be determined. ApoE4 primarily affects amyloid plaques prior to 
seeding, not after plaque onset (Huynh et al., 2017; Liu C. et al., 2017), thus 
suggesting an early effect of ApoE4 on AD pathogenesis. In this chapter, the effect 
of ApoE4 on early cellular events in AD, including intraneuronal A , endosome 
alterations and synaptic dysfunction, is discussed. 

 
could accumulate 

inside neurons. ApoE4 was previously seen to significantly enhance the 

2014) (Figure 4, ). In melanocytes, ApoE was 
shown to regulate fibril formation of the amyloid protein premelanosomal protein 
in late endosomes (van Niel et al., 2015), however it needs to be determined whether 
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production, ApoE 
stimulating APP and BACE1 endocytosis (He et al., 2007). The effects on 

ApoE4 induces the highest APP and BACE1 internalization and consequently leads 

seems to impact APP transcription and does that also in an ApoE isoform-dependent 
manner (Huang et al., 2017). ApoE4 induced the strongest increase in APP 
transcription, followed by ApoE3. The weakest increase in APP transcription was 
seen in the presence of ApoE2. All in all, ApoE, in particular ApoE4, could increase 

 

ApoE is the main cholesterol carrier in the brain. Astrocyte-derived cholesterol, 

neurons (Wang H. et al., 2021). Increased cholesterol levels in neurons were shown 

p -secretase. In contrast, when neuronal cholesterol 
-secretases was observed. 

Niemann-Pick disease, a neurodegenerative disorder characterized by cholesterol 
accumulation in neuronal endosomes, shows striking similarities with AD. Like in 
AD, Niemann-
endosomes, endosomal trafficking impairment and neurofibrillary tangle formation 
(Jin et al., 2004; Nixon, 2004). Niemann-Pick disease is caused by mutations in 
Niemann-Pick type C1 (NPC1) and C2 (NPC2), which normally are involved in the 
trafficking of cholesterol from endosomal/lysosomal vesicles to other cellular 
compartments (Nixon, 2004). In Niemann-Pick disease, cholesterol fails to 
efficiently exit the endosome-lysosome system, causing cholesterol accumulation. 
Although the exact mechanisms by which cholesterol and ApoE alter intraneuronal 

 

ApoE4 and endosomal impairment 
ApoE delivers lipids to neurons by binding to ApoE receptors. ApoE bound to 
receptors is then internalized and forms an endosome. Although the exact 
endosomal trafficking of ApoE remains poorly understood, ApoE was shown to be 
recycled after internalization (Heeren et al., 1999; Rensen et al., 2000). In addition, 
internalized recombinant human ApoE was reported to be present in early and late 
endosomes and lysosomes (DeKroon & Armati, 2001; Li et al., 2012; Ljungberg et 
al., 2003), suggesting that ApoE is either recycled or degraded after internalization. 
Using electron microscopy, Van Niel et al. (2015) showed that ApoE was localized 
to ILVs in late endosomes of melanocytes. It has to be noted that most studies on 
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ApoE trafficking have been done using recombinant, non-lipidated, ApoE or in non-
neuronal cell types and it remains to be determined whether astrocyte-derived 
lipidated ApoE is present in the same endosomal compartments in neurons.

The ApoE4 isoform is associated with endosomal dysfunction (Figure 4, 
endosomal alterations). Genes linked to the endosome-lysosome system are 
upregulated in humanized ApoE4 compared to ApoE3 mice, suggesting a 
dysregulated endosome system in the presence of ApoE4 (Nuriel et al., 2017b). 
ApoE4 was also shown to impair endosome recycling, and as a result, traps various 
receptors including ApoE, glutamatergic and insulin receptors inside vesicles (Chen 
et al., 2010; Heeren et al., 2004; Zhao et al., 2017) (Figure 6). The ApoE4-induced 
impairment of endosome recycling is potentially caused by the molten globule state 
of ApoE4, but not other ApoE isoforms. In the acidic environment found in early 
endosomes, ApoE4 forms a molten globule state, which dysregulates dissociation 
of ApoE from its receptor (Pohlkamp et al., 2021; Xian et al., 2018). Reducing the 
pH in early endosomes was shown to prevent ApoE4-induced impairment of 
endosome recycling (Xian et al., 2018). 

Figure 6: ApoE4 impairs endosome recycling, traps receptors and impairs Reelin’s effects on synaptic 
plasticity. ApoE3 and ApoE4 both bind to ApoER2 receptors and internalize together with the receptors. After 
internalization, ApoE3 and receptors are efficiently recycled back to the plasma membrane. However, ApoE4 impairs 
endosome recycling, trapping ApoER2 receptors inside vesicles. Reelin, a protein involved in synaptic plasticity and 
learning and memory, also binds to ApoER2 receptors and the reduced presence of ApoER2 receptors at the plasma 
membrane caused by ApoE4-induced endosome recycling impairment consequently reduces the downstream Reelin 
signalling. Impaired endosome recycling induced by ApoE4 prevents Reelin to bind to ApoER2 receptors, eventually 
causing synaptic dysfuction. This figure was adapted from Chen et al. (2010).
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In AD, an ApoE4 genotype is highly associated with enlargement of endosomes. 
While endosome enlargement is an early event in AD in general, endosomes are 
enlarged to an even greater extent in brains of ApoE4 carriers (Cataldo et al., 2000). 
Larger size and increased number of early endosomal vesicles was also observed in 
humanized ApoE4 mice (Nuriel et al., 2017b) and an increase in number of early 
endosomes was also seen in human IPSC-derived neurons (Lin et al., 2018), further 
supporting the involvement of ApoE4 in relation to endosomal abnormalities. In 
vitro -related lysosomal leakage (Ji et 
al., 2002; Ji et al., 2006). In addition, ApoE4 was shown to be less efficient in 

(Li et al., 
2012). Altogether, ApoE4 associates with a dysfunctional endosome-lysosome 
system in both the absence and presence of AD pathology.  

ApoE4 and synaptic changes 
Many risk genes for LOAD relate to impaired synaptic function in AD, including 
ApoE4 (Perdigao et al., 2020). Various altered synaptic phenotypes are seen in the 
presence of the ApoE4 isoform (Figure 4, synaptic changes). Neuronal outgrowth 
and synaptic density are reduced by ApoE4 compared to ApoE3 expression 
(Dumanis et al., 2009; Nathan et al., 1994). In addition, ApoE4 is associated with 
neuronal network dysfunction. ApoE4 knock-in (KI) mice were shown to have 
increased neuronal hyperexcitability in the entorhinal cortex (Nuriel et al., 2017a). 
The loss of gamma-aminobutyric acid (GABA) inhibitory neurons was shown in 
aged ApoE4 mice (Knoferle et al., 2014), which potentially explains the 
hyperexcitability as a result of reduced inhibitory tone in ApoE4 mice. Furthermore, 
ApoE4 can impair synaptic plasticity. The effect of ApoE isoforms on LTP is most 
extensively studied, and the majority of studies support that ApoE4 is associated 
with reduced LTP (Y. Chen et al., 2010; Trommer et al., 2004). Along with impaired 
synaptic plasticity, ApoE4 mice perform worse in memory-related behavior tests 
(Andrews-Zwilling et al., 2010; Bour et al., 2008; Rodriguez et al., 2013), indicating 
that ApoE4 negatively impacts memory, most likely by impaired synaptic 
functioning. 

The exact mechanisms underlying ApoE4-mediated synaptic dysfunction are poorly 
understood. Impaired endosome recycling of synaptic receptors, previously 
described in section ‘ApoE4 and endosomal impairment’, has been proposed as a 
potential mechanism for synaptic dysregulation by ApoE4. By trapping ApoE 
receptor ApoER2 and glutamate receptors AMPA and NMDA, the regulation of 
synaptic plasticity is impaired (Chen et al., 2010; Pohlkamp et al., 2021; Xian et al., 
2018) (Figure 6). On top of that, the binding of Reelin, a protein involved in 
learning and memory (Weeber et al., 2002), to ApoER2 receptors is reduced, 
consequently resulting in dysfunctional synaptic regulation. 
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Whether the effects of ApoE on synaptic function is direct or indirect remains to be 
determined. Human ApoE was shown to co-localize with synaptic proteins in the 
brain, suggesting a synaptic localization (Koffie et al., 2012). In AD, ApoE localizes 

synaptosomes of human brains (Bilousova et al., 2019). The co-localization of 
ApoE with synaptic markers or in synaptosomes was also seen in control brains 
(Bilousova et al., 2019; Koffie et al., 2012), suggesting ApoE is present at synapses 
in both healthy and pathological conditions. 
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Rationale of the study 

At the start of this study, ApoE4 was known as the major risk factor for AD for 
many years, however the most critical mechanism(s) and cell types involved in the 
pathogenesis of AD remained unclear. Endosomal alterations, synaptic dysfunction 
and intraneur
in AD and ApoE4, the major genetic risk gene for AD, was shown to play a role in 
these early AD events. However, whether ApoE is present at these cellular sites 
impacted at early AD stages and how ApoE influences endosomes, synapses and 

 

neurons. Lipids are delivered to neurons via ApoE internalization, suggesting an 
intraneuronal presence of ApoE. Because cholesterol plays a crucial role in synapse 
formation (Goritz et al., 2005), as cholesterol carrier, ApoE is expected to play a 
role in synaptic function. Synapses are sites affected early in AD, however, at the 

at synaptic terminals (Koffie et al., 2012). Also, the presence of ApoE at the 
endosome-lysosome system, another site affected early in AD, was poorly studied. 
Multip
lysosomes , 

remained unknown whether more physiological astrocyte-secreted human ApoE 
 

induce neuronal hyperactivity (Angulo et al., 2017; Busche et al., 2012). However, 

hyperactivity of neurons in AD mouse models remained poorly studied. 

at the very start of this PhD project, ApoE4 was shown to also induce neuronal 
in vivo 

neuronal network dysfunction opened up many new research questions; e.g. whether 
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ApoE4-induced effects on neuronal activity are dependent on the cellular source of 

ApoE was previously shown to cause GABAergic interneuron loss (Knoferle et al., 
2014), potentially . Moreover, the effect 
of different ApoE isoforms on neuronal network activity in AD mouse models was 
poorly studied.  

impair synaptic plasticity. Although several mechanisms for ApoE4-induced 

control of mRNA translation into new proteins plays a crucial role in synaptic 
plasticity (Costa-Mattioli et al., 

determine how ApoE4 impacts activity dependent protein synthesis as this might 
 

-derived ApoE, 
 at 

present at endosomal compartments (Rajendran et al., 2006; Takahashi et al., 2002). 
ApoE is known to co-
Additiona

 

Over the last decades, AD research has progressed tremendously and has led to 
important for 

future therapeutics. With the research done in this thesis, we hope to fill some of the 

understanding of AD. 
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Aims of the thesis 

The overall research aim of this thesis was to study early cellular changes related to 
Alzheimer’s disease and more specifically to determine the role of different ApoE 
isoforms, in particularly the major AD genetic risk factor ApoE4, on early AD 

follows: 

 

1. To examine t
and their cell source specific effects on neuronal activity in normal and AD 
conditions (Paper I). 

2. To investigate the underlying mechanism(s) of ApoE- and AD transgenic 
-related neuronal and synaptic (dys)function (Paper II and III). 

 
response in neurons (Paper II). 

 To examine the role of dysregulated homeostatic synaptic plasticity 
- Paper III). 

 To 

intersect at intracellular sites (Paper IV). 
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Methodological considerations 

the methods sections of the papers included in this thesis (see appendices). 

Animals 
Animals, mostly mice, were used for part of the research performed in this thesis. 

-19) and the 

used for this thesis (Table 1). ApoE knock- -in 
-

dish mutation and 
PSEN1 containing an EOAD-associated mutation (L166P), causing increased 

42 40 levels and AD-like A
ApoE- ity and 
endosomal trafficking of different ApoE isoforms and in an AD-like context. 

-type 
littermates of these mouse models were used as wild-type controls. 

Table 1: List of mouse models used in this thesis 
Animal model Full name Company 

ApoE KO B6.129P2-Apoe<tm1Unc>/J Jackson Laboratories 
ApoE3-KI B6.Cg-Apoeem2(APOE*)Adiuj/J Jackson Laboratories 
ApoE4-KI B6(SJL)-Apoetm1.1(APOE*4)Adiuj/J Jackson Laboratories 
APP/PS1 B6.Cg-Tg (APPswe, PSEN1dE9)85Dbo/Mmjax Jackson Laboratories 
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Primary cell cultures  

Primary neuron cultures 
To study neuronal cells in culture, primary neurons were derived from cortical and 

-E17. 

Fisher Scientific, 15090046), and manually dissociated using glass pipets in fetal 
Table 2). Neurons were seeded on poly-D-lysine 

coated (Sigma-Aldrich, P7405) coverslips, 8-well plates, or 6-well plates for 
-5 hours 

(Table 3). 2 for 15 days in vitro 
Paper II) or 18- Paper I, III and IV

approximately 5-
-

growth of neurons inside the cultures. The presence of astrocytes in neuron cultures 
promotes healthy neuronal and synaptic function (Pfrieger & Barres, 1997). 
However, we need to keep in mind that astrocytes, although in small amounts, might 
still produce and secrete ApoE in our cultures. Therefore, for most of our studies on 
the effects of ApoE isoforms, ApoE KO neuron cultures were used to exclude the 

 

Table 2: FBS media 
 Concentration Company Catalogue 

number 
Dulbecco’s modified Eagle medium 
(DMEM) 

89% Nordic Biolabs SH30243 

Fetal bovine serum (FBS) 10% Gibco 10082147 
Penicillin/streptomycin (P/S) 1% Thermo Fisher Scientific SV30010 

 

Table 3: Complete neurobasal media 
 Concentration Company Catalogue 

number 
Neurobasal medium 96.3% Gibco 21103049 
B27 supplement 1x (from 50x) Gibco 17504044 
L-Glutamine 1.4 mM Gibco 25030081 
P/S 1% Thermo Fisher Scientific SV30010 
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Primary astrocyte cultures  

humanized ApoE-
- -natal day P1-

-
 

-
medium (Table 2
dissociated cells suspension was run through a 70 μm cell strainer (Falcon™, 

Table 4 -5 hours after seeding. The media of primary 
astrocytes were replaced every 2-
a heal 2 

 

Table 4: AstroMACS 
 Concentration Company Catalogue 

number 
MACS® Neuro medium 97.55%   
MACS® NeuroBrew MACS®-21 2% Miltenyi Biotec 130-117-031 
AstroMACS supplement 0.2%   
L-Glutamine (0.25%) 0.5 mM Gibco 25030081 

Collection of astrocyte conditioned media 

ApoE 

Table 3) for 48 hours. Conditioned 
astrocyte media were collected, centrifuged and stored for long-term at -
Astrocyte conditioned media were divided into small aliquots to avoid freeze-thaw 
cycles. A Western Blot analysis was performed after each medium collection to 

 

Cell lines 

N2a cells 
Mouse neuro- -
several experiments in paper IV. N2a cells are neuron-like cells, are easy to work 
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primary neuron cultures. Although N2a cells are a less advanced model compared 

understand the cell 
in this thesis were either not transfected (N2aunt

human APP containing the Swedish mutation (N2a APPSwe) (Thinakaran et al., 
1996) to study the endosomal t -like 
conditions, respectively. Both N2a cells lines were cultured in N2a media (Table 5) 

2. N2a media of N2a APPSwe cells also contained 
unt and 

N2a APPSwe cells were seeded on glass coverslips coated with poly-D-lysine one 
day prior to ApoE treatments. 

Table 5: N2a media 
 Concentration Company Catalogue 

number 
Remarks 

DMEM, high glucose 44.5% Nordic Biolabs SH30243  
Opti-MEM 44.5% Gibco 31985062  
FBS 10% Gibco 10500064  
P/S 1% Thermo Fisher Scientific SV30010  
Geneticin 50 mg/ml Gibco 10131027 *Only used for N2a 

APPSwe cells 

Astrocyte conditioned media treatment 
Astrocyte conditioned media were added to primary neuron cultures and N2a cells 
to provide primary neurons and neuron-like cultures with astrocyte-derived ApoE. 
Complete media change in primary neurons could stress neurons in culture, 
therefore only half o
neuron cultures and the same volume of astrocyte conditioned media was added to 

-conditioned and 
-conditioned media. Neurons were cultured in astrocyte-conditioned 

astrocyte conditioned media in a similar way as primary neurons. Astrocyte 
conditioned media was added in a 1:1 ratio to the N2a med -

-conditioned media.  

 
Besides astrocyte- -Aldrich, 
SRP4696) and ApoE4 (Sigma-
human Ap
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-
ApoE was used for treating primary neurons or N2a cells (Paper IV). An advantage 

 astrocyte-

literature that FBS in culture media, like in our N2a media (Table 5), can provide 
ApoE with cholesterol (Wang H. et al., 2021)

-
treated cells were repeated with astrocyte-derived ApoE. 

42 (Tocris, 1428) was reconstituted in dimethylsulfoxide 
42 proteins were sonicated 

utes at 12,000 rpm, to prevent 
42 42 on 

neurons. For immunofluorescence experiments, neurons were treated with 0.5 μM 
42 (Paper III and IV); for live-cell microscopy, 200 pM or 0.5 μM was 

added to neurons (Paper III). 

Biochemical analyses 

SDS PAGE 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was used 
to detect the presence of, or to determine the relative protein levels of our proteins 
of interesting in cell lysate and media. Cells were lysed in 
150mM KCl, 5 mM MgCl2 Paper I and II) or modified 

-HCl [pH 7.4], 
-

(Paper III), dependi

Fisher Scientific, 78428). The total protein concentration in lysate was determined 
 assay. Equal concentrations of neuron lysate were 

to the gel.  

Blue native-PAGE 
The native structure of ApoE complexes and physiological lipidation state of ApoE 
in different types of media were studied using non- -PAGE. 

NativePAGETM 



Methodological considerations  

54 

NativePAGETM 4- -Tr

conditions. 

Western blot 
The protein samples w

BSA in tris-  -T) (Paper II), or in 

in PBS containing Tween 20 (PBS-T) (Paper I, III and IV
ly in secondary 

Table 6 and 7). All washes were 
performed in either TBS-T (Paper II) or PBS-T (Paper I, III and IV). To visualize 

Blotting S

the proteins were norm -actin (Paper I and III) or Tuj1 
(Paper II  

 

performed to identify certain proteins or neuron types in culture and to study the 

Paper I, III and IV) and N2a cells (Paper IV) were grown on glass 

our 
(Sigma-

Research, 005-000-
Table 6

with secondary ant -actin phalloidin staining 
(Table 7). All washes during the immunofluorescence procedure were done in PBS. 
The coverslips were mounted using ProLongTM Diamond Antifade Mountant 
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Epifluorescence microscopy 

405, 488, 568 and 647 nm filters was used to capture images where there was no 
need to con - -
120Q excitation light source (Excelitas Technologies), a C11440 ORCA-Flash4-

 

Since our samples consisted of only one cell layer, there was in most samples no 
need to control the z-axis. A disadvantage of epifluorescence microscopy is that all 

intracellularly detected puncta could -localized, while in reality the 
puncta are just on top of each other at a different z-level. As in some studies we 
were specifically in cellular localization of our protein 
of interest, a more enhanced microscope technique was used. 

Confocal microscopy 

-plane. Two confocal microscopes were used during 
Paper I and III, a Leica TCS SP8 laser scanning confocal 

Paper IV, a newer version of a Leica TCS SP8 laser 
scanning confocal microscope was used, which was equipped with 405, 488, 552 

-step size of 0.5 μm was 
used.  

Image analyses 

 

3D reconstruction of neurons and synaptic terminals (Paper I) 
-positive synaptic terminals, 

 software, a surface of each individual 
channel was created. The settings used to create a surface for human ApoE were 
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s of N2a cells from different angles, orthogonal 

images of N2aunt and N2a APPSwe 
conditioned media were captured using confocal microscopy. Orthogonal images 

 

Quantification of co-  
-localization of 

ApoE with late endosomal mark
cis- -

-localization of ApoE 
 the percentage of ApoE pixels 

cellular marker. To exclude extreme values, only N2a cells 
containing 5-20 ApoE puncta inside the cell were included in the co-localization 
analyses.  

Quantification of ApoE at synaptic terminals (Paper I) 
The percentage of ApoE present at neurites and vGlut1-positive synaptic terminals 

the CAM -

puncta were adjuste
ApoE KO astrocyte media-
to neurites co-localizing with vGlut1-

ol. 

Quantification of dendritic branching (Paper I) 

2014). Sholl analysis automatically detect intersections, reflecting dendrites, at each 
MAP2- neurons. 5 neurons from 

 

Quantification of excitatory and inhibitory synaptic density (Paper I) 

phal  First, neuronal pr
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- -phalloidin co-localization analyses, 

neurons were analyzed. 

Quantification of percentage of excitatory neurons in a culture (Paper III) 
To quantify the percentage of excitatory neurons in wild-type a

- and MAP2-positive neurons were determined. The 
percentage of excitat

- -positive neurons. 

 
Table 6: List of primary antibodies used in this thesis 

Antibody Host Dilution WB Dilution IF Company Catalogue 
number 

APP/A  (6E10) Mouse - 1:500 Biolegend 803003 
(previously 

SIG-
39320) 

A  N-terminal (82e1) Mouse - 1:100 Immuno-Biological 
Laboratories 

10323 

ApoE Rabbit 1:250 1:500 Invitrogen 16H22L18 
ApoE (WUE-4) Mouse 1:500 - Novus Biologicals NB110-

60531 
-actin Mouse 1:2000 - Sigma-Aldrich A5316 

 Mouse - 1:500 Sigma-Aldrich 05-532 
eEF2 Rabbit 1:1000 - Cell Signaling 

Technology 
2332 

GM130 Mouse - 1:500 BD Bioscience 610822 
LAMP1 Rabbit - 1:1000 Abcam ab24170 
LAMP1 Rat - 1:1500 Abcam ab25245 
MAP2 Chicken - 1:1000 Abcam ab92434 

Phospho-eEF2 (Thr56) Rabbit 1:1000 - Cell Signaling 
Technology 

2331 

Rab7 Mouse - 1:500 Abcam ab50533 
TGN38 Mouse - 1:200 Santa Cruz sc-166594 

Tuj1 Mouse 1:1000 - Sigma-Aldrich T8578 
VGAT Rabbit - 1:500 Synaptic Systems 131013 
vGlut1 Guinea pig - 1:500 Sigma-Aldrich Ab5905 
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Table 7: List of secondary antibodies and fluorescent dyes used in this thesis 
Antibody Host Dilution WB Dilution IF Company Catalogue 

number 
Alexa Fluor 488 

AffiniPure anti-Rabbit 
IgG 

Goat - 1:500 Jackson 
ImmunoResearch 

111-545-
144 

Alexa Fluor 568 anti-
Mouse IgG 

Goat - 1:500 Invitrogen A-11004 

Alexa Fluor 568 anti-Rat 
IgG 

Goat - 1:500 Invitrogen A11077 

Alexa Fluor 633 anti-
Guinea pig IgG 

Goat - 1:500 Invitrogen A-21105 

Alexa Fluor 647 
AffiniPure anti-Chicken 

IgY (IgG) 

Donkey - 1:500 Jackson 
ImmunoResearch 

703-605-
155 

Alexa Fluor 647 
AffiniPure anti-Mouse 

IgG 

Goat - 1:500 Jackson 
ImmunoResearch 

115-605-
003 

Alexa Fluor 647 
AffiniPure Anti-Rat IgG 

Goat - 1:500 Jackson 
ImmunoResearch 

112-605-
003 

DAPI - - 1:2000 Sigma-Aldrich D9542 
DyLight™ 405 AffiniPure 

Goat Anti-Chicken IgY 
(IgG) 

Goat - 1:500 Jackson 
ImmunoResearch 

103-475-
155 

Filipin - - 1:1000 Sigma-Aldrich SAE0088 
HRP-conjugated Rabbit 

IgG 
Goat 1:2000 - R&D systems HAF008 

HRP-conjugated Mouse 
IgG 

Goat 1:2000 - R&D systems HAF007 

Rhodamine phalloidin - - 1:2000 Invitrogen R415 

Live-cell calcium imaging 
In vitro live-cell Ca2+ 
culture. To study Ca2+ fluctuations, a Ca2+ dye called Fluo-4 AM (Thermo Fisher 
Scientific, F14201) was used to trace intracellular Ca2+ levels over time using live-
cell microscopy. Prior to live-cell imaging, primary neurons (18-

-
of 2 minutes, the neurons were imaged every 100 ms for each selected region using 
a Nikon Eclipse Ti microscope. During the live-cell imaging, the neurons were kept 

2. 

Calcium imaging analysis 
Different analysis programs for Ca2+ 
Paper I, live cell Ca2+ data were analyzed using NETCAL software (Orlandi et al., 
2017) Paper III, the Ca2+ 
(Artimovich et al., 2017). While the PeakCaller program provides a quicker 
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allows to specifically analyze Ca2+ -group. 

Paper I 2+ images files were first pre-
processed and, when required, corrected for drifting of the imaging platform in the 

2+ 
fluctuations in Ca2+ -
automatically classified into either the neuron, glia or silent group using a pre-

Ca2+ -group to 
learn the program to recognize neuronal, astrocytic and silent traces. After the 

-group were always manually 
checked to avoid false classification. Since we were interested in neuronal activity, 

-group were used for further analysis. A spike 

- 2+ 
group of connected spikes within an interval < 1 second. A neuron was considered 

utes were detected. The NETCAL software 
provides several spike outputs including the firing rate of neurons (spike frequency), 

ive in the 

(independent spikes). 

Paper III, the Ca2+ live-
 

analysis was performed in the MATLAB PeakCaller script. The Ca2+ image files 
were pre-processed and normalized to extract the Ca2+ fluorescent intensities over 

PeakCaller script, spike frequency, amplitudes of the spikes and inter-spike intervals 
-spike intervals, cells without 

spikes were excluded from the analysis. 

Statistical analyses 
All statistical analyses were performed using Graphpad Prism 8.4.1 software. Prior 

histograms, QQ-plots and Shapiro-
was statistically analyzed using student t-tests for 2 independent groups, or one-way 

one-
which specific groups showed significant differences. Non-normalized data were 
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statistically analyzed using non-parametric Mann-Whitney tests for 2 groups and 
Kruskal- -Wallis test showed 
significance, the significant differences were further analyzed using Dunn’s tests. 

-
p < 0.05, p < 0.01, 

p < 0.001, p < 0.0001. 
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Results

the appendices. 

Astrocyte conditioned media provides a physiologically 

ApoE is lipidated. Therefore, consideration of the physiological source of ApoE is 
in vitro, astrocyte 

- -
primary mouse astrocytes (Figure 7A).  

Figure 7: Astrocyte conditioned media from human ApoE3- and ApoE4-KI mice were used as a source of human 
ApoE in experiments on N2a cells and primary neurons. A. Schematic overview of astrocyte media collection and 
treatment. Astrocyte conditioned media was collected from ApoE KO, ApoE3-KI and ApoE4-KI primary astrocyte 
cultures 48 h after media change. Subsequently, the collected astrocyte conditioned media was used to treat primary 
neurons at different time points depending on the research question. B. The presence of human ApoE in the collected 
media from ApoE3-KI and ApoE4-KI primary astrocyte cultures was confirmed by western blot before media use in 
experiments. Recombinant human ApoE3 was used as a postive control. Figure is adapted from paper I.

media collected 4 Figure 7B). As 
controls, no human ApoE was detected in conditioned media from ApoE KO and 
wild-type primary astrocytes (Figure 7B
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generated against human ApoE was used that does not detect mouse ApoE in 
- -

a source of human ApoE in experiments on N2a cells and primary neurons in Papers 
I, II and IV. 

Human ApoE localizes to synaptic terminals and affects 
neuronal activity in an ApoE isoform- and cell source-

 

in many processes related to synaptic activity and plasticity. However, it was unclear 

added astrocyte-derived ApoE targets synaptic terminals positive for the pre-
synaptic marker vGlut1 (Figure 8A
detected at or near synaptic terminals, suggesting that the synaptic localization of 
ApoE is not ApoE isoform-specific (Figure 8B).  

can also generate ApoE though mainly when stressed (Boschert et al., 1999). Still, 

neuron-derived ApoE (Knoferle et al., 2014; Lin et al., 2018). Therefore, we also 
- and ApoE4-

-derived ApoE, 
endogenous neuronal human ApoE co-localized at or near vGlut1-positive pre-

Figure 8C-D), suggesting a 
synaptic localiz

isoform (Figure 8B and D). 

Since ApoE appeared to localize at synapses, we next examined whether ApoE 
could influence neuronal activity. Changes in neuronal activity were studied in vitro 
using live-cell Ca2+ imaging with the Ca2+ dye Fluo-4 AM. Depolarization of 
neurons due to action potentials is linked to a fast increase in intracellular Ca2+ 
levels, making live-cell Ca2+ imaging a useful tool to study neuronal activity.  
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Figure 8: Astrocytic and neuronal ApoE localizes at or close to synaptic terminals. A. Confocal microscope 
images showing astrocyte-derived ApoE at or near vGlut1-positive synaptic terminals from CAMKII -positive excitatory 
neurons. Instances of ApoE co-localizing with vGlut1 are circled in red. B. Quantification of the percentage of astrocytic 
ApoE localized at vGlut1-positive synapses. C. Neuronal ApoE localizes to vGlut1-positive pre-synapses as observed 
with confocal microscopy. Red circles highlight co-localization between ApoE and pre-synaptic marker vGlut1. D. 
Quantification of the percentage of neuronal ApoE co-localized with pre-synaptic marker vGlut1. Data in the graphs are 
shown as mean ± SD in superplots. Scale bars in images represent 5 μm. Figure is adapted from paper I. 
 

Exposing of ApoE KO neurons to ApoE4 astrocyte conditioned media for 1 hour 
resulted in increased spike frequency and a reduced proportion of independent 

Figure 9A-
B
proportion of independent spikes is used as a measure of the efficacy of the spikes 
and negatively correlates with coordinated activity (Fernandez-Garcia et al., 2020). 
This suggests that the 1 hour treatment with astrocyte-derived ApoE4 significantly 

astrocyte conditione
detected in neurons cultured in the different astrocyte conditioned media for 24 
hours (Figure 9C
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significantly increased after long-term ApoE4 exposure compared to ApoE KO 
control (Figure 9D
result suggests that astrocyte-derived ApoE4 addition results in less coordinated 
neuronal activity with longer exposure.  
 

 
 
Figure 9 : Neuronal activity is differentially influenced depending on ApoE isoform and cellular origin. A-B. 
Quantification of the spike frequency (spikes/s) (A) and percentage of independent spikes (%) (B) in ApoE KO neuronal 
cultures treated with ApoE KO, ApoE3 or ApoE4 astrocyte conditioned media for 1 hour. C-D. Quantification of spike 
frequency (C) and independent spikes (%) (D) in ApoE KO neuronal cultures treated with ApoE KO, ApoE3 and ApoE4 
astrocyte conditioned media for 24 hours. E-G. Quantification of spike frequency (E), proportion of independent spikes 
(%) (F) and active neurons (%) (G) in neuronal cultures from wild-type (WT), ApoE KO, ApoE3 and ApoE4 mice. Data 
is shown as violin plots (A-F) or mean ± SD (G). Statistical differences are shown as * p value < 0.05, ** p value < 0.01, 
*** p value < 0.001 and **** p value < 0.0001. Figure is adapted from paper I. 
 

As neuronal ApoE was also detected at synaptic terminals, we therefore studied 
whether neuronal ApoE could affect activity similarly to astrocyte-derived ApoE. 

cell loss with aging (Knoferle et al., 2014), which might indicate that neuronal ApoE 
urons expressing 

Figure 9E) 

Figure 9F -
derived ApoE did not alter the proportion of neurons that were active in culture, 

-expressing neuronal cultures had a significantly higher percentage of active 
neurons compared to wild-type and ApoE4 neuronal cultures (Figure 9G). 
Together, these data suggest that ApoE can influence neuronal activity in vitro 
depending on ApoE isoform and cellular origin. 
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ApoE4 alters the NMDAR-mediated translation 
response via distinct Ca2+  
The synthesis of new proteins plays a critical role in activity-related synaptic 
plasticity and memory formation (Sutton & Schuman, 2006; Sutton et al., 2004)
Paper II, we asked whether ApoE isoforms differentially affect protein synthesis. 

with reduced mRNA to protein translation (Heise et al., 2014). Here, ApoE4-treated 
primary neurons and synaptoneurosomes showed significantly higher levels of eEF2 

neurons and at synapses (Figure 10A-B
 the use of a technique called fluorescent non-

canonical amino acid tagging (FUNCAT). FUNCAT can directly detect the 

esized proteins were reduced 
in ApoE4-treated neurons (Figure 10C-D), which is in line with reduced protein 
translation. The effect of ApoE4 on protein translation appears to require ApoE 
receptors as ApoE receptor antagonist RAP prevented the ApoE4-induced increase 
in eEF2 phosphorylation in ApoE4-treated neurons (Figure 10E). 
 

 
 
Figure 10: ApoE4 decreases global protein translation in neurons and synaptoneurosomes after 20 min 
treatment. A. Representative western blot and quantification of phosphorylated eEF2 to total eEF2 levels in primary 
mouse neurons (15 DIV) cultured in neurobasal (NB), ApoE KO, ApoE3 or ApoE4 astrocyte conditioned media for 20 
min. B. Represenative western blot membrane and quantification of phosphorylated eEF2 to total eEF2 levels in 
synaptoneurosomes derived from rat brain (P30) treated with recombinant ApoE3 or ApoE4 for 20 min. C. 
Representative images of primary rat neurons (15 DIV) treated with recombinant ApoE3, ApoE4 or no treatment for 20 
min showing MAP2-labeling and FUNCAT fluorescent signal. D. Quantification of FUNCAT fluorescent signal 
normalized to MAP2 fluorescent signal in primary rat neurons (15 DIV) treated with recombinant ApoE3, ApoE4 or no 
treatment for 20 min. E. Representative western blot bands and quantification of phosphorylated eEF2 to total eEF2 
from rat brain-derived synaptoneurosomes treated with recombinant ApoE3 or ApoE4 in the absence or presence of 
ApoE receptor antagonist RAP. Data is expressed as mean ± SEM. Figure is adapted from paper II. 
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Alterations in protein translation related to neuronal activity are typically mediated 

translation of specific proteins, such as post-synaptic density 95 (PSD95) and 
phosphatase and tensin homolog (PTEN), is upregulated (Kute et al., 2019) (Figure 
11A-C
pathway involved in neuronal outgrowth and synaptogenesis (Cuesto et al., 2011; 
Markus et al., 2002).  

 
 
Figure 11: Translational response induced by NMDAR activation is lost in ApoE4-treated neurons. A-C. 
Representative western blots and quantification of eEF2 phosphorylation (A), PTEN (B) and PSD95 (C) levels in wild-
type primary neurons treated with 20 μM NMDA for 5 min. D-F. Representative western blot bands and quantification 
of wild-type primary rat neurons treated with ApoE3 or ApoE4 for 20 min in the presence or absence of 20 μM NMDA 
for 5 min. Data are shown as mean ± SEM. Figure is adapted from paper II. 
 

-treated primary rat neurons, adding NMDA activated a similar 
translational response similar to adding NMDA alone (Figure 11D-F). 

PSD95 levels was not detected after NMDA addition. This suggest that the NMDA-
induced translational response is impaired in t  
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NDMA receptor activation induces a strong Ca2+ influx in neurons. Likewise, Ca2+ 
influx seems to be critical for the effect of ApoE4 on eEF2 phosphorylation and 
protein translation as the ApoE4-induced increase in eEF2 phosphorylation was 
abolished in the absence of Ca2+ (Figure 12A). In ApoE3-treated primary rat 
neurons, global protein translation was not altered in the absence of extracellular 
Ca2+. 
 

 
 
Figure 12: ApoE3 and ApoE4 induce distinct intracellular Ca2+ patterns in rat primary neurons. A. Representative 
western blot and quantification of rat primary neurons treated with ApoE3 or ApoE4 for 20 min in the absence or 
presence of extracellular Ca2+. Data are indicated as mean ± SEM. B-D. Representative graphs showing the change in 
fluorescent intensity of Ca2+ indicator Fluo-4 AM in neurons treated with NMDA (B), ApoE3 (C) or ApoE4 (D) over a 
total duration of 5 min (360 s). Nifedipine (Nifi) and MK801 were added to study the involvement of L-VGCC and NMDA 
receptors, respectively. Figure is adapted from paper II. 
 

To further study how ApoE3 and ApoE4 affect Ca2+ influx and how this relates to 
the NMDA-induced Ca2+ influx, intraneuronal Ca2+ fluctuations were traced acutely 
over time after NMDA, ApoE3 or ApoE4 treatment. After NMDA addition, 
intracellular Ca2+ levels strongly increased within the first few seconds, and the 
higher Ca2+ level was sustained for over 5 minutes (Figure 12B). Adding NMDA 
to primary neurons in combination with NMDA receptor antagonist MK801 led to 
no change in Ca2+ levels, supporting the specificity of NMDA for this response in 
neurons. In comparison, ApoE3 treatment of neurons led to a small increase in 
intracellular Ca2+ levels but this increase was not sustained (Figure 12C). 
Interestingly, ApoE4 treatment strongly increased Ca2+ levels similarly to NMDA 
treatment and led to sustained levels of increased Ca2+ (Figure 12D). With ApoE3 
and ApoE4 treatment, the Ca2+ increase was completely blocked after adding 
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MK801, suggesting that the change in intracellular Ca2+ levels with ApoE3 and 
ApoE4 is mostly dependent on NMDA receptor activation. Inhibition of L-type 
voltage-gated Ca2+ channels (L-VGCC) receptors via nifidipine (Nifi) partially 
abolished the Ca2+ response after ApoE4 treatment, indicating that L-VGCC 
receptors also partially contribute to the changes in Ca2+ levels induced by ApoE4. 

Altogether, we found that ApoE4 inhibits global protein translation and strongly 
induces Ca2+ influx predominantly via NMDA receptors, while ApoE3 only induces 
a short burst in NMDA receptor-related Ca2+ influx. Therefore, ApoE4 may promote 
synaptic dysfunction via dysregulation of the NMDA receptor-mediated protein 
translation response and altered Ca2+ homeostasis. 

APP/PS1 neurons are hyperactive in vitro potentially 
due to dysregulated homeostatic synaptic plasticity 
(Paper III) 
Aberrant neuronal activity is a feature observed in early AD, and increased neuronal 
hyperactivity has been observed in mouse models overexpressing human APP and 

 (Angulo et al., 2017; Busche et al., 2012; Busche et al., 2019). In line with this, 
we observed that AD transgenic APP/PS1 neurons had, overall, increased 
spontaneous neuronal activity as indicated by significantly increased spike 
frequency and amplitude compared to wild-type neurons (Figure 13A-B).  

To study whether the increased neuronal activity in our APP/PS1 neuronal cultures 
was from excitatory or inhibitory neurons, we sub-divided the neurons in our 
cultures into either CAMKII-positive, which were considered excitatory neurons, or 
CAMKII-negative neurons, which were most likely reflecting inhibitory neurons. 
We first observed no significant difference in the proportion of CAMKII-positive 
excitatory neurons in wild-type and APP/PS1 neuron cultures (Figure 13C), 
suggesting that APP/PS1 neuronal cultures does not alter the proportion of 
excitatory neurons compared to control. From there, live neurons were transduced 
with an AAV viral vector for Td-Tomato under a CAMKII promoter, allowing us 
to selectively identify CAMKII-positive excitatory neurons in live cultures (Figure 
13D). Interestingly, in APP/PS1 neuronal cultures, only CAMKII-positive neurons 
showed significantly increased spontaneous neuronal spike frequency and 
amplitude, and CAMKII-negative neurons, which were likely GABAergic 
inhibitory interneurons, did not show any significant difference in neuronal activity 
compared to wild-type controls (Figure 13D-E). This suggests that excitatory 
neurons specifically drive the observed hyperactivity in APP/PS1 neurons. 
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Figure 13: AD transgenic APP/PS1 neurons, particularly CAMKII -positive excitatory neurons, show increased 
spontaneous neuronal activity. A-B. Quantification of spike frequency (A) and amplitude (B) in wild-type (WT) and 
APP/PS1 primary neuron cultures measured by live-cell Ca2+ imaging. C. Quantification of the proportion of CAMKII -
positive excitatory neurons (%) of all MAP2-positive neurons in wild-type and APP/PS1 cultures. D. Representative 
fluorescent image of neurons labeled with Ca2+ dye Fluo4 (green) and expressing CAMKII-Td-Tomato (red). Scale bar 
represents 50 μm. E-F. Quantification of spike frequency (E) and spike amplitude (F) in wild-type and APP/PS1 neuronal 
cultures sub-divided into CAMKII-positve and CAMKII-negative neurons based on the expression of CAMKII-Td-
Tomato. Data are expressed as mean ± 95% confidence interval. ** p value < 0.01, *** p value < 0.001, and ns is not 
significant. Figure is adapted from paper III. 
 

Homeostatic synaptic plasticity (HSP) is a vital mechanism maintaining the average 
neuronal firing rate around a homeostatic set point to ensure proper neuronal 
function (Turrigiano, 2012; Turrigiano, 2008). We hypothesized that the altered 
neuronal activity in APP/PS1 neurons could be due to dysregulated HSP in these 
neurons. To test this hypothesis, wild-type and APP/PS1 neurons were treated with 
compounds known to alter neuronal activity: tetrodotoxin (TTX) and bicuculine. As 
expected, acute treatment with TTX and bicuculine induced decreased and increased 
neuronal activity, respectively (Figure 14A-B), and these effects were seen in both 
wild-type and APP/PS1 neurons. Chronic treatment with TTX or bicuculine is a 
well-established method to study HSP (Turrigiano et al., 1998). When treating 
neurons chronically with TTX or bicuculine, neuronal activity is expected to adapt 
to the ‘new’ situation via HSP mechanisms and, eventually, normalize to the 
baseline level of activity. Supporting this, we chronically treated wild-type neurons 
with TTX or bicuculine and, upon removal, we observed no difference in activity in 
TTX-treated neurons and a decrease in activity in bicuculine-treated neurons 
(Figure 14C). Interestingly, APP/PS1 neurons were unable to adapt to the chronic 
administration of TTX or bicuculine and showed decreased and increased neuronal 
activity, respectively, when TTX or bicuculine was removed after 48 hours (Figure 
14D). This suggests that APP/PS1 neurons have a reduced ability to adapt to 
changes in neuronal activity. 
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Figure 14: APP/PS1 neurons are less able to adapt to changes in neuronal activity. A-B. Quantification of spike 
frequency via Ca2+ imaging in wild-type (A) and APP/PS1 (B) primary neuronal cultures acutely treated with TTX, 
bicuculine (BIC) or vehicle control for 15 min. C-D. Quantification of spike frequency in wild-type (C) and APP/PS1 (D) 
primary neuronal cultures chronically treated with TTX, BIC or vehicle control for 48 h. Scale bar represents 20 μm. E. 
Representative fluorescence image of a wild-type neuron labeled for ankyrin-G (green) and MAP2 (red). The white 
arrow indicates the axon initial segment (AIS). F. Quantification of AIS length (in μm), detected by ankyrin-G labeling, 
in wild-type and APP/PS1 neuronal cultures treated with TTX, BIC or vehicle control for 48 h. Data are shown as mean 
± 95% confidence interval. . * p value < 0.05, ** p value < 0.01, *** p value < 0.001. Figure is adapted from paper III. 
 

To further test whether the inability of APP/PS1 neurons to adapt to changes in 
neuronal activity was caused by impaired HSP mechanisms, we measured the length 
of the axon initial segment (AIS). The AIS is known to be involved in the regulation 
of HSP by modulating the intrinsic neuronal output (Grubb & Burrone, 2010). 
Changes in the AIS reflects the ability of neurons to adapt to changes in activity by 
modifying its intrinsic excitability. To visualize the AIS, we labeled for ankyrin-G. 
As expected, in wild-type neuronal cultures, long-term treatment with TTX or 
bicuculine resulted in significant changes in AIS length (Figure 14E-F). However, 
in APP/PS1 neuronal cultures, neither TTX nor bicuculine treatment induced 
modifications in AIS length, further supporting the inability of APP/PS1 neurons to 
adapt to changes in neuronal activity. 
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ApoE3, but not ApoE4, rescues APP/PS1-induced 
hyperexcitability in neurons (Paper I) 
As shown in Paper III, AD transgenic APP/PS1 neurons were hyperactive in 
culture compared to wild-type neurons (Figure 13). Since ApoE could affect 
neuronal activity by itself (Figure 9), we wanted to investigate whether different 
ApoE isoforms influence neuronal activity differently in AD transgenic neurons. 
We found that APP/PS1 neurons, compared to wild-type neurons, remain 
hyperactive when cultured in ApoE KO and ApoE4 astrocyte conditioned media as 
we observed increased spike frequency, a reduced proportion of independent spikes 
and increased amplitude of spikes (Figure 15A-C). Interestingly, culturing 
APP/PS1 neurons in ApoE3 astrocyte conditioned media did not significantly alter 
neuronal spike frequency, number of independent spikes nor spike amplitude 
compared to wild-type neurons (Figure 15A-C), suggesting that ApoE3 ameliorates 
the hyperactivity in APP/PS1 neurons. 
 

 
 
Figure 15: Astrocyte-secreted ApoE3 ameliorates neuronal hyperexcitability in AD transgenic APP/PS1 
neurons. A-C. Quantification of spike frequency (A), percentage of independent spikes (B) and amplitude (C) in wild-
type (white) and APP/PS1 (grey) neuronal cultures treated with ApoE KO, ApoE3 or ApoE4 astrocyte conditioned media 
for 24 hours. Data was obtained by live-cell Ca2+ imaging. Data are expressed as violin plots. D-F. Quantification of 
spike frequency (D), percentage of independent spikes (E), and amplitude (F) in APP/PS1 primary neuronal cultures 
treated for 24 hours with conditioned media from ApoE KO, ApoE3 or ApoE4 primary astrocyte cultures. Data are 
expressed as mean ± SD. * p value < 0.05; ** p value < 0.01; *** p value < 0.001; **** p value < 0.0001. Figure is 
adapted from paper I. 
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Further investigation into the effects of different ApoE isoforms on neuronal activity 
in an AD context, showed that, in APP/PS1 neuronal cultures, the absence of ApoE 
and the presence of ApoE4 affect neuronal activity in a similar way (Figure 15D-
F). Interestingly, ApoE3 influences neuronal activity in APP/PS1 neurons 
differently compared to the other conditions, leading to a reduction in spike 
frequency, amplitude and coordinated activity in the form of increased independent 
spikes (Figure 15D-F). These findings indicate that ApoE3 differentially affects 
neuronal activity in APP/PS1 neurons compared to ApoE4 and no ApoE conditions 
and that ApoE4 affects neuronal activity in APP/PS1 neurons in a similar manner 
to the complete absence of ApoE.  

ApoE -CTFs in the 
endosome-lysosome system (Paper IV) 
Endosomal alterations are among the earliest changes seen in AD, implicating 
endosomes as important cellular sites in early AD pathology. ApoE has been noted 
as being in the endosome-lysosome system (DeKroon & Armati, 2001; Li et al., 
2012; Ljungberg et al., 2003). However, these studies were performed using 
recombinant human ApoE produced by E. coli, and recombinant ApoE is generally 
considered to be unlipidated (Monteilhet et al., 1993). In the brain, ApoE is 
predominantly produced by astrocytes, and therefore in Paper IV, we studied the 
subcellular localization of ApoE3 and ApoE4 produced by astrocytes in neurons 
and neuron-like N2a cells. We found that internalized astrocyte-derived ApoE co-
localizes with LAMP1-positive late endosomes/lysosomes in N2a cells 4 hours after 
treatment (Figure 16A). We further studied the endosomal localization of ApoE in 
primary neuron cultures and observed that a small subset of ApoE puncta also co-
localized with LAMP1-positive vesicles in neurites (Figure 16B). However, it is 
important to note that the majority of the ApoE detected in neurites was negative 
for late endosome/lysosome markers, suggesting that further research on the 
subcellular localization of ApoE in neurons is required. 

ApoE has been shown to, at least partially, localize within the endosome-lysosome 

neurons (Rajendran et al., 2006; Takahashi et al., 2002). While it has been known 

subcellular level. To study this, N2a cells expressing human APP with the Swedish 
mutation (N2a APPSwe) were treated with astrocytic ApoE3 or ApoE4 for 4 hours. 
There, we found that ApoE co-localized with 82e1, an antibody specific for the N-
terminus of APP- Figure 17A).  
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Figure 16: Astrocyte-derived ApoE3 and ApoE4 localize to late endosomes/lysosomes in N2a cells and to a 
lesser extent in neurons. A. Representative orthogonal confocal images of N2a cells treated with ApoE3 or ApoE4 
astrocyte conditioned media for 4 hours. White arrows indicate co-localization between ApoE (green) and late 
endosomal/lysosomal marker LAMP1 (red). Scale bar represents 5 μm. B. Representative confocal images of APP/PS1 
neurites after treatment with ApoE3 or ApoE4 astrocyte conditioned media for 4 hours. Primary neurons were labeled 
for MAP2 (grey), ApoE (green) and LAMP1 (magenta). Arrows indicate co-localization between ApoE and LAMP1 
puncta. Scale bar represents 10 μm. Figure is adapted from paper IV. 
 

We showed that internalized ApoE predominantly localizes to LAMP1-positive late 
endosomes/lysosomes (Figure 16). We, therefore, hypothesized that the potential 

-CTF intersect is late endosomes/ 
lysosomes. In line with this hypothesis and the previous literature (Willen et al., 
2017), we observed that 82e1-positive APP metabolites APP- -
localized with LAMP1-positive vesicles in N2a APPSwe cells (Figure 17B).  

neurons and treated them with conditioned media from ApoE3 and ApoE4 primary 
astrocytes for 4 hours. Like in N2a APPSwe cells, co-localization between ApoE and 
antibody 82e1-positive APP-
cultures (Figure 17C). Together, these findings help to uncover a potential neuronal 
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explain the role of ApoE in AD. 
 

 

 

 
 
Figure 17: Astrocyte-derived ApoE co-localizes with APP metabolites APP CTF and/or A  in N2a cells and 
neurons. A. Representative confocal orthogonal images of N2a APPSwe cells treated with astrocyte-derived ApoE3 or 
ApoE4 for 4 hours. Overlap between ApoE (green) and 82e1-positive puncta is pointed out by white arrows. Scale bar 
represents 5 μm. B. Representative orthogonal confocal images of N2a APPSwe cells cultured in ApoE3 or ApoE4 
astrocyte conditioned media for 4 hours. White arrows indicate co-localization between late endosomal/lysosomal 
marker LAMP1 (green) and 82e1-positive APP metabolites (red). Scale bar represents 5 μm. C. Representative confocal 
images of APP/PS1 neurites after treating with ApoE KO, ApoE3 or ApoE4 astrocyte conditioned media for 4 hours. 
Neurons were labeled for ApoE (green), 82e1 (magenta) and MAP2 (grey). White arrows highlight the co-localization 
of ApoE with 82e1. Scale bar represents 15 μm. Figure is adapted from paper IV.  
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Discussion and concluding remarks 

Already in 1993, ApoE4 was identified as the major genetic risk factor for AD 
(Corder et al., 1993). However, to date, the underlying mechanisms causing the 
increased risk on AD pathology by ApoE4 are still poorly understood. The focus of 
this thesis was to investigate the involvement of ApoE4 in early cellular alterations 
linked to AD, particularly synaptic dysfunction, endosomal alterations and 

 

accumulate intracellularly at synaptic terminals (Koffie et al., 2009; Takahashi et 
al., 2002) and loss of synaptic terminals correlates best with cognitive decline in AD 
(DeKosky & Scheff, 1990; Terry et al., 1991). In Paper I, we demonstrated that 
ApoE targets synaptic terminals in culture, both after addition of astrocyte-derived 
ApoE and when neurons exogenously express ApoE. The synaptic appearance of 
ApoE is supported by previous research showing ApoE and pre-synaptic marker 
synapsin-1 co-localization by array tomography (Koffie et al., 2012) and by the 
detection of ApoE in synaptosomes from human brains (Bilousova et al., 2019).  

In Paper I, we also demonstrated that ApoE isoforms differentially affect neuronal 
activity in culture. Previous literature has shown that ApoE4 induced abnormal 
neuronal activity, mainly in the form of neuronal hyperactivity (Filippini et al., 
2009; Klein et al., 2014; Nuriel et al., 2017a). We found that the effects of ApoE on 
spontaneous neuronal activity is influenced by the cellular source of ApoE. The 
majority of ApoE in the brain is produced by astrocytes. In accordance with previous 
findings in brain studies (Nuriel et al., 2017a), we demonstrated that astrocyte-
derived ApoE4 induces increased spontaneous neuronal activity in culture 
compared to ApoE3 or the absence of ApoE. Remarkably, the increased neuronal 
activity induced by astrocyte-derived ApoE4 appears to be only transient, as it was 
only observed after 1 hour, but not 24 hours treatment. ApoE was still detectable in 
neuronal media after 24 hours, suggesting that the loss of ApoE4-induced effects on 
neuronal activity after 24 hours was not caused by lack of ApoE4 in the media. A 
possible explanation for the acute, but not chronic effects of astrocytic ApoE4 on 
increasing neuronal activity might be the ability of neurons to adapt to changes in 
neuronal activity and their ability to maintain relatively constant activity levels in 
the long-term via HSP. The ApoE4-induced increased neuronal activity might 
thereby be set back to baseline after 24 hours, preventing chronic abnormal neuronal 
activity after ApoE4 treatment. 
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Acute treatment with astrocytic ApoE4 caused increased neuronal activity in 
culture. According to Nuriel at al. (2017a), a loss of inhibitory tone could be the 
reason of ApoE4-induced neuronal hyperexcitability seen in vivo in ApoE4 mice. 
Even earlier, ApoE4 mice were shown to have inhibitory GABAergic interneuron 
loss and memory deficits with age (Andrews-Zwilling et al., 2010; Li G. et al., 
2009). Interestingly, a specific deletion of ApoE in neurons was able to rescue the 
ApoE4-induced GABAergic cell loss (Knoferle et al., 2014). In contrast, deletion of 
ApoE in astrocytes had no effect on GABAergic neuron loss, suggesting that a loss 
in inhibitory tone in the form of losing GABAerigic inhibitory neurons might be 
specifically caused by neuron-derived ApoE. Surprisingly, we found that in the 
presence of neuron-derived ApoE, ApoE3, but not ApoE4, is associated with 
increased spontaneous neuronal activity in culture. This suggests that neuronal 
ApoE4 does not induce hyperactivity like astrocytic ApoE4 but instead decreases 
spontaneous neuronal activity compared to neuronal ApoE3. The ApoE4 genotype 
has been associated with reduced neuronal outgrowth and synaptic density 
(Dumanis et al., 2009; Nathan et al., 1994). In our experiments, ApoE3 and ApoE4 
neurons did not differ in neuronal outgrowth, however, the synaptic density, as 
measured by excitatory vGlut1- and inhibitory VGAT-synaptic puncta, was 
significantly reduced in ApoE4 neurons. A loss in synaptic terminals could 
potentially explain the reduced neuronal activity observed in ApoE4 compared to 
ApoE3 neurons. It remains unknown whether this reduced synaptic density with 
ApoE4 is caused by lower synapse formation during development or increased 
synapse loss during aging. In summary, astrocytic and neuronal ApoE can both 
influence neuronal activity in culture, but affect neuronal activity differently 
depending on the cellular origin. 

ApoE4 was shown to impair synaptic plasticity, but the underlying mechanism of 
ApoE4-induced synaptic impairment remains largely unknown. The synthesis of 
new proteins in response to synaptic activation plays an important role in synaptic 
plasticity (Sutton & Schuman, 2006; Sutton et al., 2004). In Paper II, we 
demonstrated that ApoE4 impairs protein translation in neurons. ApoE4 is shown to 
mimic the early phase of NMDA-induced translational response, however, 
differently from NMDA induction, the intracellular Ca2+ response induced by 
ApoE4 has a slower recovery to baseline intracellular Ca2+ levels. During the 
recovery, primary neurons treated with ApoE4 are non-responsive to NMDAR 
stimulation. The translational response induced by ApoE3 recovers quicker, and as 
a result, ApoE3 treated cells are able to induce translational inhibition upon NMDA 
stimulation. The precise mechanism of ApoE4-induced translational inhibition 
remains to be determined. ApoE signaling was previously shown to interact with 
NMDA receptors, for example in relation to the phosphorylation of disabled 1 
(Dab1) (Hoe et al., 2005). Reelin, a protein involved in learning and memory via 
binding to ApoE receptors, can also modulate NMDA receptor activation and Ca2+ 
influx through Dab1 dependent mechanisms (Chen et al., 2005). ApoE4 impaired 
the receptor recycling of both Reelin/ApoE receptor ApoER2 and NMDA receptors, 
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causing a reduced expression of ApoER2 and NMDA receptors on the cell surface 
(Chen et al., 2010). In addition, because of ApoE4’s molten-globule state in the 
acidic environment of trapped endosomes, ApoER2 receptors can cluster and 
constantly phosphorylate Dab1, rather than dissociate from receptors for recycling 
to the cell surface (Xian et al., 2018). The constant activation of Dab1 in 
combination with reduced expression of ApoER2 and NMDA receptors on the cell 
membrane induced by ApoE4 could potentially explain the reduced responsiveness 
to NMDA activation and increased Ca2+ influx in ApoE4 treated neurons. 

AD is associated with aberrant neuronal network dysfunction. MCI and AD patients 
who had epileptiform activity present with stronger cognitive decline than patients 
with no epilepsy (Vossel et al., 2013). Additionally, many AD transgenic mouse 
models show epileptic seizures and hyperactivity (Minkeviciene et al., 2009; Palop 
et al., 2007). In Paper III, we showed that APP/PS1 primary neurons are 
hyperactive in culture compared to wild-type neurons. Overexpression of APP and 

hyperactivity. Interestingly, increased spontaneous neuronal activity in APP/PS1 is 
specifically seen in CAMKII-positive excitatory neurons, and not in inhibitory 
neurons. The proportion of excitatory neurons and synapses in our cultures did not 
significantly differ between wild-type and APP/PS1 cultures, suggesting that the 
ratio excitatory-to-inhibitory neurons is not impaired in APP/PS1 neurons. 
Interestingly, we demonstrated in Paper I that addition of astrocyte-derived ApoE3, 
but not ApoE4, can rescue increased neuronal activity in APP/PS1 neurons, 
suggesting that ApoE3 potentially can ameliorate aberrant neuronal activity in AD 
conditions. 

The precise mechanism of APP/PS1-induced neuronal hyperactivity has been 
poorly understood for many years. We discovered a dysfunction in HSP in APP/PS1 
neurons as a possible mechanism causing abnormal neuronal activity in AD-like 
conditions. HSP is an important mechanism to respond to changes in neuronal 
activity and to restore baseline activity (Turrigiano, 2012; Turrigiano, 2008). In 
wild-type conditions, we demonstrated that, as expected, acute TTX and bicuculine 
treatment induces decreased and increased activity, respectively, in neurons. Then 
in conditions employed to induce HSP, wild-type neurons adapt to the 48 hours of 
TTX- and bicuculine treatment and set their activity level back to a baseline level 
like in non-treated controls. Remarkably however, we see that APP/PS1 neurons are 
unable to adapt to a chronically TTX-induced decrease and bicuculine-induced 
increase in activity. This indicates an impaired HSP adaptation of APP/PS1 neurons 
to changes in neuronal activity. The AIS is a site involved in initiation action 
potentials and its length and position can influence HSP by fine tuning intrinsic 
neuronal excitability (Grubb & Burrone, 2010; Wefelmeyer et al., 2016). Our work 
shows that while wild-type neurons adjust their AIS after altered neuronal activity 
induced by TTX and bicucline, APP/PS1 neurons were unable to adjust the AIS 
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length after 48 hours of TTX or bicuculine treatment, suggesting impaired 
homeostatic intrinsic plasticity in APP/PS1 neurons. Consistent with our findings, 

homeostatic scaling (Galanis et al., 2021; Gilbert et al., 2016), supporting our 
finding of an aberrant HSP response in the p  

Like synaptic terminals, the endosome-lysosome system is a site affected early in 
AD. Internalized recombinant ApoE was previously shown to be present within the 
endosomal system in early endosomes, late endosomes and lysosomes (DeKroon & 
Armati, 2001; Li et al., 2012; Ljungberg et al., 2003). In Paper IV, we demonstrated 
that astrocyte-derived ApoE also localizes to late endosomes and/or lysosomes in 
neuron-like N2a cells and to a lesser extent in primary neurons. In this thesis, we 
found no difference in the endosomal localization of ApoE3 and ApoE4. Previous 
studies on the endosomal trafficking of ApoE were also unable to define a consistent 
difference in intracellular trafficking of different ApoE isoforms, as previous studies 
showed conflicting findings by indicating either increased (DeKroon & Armati, 
2001), decreased (Li et al., 2012) or no difference (Ljungberg et al., 2003) in the 
late endosomal/lysosomal presence of ApoE4 compared to ApoE3. The conflicting 
data on ApoE isoforms might be caused by the fact that ApoE traffics differently in 
different cell types like we see in N2a cells and neurons. 

The endosomal system is highly associated with early AD as it is a site involved in 
ated that added 

astrocyte-derived ApoE intersects subcellularly with endogenous APP cleavage 
products APP-
ApoE and APP- likely occurs in late 
endosomes/lysosomes. Additional research is necessary to further understand the 
physiological and potential pathological role of the subcellular intersection of ApoE 
and APP-CTF  plays a role in APP and 

-
tion 

ApoE (LaFerla et al., 1997), suggesting ApoE might 
Our wor

 

In summary, in the studies that are part of this thesis, we have investigated early 
processes linked to AD, like endosomal alterations, synaptic changes and 

We demonstrated that ApoE localizes in cellular sites that are affected early in AD, 
including synapses and endosomes. Additionally, we showed that ApoE can alter 
neuronal activity and global protein translation, depending on the ApoE isoform. 
We also showed that AD transgenic APP/PS1 neurons are hyperactive in culture, 
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potentially caused by impaired HSP, which can be prevented by adding astrocytic 
ApoE3. Lastly, we demonstrated that ApoE intersects with APP-
presumably in the endosomal system. We hope that our work contributes to the 
better understanding of AD, particularly on how ApoE4 impacts AD processes. 
Future studies on early AD biological mechanisms and how ApoE4 impacts these 
will be important to increase our knowledge about AD pathogenesis and could 
hopefully open up ways to treat or prevent AD in the future. 
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Future perspectives 

As part of this thesis, we tried to elucidate the role of ApoE, in particular ApoE4, in 
early stages of AD, with the focus on cellular alterations related to synapses, 

understanding of ApoE in normal and AD biology, many questions remain 
unanswered. In this section, potential future research directions are discussed based 
on the research performed in this thesis.  

ApoE has been shown to be expressed by many cell types in the brain. At this 
moment it remains unknown which cellular source of ApoE is the most critical for 
AD. In this thesis, we studied the effect of astrocytic and neuronal ApoE on neuronal 
activity. Recently, microglial ApoE has become more emphasized in AD (Keren-
Shaul et al., 2017; Krasemann et al., 2017). Therefore, it will be important to also 
study the effects of microglial ApoE on early cellular changes in AD, including 
neuronal activity. A recent paper showed microglial ApoE significantly increases 
plaque volume, but not number, suggesting microglial ApoE is only involved at later 
disease stages in plaque homeostasis and not formation (Henningfield et al., 2021). 
It remains to be determined whether microglial ApoE affect processes linked to 
early AD. Additional studies could help us to better understand the role of different 
cellular sources of ApoE on early alterations in AD, such as synaptic activity. 

In humans, ApoE occurs as three major isoforms. In this thesis, only the effects of 
ApoE3 and ApoE4 on early AD changes were studied. ApoE2 has been shown to 
be protective against AD, and therefore it would be of high interest to also study 
ApoE2 in the context of early neuronal changes linked to AD. Additionally, recently 
a mutation in ApoE3, called the ApoE3 Christchurch mutation, was shown to protect 
against AD (Arboleda-Velasquez et al., 2019). Studying ApoE2 and ApoE3-
Christchurch could potentially help to identifying future therapeutic targets against 
AD. 

The main function of ApoE is transporting lipids and therefore lipids may play a 
crucial role in the normal and AD-related function of ApoE. In this thesis, astrocyte-
conditioned media from different ApoE isoform conditions were used as a way to 
study differences in ApoE isoforms. Since we did not characterize the lipid and 
protein content of ApoE KO, ApoE3 and ApoE4 astrocyte conditioned media, it 
remains to be determined whether the observed differences in ApoE3 and ApoE4 
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were directly caused by ApoE isoform differences or indirectly via ApoE-related 
lipid changes. ApoE4 was shown to reduce cholesterol efflux in primary astrocytes, 
resulting in less cholesterol in astrocytic media (Rawat et al., 2019), suggesting that 
the observed changes in neurons induced by different ApoE isoforms might be 
caused by an altered lipid composition related to ApoE4. Studying the lipid and 
protein content in ApoE KO, ApoE3 and ApoE4 astrocyte media could provide 
insights in the differences we observe between ApoE3 and ApoE4. In addition, by 
using astrocyte conditioned media, only the indirect interaction between astrocytes 
and neurons is studied. Future experiments using a neuron-astrocyte co-culture 
system could help us to better understand the role of astrocytic ApoE on neurons in 
a more direct approach.  

The further investigation of the role of ApoE at cellular sites affected in early AD, 
including synaptic terminals and endosomes, are of high interest to better 
understand early changes in AD in relation to its major genetic risk factor. Previous 
studies reported a synaptic localization of ApoE (Bilousova et al., 2019; Koffie et 
al., 2012), and we now showed that added astrocyte-derived ApoE targets synaptic 
terminals in culture. However, the precise pre- and/or post-synaptic localization of 
ApoE remains unknown. The use of more advanced imaging techniques, such as 
electron microscopy and super-resolution microscopy will be required to better 
define the exact synaptic location of ApoE. 

In N2a cells, ApoE was shown to clearly co-localize with late endosomal and 
lysosomal marker LAMP1, suggesting an endosomal localization of ApoE. 
Remarkably, in primary neurons only a small subset of ApoE co-localized with 
LAMP1-positive puncta, remaining an unknown subcellular pool of ApoE in 
neurons. Additional studies will be required to better define the neuronal 
localization of ApoE. ApoE showed a vesicle-like pattern in neurons, and therefore 
additional experiments studying the cellular localization of ApoE in early 
endosomes, recycling endosomes and autophagosomes would be relevant to better 
understand the neuronal subcellular trafficking of ApoE. In addition, live-cell 
microscopy using fluorescently-tagged ApoE could provide additional insights into 
the cellular trafficking of ApoE at different time points after ApoE addition. 

Interestingly, in this thesis we demonstrated that ApoE and APP metabolites APP-
-localize at a subcellular level in N2a cells and primary neurons. In 

addit

and synapses (Bilousova et al., 2019; Gouras et al., 2000; Koffie et al., 2012), 
however the subcellular int

AD pathogenesis. Additional studies on the cellular localization and interplay 
n AD models, could potentially help us to 
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In Paper II, we demonstrated that ApoE4 impairs global protein synthesis. 
Additional studies on how ApoE4-induced protein translation inhibition influences 
synaptic activity and behavior in mice would be of high importance to better 
understand the relevance of the effects of ApoE and protein translation in relation 
to synaptic and memory deficits. Additionally, studying the effect of ApoE4 on 
global translation in an AD model could help us better understand the underlying 
mechanisms of ApoE4, synaptic regulation and A
although FAD was previously linked to an altered protein translation response 

influence global protein translation. Therefore, studying t
protein translation related to synaptic activity could potentially help to better 
understand the role of altered protein translation in early AD. 

We showed a potential role of aberrant HSP regulation in neuronal hyperactivity 
observed in APP/PS1 neurons. Interestingly, in Paper I we also observed an ApoE-
isoform dependent effect on neuronal activity in APP/PS1 neuron cultures. 
Therefore, additional studies on how ApoE isoforms affect HSP could be of high 
relevance in the better understanding of ApoE in AD. Future experiments on the 
role of ApoE3 and ApoE4 in HSP will potentially provide new insights in how 
ApoE3 reduces neuronal hyperactivity in AD.  

On a therapeutic level, the most recent FDA-approved AD drug Aducanumab is 
shown to have specific severe side-effects called amyloid-related imaging 
abnormality (ARIA)-edema, which is predominantly observed in ApoE4 carriers 
(Sevigny et al., 2016). It remains unknown why the severe ARIA side-effects 
particularly manifest in ApoE4 carriers after treatment. Therefore, future studies on 
the exact mechanism of ApoE4-related brain inflammation and swelling in response 

optimize future therapies for ApoE4 carriers. 

One of the biggest questions that remains is how early cellular alterations in AD are 
linked and in which sequence they occur. The link between synaptic impairment, 

and accumulation remains poorly defined. Studying and carefully assessing the 
cellular changes in AD mouse models and MCI and Down syndrome human post-
mortem brains could potentially contribute to the better understanding of all cellular 
changes occurring in early AD changes, define which cellular pathological event 
happens first in AD and help to therapeutically intervene at early stages of AD 
before clinical symptoms appear. 
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