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ABSTRACT 
Alzheimer disease (AD) is the most common neurodegenerative disease, influencing 40 
million patients in the world. Pathologically, AD is hallmarked by intracellular tau tangles and 
extracellular Amyloid-β peptide (Aβ) plaques. Aβ is generated from the amyloid precursor 
protein (APP) and its C-terminal fragment (APP-CTF). Aβ is involved in the pathology of AD 
and has been studied for over 30 years. However, detailed subcellular information of Aβ and 
the APP processing pathway is still lacking. In this thesis, we use super-resolution microscopy, 
which allows approximately ten times higher resolution than traditional confocal microscopy 
and therefore can be used to study the subcellular localization of full-length APP (FL-APP), 
APP-CTF, and Aβ in mature primary cultured mouse hippocampal neurons from both wild 
type and a disease model (AppNL-F knock in mice). 

In Paper I, we showed super-resolution microscopy is a powerful technique to study the 
subcellular localization of Aβ42 in neurons, especially in synapses. With super-resolution 
microscopy, we can observe lots of details that cannot get by confocal microscopy, it is 
possible to distinguish between the pre- and the postsynapse and resolve the synaptic cleft. 
We found that Aβ42 was enriched in the presynaptic side, but not in the postsynaptic side. 
Aβ42 was only partly colocalized with synaptophysin, which means that some Aβ42 is 
localized to other vesicles besides the synaptic vesicles. In Paper II, we continued to illustrate 
the subcellular localization of Aβ42, FL-APP, APP-CTF and N-terminal fragment (APP-NTF) in 
hippocampal neurons and showed that Aβ42 was present in early endosomes in immature 
presynapse. In mature synapses, partly Aβ42 was localized in clathrin coated vesicles. 
Interestingly, in the soma region, Aβ42 was not present in early endosomes, but in late 
endosome/lysosome and autophagosome. We also found that some FL-APP, and a high 
percentage of APP-CTF/-NTF were present in early endosomes in the soma region. In the 
synapse, only APP-CTF, but not FL-APP, was located in presynapse, in line with the presynaptic 
localization of Aβ42. In Paper III, we investigated the subcellular localization of APP-CTF and 
Aβ42 in AppNL-F knock in neurons. We found that mature and immature APP levels were 
altered in AppNL-F neurons. In Paper IV, we used iPALM microscopy to further characterize the 
Aβ42 containing vesicles in the presynaptic regions of hippocampal neurons. With this 
technique, the resolution along the z-axis was improved, and therefore, we can get more 
details in three dimensions. 

Overall, our studies use different types of super-resolution microscopy techniques to reveal 
the subcellular localization of FL-APP, APP-CTF, and Aβ. Subcellular details of APP 
amyloidogenic pathway in hippocampal neurons were illustrated, such as APP-CTF and Aβ42 
are only enriched in presynapse, but not postsynapse; mostly Aβ42 in presynapse has 
different pool rather synaptic vesicles; No Aβ42, but FL-APP located in early endosome. These 
finds will be helpful to find a high targeting to specific site, disease modifying drug for AD.     
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1 INTRODUCTION 

1.1 Alzheimer disease 
Neurodegeneration is the progressive loss of neuronal structure and function, leading to 

neuronal death and cognitive impairments. Neurodegenerative disease is a collective term 

for a variety of disorders, including different types of dementia: Alzheimer disease (AD), 

Cerebrovascular disease, Lewy body disease, Frontotemporal lobar degeneration, Parkinson’s 

disease, Hippocampal sclerosis, and mixed pathologies. AD is the most common 

neurodegenerative disease, and about 60-80% of the people with dementia are diagnosed 

with AD [1, 2]. AD affects around 40 million people globally, and the number is growing since 

the life expectancy is increasing in the modern society. It is estimated that by 2050, people 

with dementia will reach 130 million [3], which means that approximately 90 million of them 

will have AD.  AD is a progressive brain disease, people with the disease usually show memory 

loss, apathy, and depression at first, followed by poor judgment, paranoia, social function 

defects, aphasia and dementia [2]. Although AD has been studied for more than 110 years 

since Alois Alzheimer first described the disease in 1907 [4], the underlying molecular 

mechanisms behind the pathogenesis of AD are still to a large extent unknown. 

Pathologically, AD is characterized by intraneuronal aggregates formed by microtubuli 

associated protein tau (tau tangles), and extracellular fibrillary deposits/plaques formed by 

the amyloid β-peptide (Aβ). Aβ is generated from the amyloid precursor protein (APP). APP 

plays a critical role in brain development. Several studies have shown that mutations in APP 

that result in an increased Aβ production or an increased Aβ42/40 ratio cause familial AD 

(FAD) with an early onset [5]. Aβ can cause AD pathology, since all cases of genetically 

inherited AD with close to 100% penetrance have mutations in one of three genes (APP, 

presenilin 1 or presenilin 2) that lead to enhanced levels of neurotoxic forms of Aβ. However, 

these genetic variants are responsible for less than 1% of the AD cases. What causes sporadic 

AD is less clear but there are several different hypotheses: in addition to neurofibrillary 

tangles and plaque pathology [4, 6], AD is typically associated with mitochondrial dysfunction 

and oxidative stress [7]; neuroinflammatory response [8]; alterations in cholesterol 

metabolism, as shown for instance from the association with Apolipoprotein E4 (ApoE4) [9]; 

lack of growth factors [10] and alterations in protein glycosylation [11, 12]. Exactly how these 

and other factors contribute to AD is not known. 
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1.2 APP and Aβ 

1.2.1 APP processing 

APP is a type I transmembrane protein that has been suggested to be involved in growth of 

neurites, vesicular transport, and cell-cell interactions. It has been shown that the neuronal 

morphology, such as spine density, was altered in APP deficient mice neurons [13]. APP is one 

of the proteins in the APP family, which has two related proteins: APP like protein 1 and 2 

(APLP1 and APLP2). All of them take part in the development of the nervous system, including 

synaptic functions, such as learning and memory. Besides these functions, APP and APLP are 

included in many other biological activities in neurons [14]. By using APP, APLP1, and/or 

APLP2 knock-out (KO) mice models, the functions of these proteins have been partly revealed. 

Interestingly, the mice lacking both APLP2 and either APP [15], APLP1 [15] or all three proteins 

[16], have short life. However, mice lacking only APLP2 are alive, which means that APLP2 

may have irreplaceable functions. The Aβ sequence is only included in APP, but not APLPs, 

although they are cleaved by the same enzymes.  

Figure 1. APP processing in non-amyloidogenic or amyloidogenic pathway.  
Created with BioRender.com 
 

The C-terminus of APP (APP-CT) faces the cytosolic side, while the N-terminal part of APP 

(APP-NT) faces the extracellular (when positioned at the plasma membrane) or luminal (when 

positioned at organellar membranes) side (Fig1). APP is processed mainly by either of two 

major pathways: the amyloidogenic or non-amyloidogenic pathway (Fig1).  
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As implied by the name, the amyloidogenic pathway is related to AD pathogenesis. In the 

amyloidogenic pathway, full-length APP (FL-APP) is cut by β-secretase (BACE1), which leads 

to formation of β-cleaved soluble APP fragment (sAPPβ), and a membrane-bound C-terminal 

fragment (βCTF, C99). The latter is further cleaved by γ-secretase, leading to production of Aβ 

and APP intracellular domain (AICD). γ-Secretase cleaves at different sites in a series of 

reactions, generating Aβ fragments with variable lengths [17]. The predominant form 

contains 40 amino acids (Aβ40), whereas the longer variants containing 42 or 43 amino acids 

(Aβ42 and Aβ43) are more aggregation-prone and more neurotoxic, leading to the formation 

of oligomers and fibrils, and are the main components of amyloid plaques in AD brain [18-20]. 

γ-Secretase, a transmembrane enzyme complex, is not specific for APP processing, but can 

cleave approximately 100 different substrates, for instance Notch, that are involved in 

cellular/neuronal biology. Due to the participation of γ-secretase in many pathways, γ-

secretase inhibitors cause a lot of side effects and therefore have failed in clinical trials for AD 

treatments [21, 22]. However, γ-secretase modulators that only influence the amyloidogenic 

pathway, but no other pathways, are  still considered for AD intervention  [23]. γ-Secretase is 

a complex protein and consists of four subunits: Presenilin, Aph-1, Pen-2 and nicastrin. PS 

exists in two forms: PS1 or PS2 [24]. Aph-1 exists in three forms: Aph-1aL, Aph-1aS or Aph-1b. 

Hence, six different γ-secretase complexes with different function and localization can be 

formed [25]. It has been suggested that the PS1-containing γ-secretase is to a large extent 

present within the secretory pathway, whereas the PS2 containing γ-secretase is present 

more in the late endosomal/lysosomal pathway. Furthermore, it has been suggested that the 

PS2-containing γ-secretase contributes more to production of Aβ42 [26]. The structure of γ-

secretase has been revealed with cryo-electron microscopy [27]. 

Non-amyloidogenic pathway is the major pathway in non-AD brain. FL-APP is first cleaved by 

α-secretase (ADAM10) instead of β-secretase [28], generating α-cleaved soluble APP 

fragment (sAPPα) and C-terminal fragment (αCTF, C83). αCTF is subsequently cleaved by γ-

secretase, producing p3 peptide and AICD. The cleavage site of α-secretase is located within 

the Aβ domain, at amino acids 15-16 [29] and therefore the non-amyloidogenic pathway does 

not generate Aβ variants.  

The proteins and enzymes in both the amyloidogenic and non-amyloidogenic pathway have 

been considered as targets for AD treatments. Except the γ-secretase modulator mentioned 
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above, for example, overexpression α-secretase to increase the APP non-amyloidogenic 

pathway is also a way to decrease the produced level of Aβ.   

1.2.2 The role of Aβ in Alzheimer disease 

AD starts to develop approximately 20 years before symptoms appear (Fig2). Some studies 

showed that the accumulation of Aβ in AD brain starts first, followed by Tau-mediated 

neuronal dysfunction [30]. In CSF, the levels of Aβ1-42 are decreased, which is used as the 

earliest detectable marker of AD pathology [31]. In contrast, levels of total Tau (T-tau) and 

phosphorylated Tau (P-tau) are increased in CSF in AD. A combination of the levels of Aβ42, 

T-tau and P-Tau in CSF is used as part of AD diagnosis in Sweden [32].  

Figure 2.  Dynamic biomarkers of the Alzheimer’s pathological cascade. 
This figure is taken from (Jack CR Jr et al. 2010) [33]. 
 

Several lines of evidence point out that Aβ42 is neurotoxic and pathogenic in AD, but the 

molecular details behind its neurotoxicity are still largely unknown. As mentioned earlier, AD 

is characterized by intraneuronal aggregates of tau protein, and extracellular Aβ plaques, 

which contains fibrillary Aβ in the core [20] and is surrounded by activated microglia and 

dystrophic neurites. More recently, it has been shown that also intracellular Aβ42 is 

neurotoxic [34, 35] and play an important role in the AD process [24, 36].  

A normal, healthy human brain has approximately 100 billion neurons, the connection 

between neurons is complex. Brain is the control centre of the body responsible for all our 

mental processes. Meanwhile, activities relevant to life, for example, memory, movement, all 

senses and so on, are based on the neuronal connections. Neurons gather and transfer 
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information from neuron to the other neurons at the synapses. The connection between 

neurons has similarities with spider web in nature, but with extremely much higher level of 

complexity. The synapses are like the intersections on the spider web. Signal from one neuron 

can be transmitted to another region in the same neuron by electrochemical signal, and to 

other neurons by combing with chemical and electrochemical signals. Synaptic deficiency or 

even dysfunction will cause the disease pathology.  

The oligomeric forms of Aβ can bind to cell surface receptors at neuronal synapses [37, 38], 

affect the synaptic structure, and are associated with cognitive decline in AD [39]. It has been 

suggested that oligomeric Aβ can spread from neuron to neuron [40]. Furthermore, increased 

Aβ production and decreased Aβ clearance/degradation will also generate Aβ fibrils or 

plaques, which can lead to synaptic dysfunction, inflammatory response (microglia and 

astrocytic activation), neuronal injury, eventually leading to neurodegeneration [41]. Details 

of the influence of Aβ clearance/degradation in AD is introduced in chapter 1.2.2.1. 

Previous studies showed that the levels of Aβ40 and Aβ42 in frontal cortex are elevated early 

in dementia and the level of Aβ42 is more strongly correlated with cognitive decline 

compared with Aβ40 [42]. It has also been shown that the accumulation of Aβ42 in AD brain 

has been detected more than 20 years before clinical diagnosis [43].  

1.2.2.1 Aβ degradation/clearance pathways 

Several pathways related to Aβ degradation have been shown [44]. After Aβ is generated, 

there are four pathways of degradation. Some Aβ is degraded in endosomes by proteases 

such as endothelin-converting enzyme, while the rest of the Aβ is transported to the lysosome 

or Golgi apparatus. Aβ in the lysosome can be degraded directly, whereas the Aβ that is 

transported to the Golgi apparatus is partly released into the ubiquitin-proteasome system 

for degradation. Aβ can also be released to the extracellular compartment. Aβ can partially 

be degraded at the cell surface through some enzymatic pathways, for instance Neprilysin. If 

Aβ is not degraded through these 4 pathways mentioned above, the remaining Aβ will be 

released into the CSF or cross the BBB and eventually reach into the blood. It accumulates 

and aggregates to form Aβ plaques in the brain. It has been shown that the metabolism of Aβ 

is obviously impaired in AD patients [45].  

In conclusion, Aβ42 is neurotoxic and plays an important role in AD. Many mechanisms have 

been suggested but the relative contribution of these to AD pathology have not been clarified. 

Exploring the detailed subcellular localization of Aβ42 in neurons is important for 
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understanding the molecular mechanisms behind AD and will be important in novel future 

therapeutic approaches to find a cure or disease-modifying drug for AD. 

1.2.3 APP and Aβ in neurons 

Since Aβ is generated from APP, detailed studies on trafficking and localization of APP, β-

secretase (BACE1), and γ-secretase are very important to find out how and where in the 

neurons Aβ is formed and localized.  It is difficult to visualize the subcellular details about the 

locations of APP and Aβ with traditional light microscopy, including confocal microscopy, 

which is not a sufficient tool to illustrate the colocalization of APP and Aβ with organelles, due 

to limited resolution.  

It has been suggested that the generation and trafficking of Aβ is related to the 

endosomal/lysosomal system. The organelles in the endosomal/lysosomal system include 

early endosome, late endosome, recycling endosome and lysosome. Some studies trying to 

explain the process of APP endocytosis suggest that BACE1 and γ-secretase are first delivered 

to early endosome from the plasma membrane. BACE1 recycles between the plasma 

membrane and early endosome [43]. Das et al. explored the dynamic localization of APP and 

BACE1 in cultured hippocampal neurons with confocal microscopy and found that BACE1 is 

present in recycling endosomes [46]. APP can also be sorted into intraluminal vesicles (ILVs), 

a subunit within multi-vesicular bodies (MVBs), and cleaved to generate Aβ, mainly Aβ40 and 

Aβ42, during the early endosome maturation, others are recycled to Trans-Golgi network 

(TGN) and released from the neurons. Sannerud et al. [26] found that γ-secretase is active in 

late endosomes. Furthermore, Edgar et al. [47] found that the intracellular Aβ level increased 

by blocking APP sorting to MVBs. These studies suggest that Aβ is produced in MVBs and 

aggregate to form oligomeric Aβ in ILVs [48]. Sinha et al. showed that exosomes in AD 

patient´s brain sections are enriched with oligomeric Aβ. Inhibitors of exosome formation and 

secretion can also inhibit the spread of oligomeric Aβ from cell to cell in cultured SH-SY5Y cells 

[49]. Some evidence support that Aβ is transported and present in the Clathrin-mediated 

endocytosis (CME) system. The clathrin coated vesicles (CCVs) are involved in two pathways 

in the cell: from the plasma membrane to early endosome, and from TGN to late endosomes. 

Nordstedt et al. found that FL-APP is enriched in purified CCVs from PC12 cells [50].  

Also, autophagy has been suggested to be related to Aβ production and release by influencing 

the intracellular Aβ generation, trafficking, and secretion. Nilsson et al. [35] used a neuron-

specific autophagy-deficient AD mouse model to investigate the role of autophagy in AD 
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pathology. They found that the autophagy deficiency increased the accumulation of 

intracellular Aβ and decreased the level of Aβ plaques by using immunostaining. Interestingly, 

the increased intracellular accumulation of Aβ42 was accompanied by cognitive decline. 

Using the same mouse model, the level of Aβ in MVBs decreased [51].  

Some researchers suggested that neuronal Aβ is produced at the synapse. There are several 

studies showing that APP can be transported along axons to nerve terminals [52] and it has 

also been shown that APP can be transported along dendrites. Furthermore, similar reasoning 

was described by Lundgren and Nigam. They illustrated that β-secretase was found to be 

enriched at the neuronal synapse and can regulate the level of full-length APP in the synapse 

in hippocampal neurons [53, 54]. Interestingly, although γ-secretase is present at both the 

presynaptic and postsynaptic side of the synapse in hippocampal neurons [55], our recent 

study showed that Aβ42 is only present at the presynaptic side. Some of the presynaptic Aβ42 

co-localized with synaptic vesicles and some did not. Some studies suggest that Aβ42 

secretion is independent on synaptic activity related to glutamate release [56], although this 

matter is still debated. 

1.3 Diagnosis of Alzheimer disease  
Diagnosis of AD is typically based on a combination of the clinical picture and biomarkers. The 

pathogenesis of AD is complex, and the preclinical period is long. Thus, the treatments 

available can only decrease the symptoms, but not arrest or cure the disease. Another 

problem is that the clinical diagnosis of AD is not yet perfect. The stages of AD can be divided 

into a preclinical stage and a clinical stage. The preclinical stage of the disease is 

asymptomatic. Subjective cognitive decline (SCD) is first recognized by the patient and may 

lead to AD but could also have other causes. The clinical stage includes Mild cognitive 

impairment (MCI) and AD (mild, moderate, or severe). Around half of the patients with MCI 

develop AD within a three-year period [57]. Based on clinical symptoms and biomarkers, 

patients can be diagnosed with MCI due to AD [58].   

Neurochemical biomarkers can be used to measure alterations in the levels of certain 

molecules in body fluids to indicate for instance the accumulation of Aβ, tau or neuronal injury 

in the brain. Several biomarkers in cerebrospinal fluid (CSF), such as Aβ42, Aβ42/Aβ40 ratio, 

total Tau (T-tau) [59], phosphorylated Tau (P-tau) [60], and neurogranin, have been used for 

AD diagnosis [61]. More recently, several biomarkers in blood, such as Aβ42/Aβ40 and 

APP669-711/ Aβ42 ratio, p-tau (p-tau217 and p-tau181 [62]), or NLF, have been reported as 
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another way to diagnose AD. The advantage [63-65] of using blood samples is that it is more 

convenient to take blood than CSF, both for the patient and for the doctor. Possibilities to use 

diagnostic methods to detect AD before clinical symptoms appear, for instance at the SCD 

stage or even earlier, could be important to predict the process of AD in advance and may be 

beneficial by enabling early treatments, before irreversible damage occurs to the brain. Some 

studies have shown that the people who have lower Aβ42 level CSF are more likely to develop 

AD in the future [66, 67]. This conclusion was supported by clinical studies [68, 69]. 

Aβ42/Aβ40 ratio in CSF was also changed in prodromal AD and is more sensitive than only the 

Aβ42 level in CSF [70, 71].  

Magnetic resonance imaging (MRI) is one of the most commonly used neuroimaging 

techniques in the diagnosis of AD. Hippocampal atrophy was discovered and was shown to 

be related to cognitive deficits in AD patients [72].  

Positron emission tomography (PET) is a useful technique for in vivo imaging and provides 

biological information to understand the pathology in AD brain. PET, an expensive technique, 

has been used for diagnosis in clinic and notably, it works on early diagnosis of AD. Several 

radiotracers targeting Aβ [73, 74], Tau [75, 76], or neuroinflammation [77, 78] were found and 

are used. Recently, a new, sensitive radioligand, di-scFv 3D6-8D3, which can cross the blood-

brain barrier (BBB) has been constructed, which can be used for the future radiotracer studies 

[79]. 

1.4 Clinical trials and treatment 
Several medications are currently used for AD, such as Donepezil, Galantamine, Rivastigmine, 

and Memantine [80]. However, they only relieve the symptoms but do not stop the disease 

progression. There are several compounds in clinical trials, and many of them focus on one 

target in the disease process, for instance Aβ, Tau or BACE1. Up to now, over 100 drugs for 

AD have failed in clinical trials in total [81]. There are many plausible reasons behind the 

failures, such as the use of non-homogenous and poorly defined patient groups in clinical 

trials, clinical trials starting too late, difficulties for the drugs crossing the BBB and poor 

selectivity for soluble Aβ. Starting treatments late during disease progression is probably 

accompanied by several parallel pathologies and, thus, multiple targets, and therefore 

inhibition of only one pathway does not achieve a good effect. In June 2021, U.S. food and 

drug administration (FDA) approved Aducanumab (marketed as Aduhelm) as a drug to treat 

AD [82]. It is the one and only drug approved for AD treatment since 2003. Aduhelm is a high 
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affinity, fully human IgG1 monoclonal antibody targeting the Aβ conformational epitope 

(multimers but not monomers or fibrils) [83]. It selectively binds to amyloid deposits in the 

brains of AD patients and then clears the deposited protein from the brain [84, 85].  

The amyloid cascade hypothesis suggests that Aβ deposition in the brain is a central step in 

AD, and therefore reducing the production and accumulation of Aβ is a potential possibility 

to treat AD [86]. Prior to the approval of Aduhelm, the amyloid cascade hypothesis has been 

known for over 30 years and there have been many trials of amyloid-reducing drugs, but they 

all failed to alleviate symptoms [87]. Due to the failures of those trials, a lot of people started 

to question the reliability of the role of Aβ in AD pathogenesis. It has been suggested that 

failures of previous anti-amyloid treatments are due the trials starting too late during disease 

progression and using nonhomogeneous populations. Also, there are problems with amyloid-

related imaging abnormalities (ARIA) side effects when the plaques are removed and 

important to target specifically only the oligomers [88]. The Aduhelm shows the possibility of 

the treatment for Aβ pathology. However, effectiveness of Aduhelm is to some extent 

controversial. It has been questioned if Aducanumab will be very efficient, and it does give 

side effects. It could be interesting to mention also other antibodies targeting Aβ clearance 

that are or have been in clinical trials [89], such as solanezumab (from Eli Lilly & Co.) and 

lecanemab, also called BAN2401 (from BioArctic). Solanezumab was aimed at mild AD, and 

targets the mid-domain of the Aβ peptide directly. In pre-clinical experiments, Solanezumab 

altered the memory loss in mice. However, the primary outcome was not as they expected in 

clinical trials [90][91], there were no significant changes between placebo and treated groups 

in phase III [92]. Development of Solanezumab and its clinical studies have involved a lot of 

effort from researchers. Although the results were not satisfactory, we can still learn from the 

process. It has been hypothesized that treating patients who have Aβ accumulation, but no 

symptoms may increase the effects. Highly specific and sub-regional counteracting of Aβ 

plaques in AD brain could be another possibility to cure AD. BAN2401 was shown to protect 

neurons in mice in pre-clinical experiments by reducing the accumulation of Aβ protofibrils in 

astrocytes [93]. Instead of Aβ monomeric and fibrillar forms, this antibody has higher affinity 

for Aβ oligomers and protofibrils [94-96]. Data from phase II clinical trial [97] has shown 

significant effects on both clinical and biomarker outcomes. It is now in phase III and the 

whole study will be completed during 2022/2023 [98]. This antibody is a potential drug for 

AD. While Aducanumab mainly removes insoluble Aβ plaques and partially targets Aβ 
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oligomers, BAN2401 targets soluble protofibrils but not Aβ plaques. From this point of view, 

the side effects of BAN2401 may be lower.  

Despite the rapid advances in modern medicine, we still have a long way to go to completely 

cure AD. It is important to know more details about the Aβ producing machinery, including 

where Aβ is produced, which pools of Aβ in neurons that are toxic and where in neurons Aβ42 

aggregates. Eventually, it is possible that a combinatorial treatment, a “cocktail” containing 

several drugs, would lead to more efficient ways to cure AD. 

1.5 Endocytic and exocytic pathway 

Figure 3. Endocytic and exocytic pathways in neurons. 
A) Clathrin-mediated endocytic pathway and autophagy. B) Clathrin-mediated endocytosis 
in the presynapse. Three different pathways from CCV (1-3) are shown.  
Created with BioRender.com 
 
Endocytic and exocytic pathways are complicated, foundational, significant, and mandatory 

pathways in cells for processing, transport, and recycling of substances and support for 

physiological activities. CME and clathrin-independent endocytosis (CIE) are the two major 

pathways included in cell endocytosis. CIE is further divided into pathways for large materials, 

for example, phagocytosis and micropinocytosis [99], and pathways for small materials, such 

as caveolin mediated endocytosis and caveolin independent endocytosis [100]. In our study, 

we focus on the CME, the details are shown in Fig3A: In this pathway, materials are taken up 

by clathrin coated pits (CCP), which is formed from the plasma membrane, which invaginates 
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and gets surrounded by clathrin chains. Upon maturation, CCP forms a closed structure, CCV, 

followed by uncoating of clathrin and fusion with an early endosome. The clathrin coat can 

be recycled and reused for formatting CCP again [101]. The contents in early endosomes can 

then turn into late endosomes and MVB [102], which are a type of late endosomes. The 

contents of MVBs have two pathways: on one hand, they can be fused with lysosomes [103], 

on the other hand, they can fuse with the plasma membrane and then the ILVs in MVB will 

be released into the extracellular space. Once a lysosome fuses with an autophagosome, the 

material inside can be released. The contents in recycling endosome could come from early 

endosome and MVB and start exocytosis processing [104]. Notably, there is a bidirectional 

exchange of contents in TGN and late endosome [105, 106].  

To study the endocytic and exocytic pathways, specific subcellular markers targeting proteins 

on the membrane of representative organelles were used in this project. Clathrin is the major 

protein of the polyhedral coat of CCP and CCV. Many studies have shown that labelling the 

clathrin heavy or light chain makes CCP and CCV structures visible [107, 108]. The size of CCP 

was determined to be around 200 nm in previous super-resolution microscopy studies [109, 

110]. The CCVs differed in soma compared to neurites and synapses in neurons. In soma and 

neurites, CCV are around 90 nm, while they are only around 40 nm in the presynapse [111]. 

Proteins in the Rab family have been shown to play important roles and are highly relevant to 

organelle activities [112, 113]. Rab5 is important for the endosomal system [114]. To label 

early endosomes, some studies use an antibody targeting Rab5 located on the early 

endosomal membrane, while some studies used an antibody targeting EEA1, a protein that 

binds to Rab5. During the early endosome maturation, from early endosomes to late-early 

endosomes /early-late endosomes, EEA1 disconnects from Rab5. However, Rab5 is also 

present in other organelles, such as CCV and synaptic vesicles [115]. Hence, EEA1 is more 

specific for labeling early endosomes. The size of early endosomes varies, normally between 

100-500 nm in diameter [116]. The shape of early endosomes is not always spherical or 

ellipsoidal, but sometimes with tubular extensions. In late endosomes, Rab5 is replaced by 

Rab7 [117]. Rab9 and Rab7 have been used to visualize the late endosomes and/or lysosomes 

[118]. Rab26, which is associated with secretory vesicles, has been included in or study. 

Rab11a was used to localize recycling endosome. Some studies have shown that Rab11 is 

relevant to recycling in the endosomal system [119, 120].  
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The size of MVB is variable with a diameter of approximately 100 to 1000 nm [121]. ILVs are 

released from MVB via exocytosis, after they fuse with the plasma membrane. ILVs are called 

exosomes after release. With electron microscopy, the size of exosomes/ILVs was shown to 

be around 20-150 nm [122, 123]. It has been shown that some molecules are related to 

exosome release [124], such as Rab11 [125]. Reducing Rab11 levels in cells results in 

decreased exosome release [126]. Labeling of ILV/MVB intracellularly is rather difficult, since 

there is no specific antibody for it yet. Flotillin has a role in endosome sorting and recycled 

molecules [127]. Flotillin is located on the plasma membrane, in late endosomes, recycling 

endosomes, MVBs and exosomes [128]. A previous study showed that flotillin regulates 

release of exosomes [129].  

LC3 protein plays an important role in autophagy [130] and as a representative marker on the 

autophagosome membrane was included in many studies related to the role of 

autophagosomes in cell and autophagosome-lysosomal fusion [131, 132].  

TGN has irreplicable functions in cell biology, such as protein synthesis and processing. 

GRASP65 protein [133], is a structural protein of the Golgi apparatus. Previous studies showed 

that labeling GRASP65 protein makes Golgi apparatus visible [134, 135]. 

1.5.1 Synaptic vesicle cycle 

 

Figure 4. Synaptic vesicle cycle. 

1) formation, 2) docking and priming, 3) 
exocytosis, 4) fusion, 5) kiss-and-run, and 6) 
clathrin-mediated endocytosis. 
SV: synaptic vesicle; CCV: clathrin-coated 
vesicle. 
Created with BioRender.com 
 
 
 
 
 
 

The circulation of the synaptic vesicle ensures that the transmission between neurons occurs 

successfully, and thus the information mediated via neurotransmitters can be released in 
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response to neuronal activity. In axonal terminals (presynapse), the process of synaptic vesicle 

cycle (Fig4) includes synaptic vesicle formation, docking, priming, fusion, exocytosis, and 

endocytosis [136]. There are two major pathways in synaptic vesicle endocytosis: 1) kiss-and-

run, which happens quickly and does not need clathrin participation; 2) CME, which is much 

slower [137, 138]. In the “kiss-and-run” pathway, synaptic vesicles do not fully fuse with the 

presynaptic membrane but have a fusion pore to release contents out. After that, synaptic 

vesicles close and run away from the membrane. CME plays an important role for synaptic 

endocytosis [139]. When the synapse is at a low activity level, CME takes a larger proportion 

than other pathways, such as kiss-and-run [137]. In CME (Fig3B), materials in CCV could be 

transferred to three different ways: in the first pathway, materials go to synaptic endosomes 

and is then transferred to synaptic vesicle [140]. In the second pathway, there are materials 

transferring directly from CCV to synaptic vesicles [141, 142]. Both pathways eventually take 

part in the synaptic vesicle release. In the third pathway, cargoes in CCV are directly released 

to the synaptic cleft (Fig3B). The contents in synaptic vesicles could also come from neurites. 

Lots of endocytic proteins are associated with release of synaptic vesicle (synaptic release) 

[143]. The size of synaptic vesicle, which is around 40 nm, was measured with cryo-electron 

tomography [144, 145] or electron microscopy [111]. 

A construction model of synaptic vesicles and the copy number of proteins on synaptic vesicle 

membrane was shown in a previous paper [146]. To visualize the synapse and distinguish the 

pre- and post- synaptic sides, specific markers need to be applied. Presynaptic markers 

synaptophysin and synaptobrevin (VAMP2) were commonly used in previous. Rab3 is 

involved in the Rab family of small G proteins, and located on synaptic vesicles [147], which is 

also considered as a presynaptic marker. 

Post synaptic density protein 95 (PSD95), also called synapse-associate protein 90 (SAP90) 

belongs to membrane-associated guanylate kinase (MAGUK) family. It has been well accepted 

that PSD95 is a classic marker for the post synapse and has been used in many imaging studies 

[13, 55]. Previous studies have shown that only mature spines, but not immature spines or 

filopodia-like structures contain PSD95 [148-150].  

In the current study, we use super-resolution microscopy in order to characterize the 

subcellular details of components along the amyloidogenic machinery in neurons.  
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1.6 Super-resolution microscopy 
Since the Dutch biologist Leeuwenhoek made the first optical microscope in the world and 

used it to observe microorganisms in the 17th century, microscopy has become an essential 

tool in biological research. The development of optical microscopy and fluorescence 

microscopy, allowing the study of specific biomolecules at work in their native environment, 

were instrumental to the advance of cell mechanism investigations. In life sciences, the most 

common microscopy technique is confocal microscopy. The best possible resolution obtained 

by confocal microscopy is 200 nm, which is not enough to explore many small subcellular 

compartments or interactions and localizations of proteins. The invention and development 

of super-resolution fluorescence microscopy has given us a new opportunity to study 

molecular processes with much more details and higher resolution compared with traditional 

light microscopy techniques. Many different types of super-resolution fluorescence 

microscopes have been already used for biology [151, 152], including expansion microscopy 

(ExM), structured-illumination microscopy (SIM) [153, 154], stimulated emission depletion 

(STED) microscopy [155], reversible saturable optical fluorescence transitions microscopy 

(RESOLFT) [155-157], stochastic optical reconstruction microscopy (STORM) [158, 159], 

photoactivated localization microscopy (PALM) [160], and fluorescence photoactivation 

localization microscopy (FPALM) [161, 162]. The development of this field is quick and super-

resolution microscopy has already been used in many research fields. Several studies have 

shown that some of the super-resolution techniques, for instance SIM and low-power STED, 

can also be used for live cell imaging to explore the structure and protein activities in live cells 

or tissue [163-166]. Moreover, real-time RESOLFT microscopy is a rapidly developing method 

used to visualize for instance movements of organelles and actin dynamics in live neurons 

[167]. Scientists have used super-resolution microscopy to identify the size of different 

vesicles in cell [109, 168].  

Regarding super-resolution microscopy, it should be compared with electron microscopy 

(EM). EM does not belong to super-resolution fluorescence microscopy since it uses electrons 

for imaging rather than light waves, and thus can obtain higher resolution, maximum 0.2 nm. 

In addition to biology and medicine, it is also used in industry, computer science, archaeology, 

and many other fields. However, it has some disadvantages: it is currently not possible to 

observe live samples because the sample must be observed in a vacuum with EM. The 

thickness of the sample must be less than 100 nm, which greatly increases the difficulty of 

making the sample. It is difficult to obtain a high density of antibody labelling due to the 
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special labelling process for EM. It is difficult to simultaneously image many different 

components, and, in addition, 3D imaging is difficult to do with EM. 

1.6.1 STochastic Optical Reconstruction Microscopy (STORM) 

Figure 5. Principle of STochastic Optical Reconstruction Microscopy (STORM).  
Adapted from “How to Break the Diffraction Limit with STORM”, by BioRender.com (2021). 
Retrieved from https://app.biorender.com/biorender-templates. 
 

Several studies [169, 170] have described the method for super-resolution florescence 

imaging called STORM. STORM belongs to single-molecule localization microscopy 

techniques. PALM in this family has similar principle with STORM. They allow us to observe 

cellular structures of down to around 20 nm, which is at least 10 times higher resolution than 

what can be obtained using confocal microscopy. STORM imaging is based on high accuracy 

localization of individual fluorophores. The principle of STORM is shown in Fig 5. If proteins 

are too close to each other, the fluorophores used for labeling these proteins cannot be 

resolved by confocal microscopy (Fig5A and B). By applying STORM, a subset of photo-

switchable fluorophores is excited stochastically and can cycle between on and off states 

https://app.biorender.com/biorender-templates
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(Fig5C). By acquiring thousands of images with a fast camera (capable of acquiring at least 

around 100 images per second), individual fluorophores can be resolved, in which the center 

of each fluorophore is precisely pinpointed, and a super-resolved STORM image can be 

reconstructed (Fig5D). Fluorophores that are suitable and commonly used for STORM imaging 

include Alexa Fluor 647, Alexa Fluor 555, Atto 488 and Cy3B [171, 172].  

Single-molecule localization microscopy is definitely a useful tool to reveal the localization of 

proteins, construction of cellular architecture and many other biological questions. Scalettar 

et al. [168] used single-color PALM to conclude that the size of dense-core vesicles in fixed 

and cultured hippocampal neurons is from 56 – 98 nm, but mostly around 77 nm. This 

technique can also be used to image ion channels related to exocytosis, such as Aquaporin-4 

(AQP4), which is expressed in astrocytes, skeletal muscle and epithelial cells [173, 174]. It is 

possible to correlate image from STORM and SIM together and then analyze with ImageJ 

Plugin to minimize the limitations of both techniques [175].  

Over the past years, the use of STORM for live cell imaging has been limited. One of the 

reasons is that during the whole imaging process, the sample is kept in chemical buffer, 

containing a reducing agent and an oxygen-removing system in order to induce 

photoswitching [176], which is toxic and thereby influence cellular activities. However, it is 

becoming increasingly easy to use for live cell imaging, since more cell-friendly mediums and 

fluorophores are constantly being developed, to enable SMLM for live cell imaging. The CCP 

structure has been revealed with both 2D and 3D STORM via either SNAP tag or directly 

labelling in live BS-C-1 cells [109]. Halo tag-based target-specific azido DCDHFs was reported 

to be used in both live and fixed cells for STORM [177].  

STORM certainly has its own limitations: it is time-consuming, and the quality is more 

dependent on the labelling density compared with other fluorescence microscopy techniques 

[178]. If we want to obtain a final 20 nm resolution image, we need to label molecules every 

10 nm or even lower [179-181]. Therefore, the size of the labelling probes, such as antibodies, 

is a problem if we use normal primary and secondary antibodies, resulting in an antibody 

complex, which is over 30 nm. Considering this factor, the directly labelled antibody or 

nanobodies with high labelling density is a better choice. The probes need to be further 

developed to obtain high quality imaging.  
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1.6.2 STimulated Emission Depletion (STED) microscopy  

The principle of the STED microscopy is shown in Fig 6. In STED, a focal laser spot is scanned 

over the sample, and super-resolution is obtained by limiting the area of the spot by using a 

superimposed laser with a donut-shaped beam, which depletes the emission at the outside 

parts of the spot, limiting the recorded emission to the center of the spot (Fig6A). In this way, 

STED microscopy can provide higher resolution than confocal microscopy, and give us more 

information for analyzing (Fig6B) [182]. In 3-dimentional STED (3D-STED), the STED laser 

depletes the emission on x, y, and z-direction (Fig6B). The resolution is higher in z-direction, 

while lower in x, y-plane compared with 2-dementional STED (2D-STED) (Fig6C). Compared 

with single molecule localization microscopy, for instance STORM or PALM, the imaging speed 

of STED microscopy is faster. STED microscopy requires a special depletion laser (STED laser) 

and fluorophores that are bright and photostable (some fluorophores that work for confocal 

can also be used for STED), instead of photo-switchable fluorophores. 

Figure 6. Principle of Stimulated Emission Depletion (STED) microscopy.  
Created with BioRender.com. D is taken from Paper I.  
 

STED microscopy has been used in many research fields [183]. By imaging kidney samples 

from mice and human with STED and combing with quantitative analysis, the mechanism of 

albuminuria in kidney disease, especially related to chronic kidney disease was partly revealed 
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[184]. It was used to illustrate structure details of FtsZ, which is a bacterial cytokinetic protein, 

in different stages of the cell cycle [185]. It has been shown that STED microscopy can be 

combined with other imaging techniques. By combing with ExM, the expansion-STED further 

maximizes the resolution in the x,y-plane, which is ≤ 10 nm [186].   

In addition to fixed cells, STED microscopy is being used also to image live cell with many 

photostable fluorophores that have been developed. Live cell imaging is often researchers’ 

favourite, since it avoids the effect of fixation and permeabilization and can image samples 

in a more nature environment. SiR-actin and SiR-tubulin were shown to be suitable to image 

the cytoskeleton and can see the individual axon rings clearly. The distance between two 

adjacent axon rings was measured, which is approximately 185 nm [187]. The clathrin-

mediated endocytic process in live cells was detected and analysed with STED microscopy 

[110]. It has been shown that the combination of the dye pair ATTO590 and SiR works 

perfectly for multi-channel live cell imaging with STED microscopy to visualize the proteins 

on mitochondria, endoplasmic reticulum, plasma membrane, and also TGN [188].   

Comparing with STORM/PALM, STED microscopy has faster acquisition, and has more 

different types of probes can be used [189]. Images from STED are directly delivered without 

post-processing. It is easier to realize multi-channel staining with STED. However, STED is 

not a perfect technique, it also has limitations: firstly, the high-power STED laser cause a lot 

photobleaching during imaging. Secondly, the labelling density need to be high for samples.  

1.6.3 Interferometric PhotoActivated Localization Microscopy (iPALM) 

iPALM is a method based on PALM, which is a single-molecule localization microscopy 

technique [190] and has similar principle as STORM. iPALM is a multi-phase interferometry 

technique, in which two opposed objectives are used and the light paths from both objectives 

are sent though a three-way beam splitter [191]. This method provides super-resolution in all 

three dimensions [192, 193]. By applying also astigmatic detection and careful calibrations, 

this technique provides two-five-fold higher resolution along the z-axis than most 

commercially available super-resolution microscope systems. iPALM is currently the 

localization-based super-resolution microscope with the most accurate z-resolution but is not 

commercially available. With data from iPALM, we can resolve small vesicles, such as synaptic 

vesicles and clathrin-coated vesicles in different layers and determine the size of shape of 

these vesicles [194]. This method is also a useful tool to determine the conformation of and 

colocalization between proteins or organelles. 
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1.6.4 Super-resolution fluorescence microscopy and neuroscience 

Super-resolution microscopy plays an important role in modern neuroscience research [195]. 

In 2006, it was shown that STED microscopy can resolve the single synaptic vesicle (around 40 

nm) in the axon terminal and that the localization of synaptotagmin I is not changed when 

nerve terminals are activated at different levels (mild and intense) [196]. The structure of 

Bruchpilot, which is the drosophila coiled-coil domain protein, was observed with STED 

microscopy, and the impact of it to presynaptic active zone assembly and synaptic vesicle 

release was revealed [197]. Since then, 15 years have passed, and STED microscopy has been 

used in many studies. Broadhead et al. [198] used STED microscopy to illustrate the PSD95 

nanostructure and its diversity between hippocampal sub-regions.  

Single-molecule localization microscopy (such as STORM and PALM) has been used more and 

more in neuroscience in recent years. By using dSTORM and STED, a previous study showed 

that γ-secretase is located at both sides of the synapse in mouse hippocampal neurons [55]. 

The structure of the tripartite synapse and the association between the astrocyte, dendritic 

spine, and presynaptic neuron/bouton was identified [199]. In 2013, 3D STORM revealed the 

structure of axon formed by actin, adducin, and spectrin (C-terminal and N-terminal) 

following axon and axon’s cross section in cultured neurons. A model of component structure 

of cytoskeleton in axon was also illustrated [200].  

In live neurons, live brain slices and even live animals, super-resolution microscopy can also 

be applied. STED microscopy was used for live neurons to explore the real-time changing of 

dendritic spines in pyramidal neurons [201]. PALM was used to understand the dynamics of 

α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, which is a 

glutamate receptor at the postsynapse, in dendritic spines. By analyzing AMPA receptor 

trajectories, they further pointed out that there are two different types of spines that 

distribute randomly in hippocampal neurons: one has the net direction of draft goes from 

dendrite to spine head, another type has opposite direction [202]. STED was used to follow 

the morphology of neurites (spine density) dynamically in live brain slices [203]. In 2018, by 

combining 3D-STED and labeling extracellular fluid with fluorescence, Tønnesen et al. 

developed super-resolution shadow imaging, which they think is an alternative to electron 

microscopy to study the extracellular space of brain in brain slices [204]. Super-resolution 

imaging in live mouse was also applied recently, by imaging neurons in pyramidal visual cortex 

[205, 206].  
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Overall, super-resolution microscopy is an essential tool to understand neuroscience and 

disease-related mechanisms deeply at a molecular level. More and more imaging techniques 

and probes are developing rapidly. At the same time, we should be aware that it is equally 

important to develop the highly automatic analysis methods and software for processing of 

super-resolution images, which are often very large. 
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2 RESEARCH AIMS 
The overall aim of this thesis was to reveal the subcellular localization of proteins and peptides 

(Aβ42, full-length APP, C- and N-terminal fragments) in the APP amyloidogenic pathway in 

neurons. To succeed in doing so, we used super-resolution microscopy. All studies were 

performed using 21 days primary cultured hippocampal or cortical neurons from either wild 

type (WT) mice or AppNL-F knock-in mice. 

Specific aims for each paper: 

Paper I. Evaluate the need for using super-resolution microscopy to study the subcellular 

localization of Aβ42 in neurons and investigate the localization of intracellular Aβ42 in 

synapses of WT mice in mature primary hippocampal neurons.  

Paper II. To illustrate the subcellular localization of APP, APP-CTFs and Aβ42 along the 

endocytic pathway in WT hippocampal neurons. 

Paper III. To elucidate the effects of the AppNL-F knock-in on the subcellular localization of APP-

CTFs and Aβ42 in mouse primary hippocampal neurons 

Paper IV. To determine the nature of the Aβ42 containing vesicles in neurites and 

presynapses of WT hippocampal neurons by imaging with a method (iPALM) that can resolve 

these small vesicles in three dimensions.   
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3 MATERIALS AND METHODS 

3.1 Mouse models 

3.1.1 Wild type mice 

The WT C57BL/6J pregnant female mice from Preclinical Laboratory Portal (PKL) in Huddinge 

campus and Comparative Medicine Biomedicum (KM-B) in Solna campus were used in whole 

study. 

3.1.2 APP knock-out mice 

To verify the specificity of our “in-house”-made anti-Aβ42 antibody and commercial anti-APP 

CTFs antibody (Y188), we used brain slices from APP knock-out (KO) mice. APP KO mice was 

generated from WT C57BL/6J mice. Even though the weight of APP-deficient mice in all age 

stages is less than WT mice APP-deficient mice, the mice are still alive and started to show the 

symptoms show the impairment of neuronal functions after 14 weeks [207]. No APP and 

proteins related to APP, including APP CTFs and Aβ can be detected in this mice model. However, 

APLP can be observed in this model. And thus, it is a perfect model to us to verify our antibodies. 

The fixed APP KO mice brains were from Gunnar Gouras’ Lab, Lund University.  

3.1.3  AppNL-F knock-in mice 

Figure 7. Cleavage sites in APP and the mutation sites for AppNL-F knock-in mice.  
Created with BioRender.com.  
 

AppNL-F knock-in pregnant female mice from Comparative Medicine Biomedicum (KM-B) in Solna 

campus were used in Paper III. This model was generated from C57BL/6J mice and has mutation 

on both APP KM670/671NL (Swedish mutation) and APP I716F (Iberian mutation) sites on APP 

sequence (Fig7). This model overexpresses Aβ, but not other APP fragments in adult mice brain 
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[208]. AppNL-F mice shows AD pathology and thus has been used as a typical mice model in AD 

related research.  

3.2 Primary cultured hippocampal neurons 
The overall experimental strategy used throughout the thesis is schematically illustrated in Fig8. 

We used 16-17 days mouse embryo brains for culturing of primary neurons. The embryo brains 

were collected and stored in cold (4 ℃) Hibernate-E medium (Gibco) until further dissection. 

These brains were transferred into HBSS buffer (Gibco) for dissection under a transmitted light 

microscope. Hippocampi and cortices were kept in cold HBSS buffer and placed on ice. For 

culturing, hippocampi and cortices were transferred to 15 ml falcon tube and pre-warmed (37 

℃) Neurobasal medium (Gibco), with 2% B72 (Gibco) and 1% L-glutamine (Gibco), was added. 

The tissue was dissociated by pipetting up and down gently approximately 10 times. The number 

of cells were counted automatically, and then seeded in plates/dishes, which were coated by 

poly-D-lysine (Sigma) one day before the plating of the neurons.  

Figure 8. Experimental design strategy for the whole thesis.  
Created with BioRender.com.  
 
For 6-well plates, we seeded 400,000 cortical neurons per well. For glass bottom imaging dishes 

(MatTek), we seeded 7500 hippocampal neurons on the 10 mm diameter coverslip bottomed 

inner well in the center and 150,000 cortical neurons on the plastic around it. It is important to 

avoid the contact between these two types of neurons. Thus, the growth of hippocampal 
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neurons is supported by the nutrition from cortical neurons in this co-culture system, while we 

can perform selective imaging on the hippocampal neurons. After 21 days in vitro (DIV) culturing 

at 37 ℃ and 5% CO2, when hippocampal neurons are mature with extensive synapse formation, 

we fixed the neurons with pre-warmed (37 ℃) 4% formaldehyde (Sigma) in Neurobasal medium 

for 10 min. After fixation and washing, samples can be stored in PBS at 4 ℃. For super-resolution 

microscopy studies, we used the fixed neurons as soon as possible after fixation, stored no 

longer than 10 days.  

3.3 Western blotting 
Both mouse brain homogenate and lysis from cultured cortical neurons were used for western 

blotting (WB). To prepare mouse brain homogenate, the skull of brain was removed followed 

by homogenization in buffer at pH 7.5, containing 20 mM Hepes, 50 mM KCl, 2 mM EGTA and 

complete protease inhibitor cocktail (Roche). Aliquots of the homogenate were stored at -20 ℃ 

for short time and at -80 ℃ for long time storage until further experiments. To prepare lysed 

samples from 21 DIV primary cultured cortical neurons, the neurons were firstly washed by ice-

cold PBS buffer, and then 70 µl ice-cold RIPA lysis buffer was added per well. After centrifugation 

at 120,000 rpm for 15 min at 4 ℃, samples were aliquoted and stored at -20 ℃. The protein 

concentration of samples from the preparation above were determined by Pierce BCA Protein 

Assay Kit (Thermo Scientific). 

Samples prepared by the methods above were diluted by LI-COR WB loading buffer and heated 

at 95 ℃ for 10 min. 4-12% Tris-Bis gel (Invitrogen) was used to separate the sample in MES 

running buffer (Invitrogen). Protein bands in gel were transferred onto nitrocellulose membrane 

(GE Healthcare) with 50 mV voltage for 2h, or 30 mV voltage overnight at 4 ℃, depending on 

the type of target proteins in the experiments. After transferring, the membrane was blocked 

and incubated with primary and secondary antibodies according to LI-COR WB protocol (Table 

1 and 2). The LI-COR detecting system used in this thesis makes it possible to detect two 

channels from different species at the same time. The result can be shown either in colors or in 

black and white. 

3.4 Immunohistochemistry (IHC) 
Fixed mouse adult brains of 18 months old APP KO and WT mice were stored in 30% sucrose 

buffer, from Gunnar Gouras’ Lab, Lund University. For cryosectioning, the brain was covered by 
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optical cutting temperature (OCT, Tissue-Tek) solution and frozen at -20 ℃, followed by cutting 

the brain sections 10 µm thick in the cryostat at -20 ℃. The brain section was transferred to an 

imaging slide. These slides are ready for use or can be stored at -20 ℃ for short term for further 

use. 

The brain tissue slides were permeabilized, blocked and incubated with primary antibodies 

(anti-Aβ42 or Y188 antibody in Table1) and secondary antibody (Abberior STAR 635P in Table2). 

The samples were mounted with mounting medium with DAPI (Sigma) 

Confocal microscopy with Nikon system in Life Cell Imaging (LCI) facility, Karolinska Institutet, 

was used for imaging. 4x objective was used. 

3.5 Immunocytochemistry (ICC)  

3.5.1 Antibodies for Aβ42 and APP 

It has been mentioned in chapter 1.2.1 that Aβ42 is a 42 long amino acids generated from APP 

protein, and thus, to study the activity and location of Aβ42 in neurons, it is very important to 

find an antibody which is specific to Aβ42, and doesn´t react with Aβ40, Aβ43, APP, APP-CTFs or 

APP-NTFs.  

There are many different antibodies that bind to Aβ by different epitopes: Horikoshi et al  used 

ELISAs and western blotting to show that 82E1 can bind to N-terminal side (β-secretase cleavage 

site) of Aβ, which means it can bind to all Aβ1-x peptides and CTFβ, not only Aβ42 [209]. It is 

obvious that other antibodies to Aβ like 6E10, which is directed against Aβ6-10, and 4G8, which 

can bind to Aβ18-22, are not specific for Aβ42 [210].  

Importantly, one in-house antibody was found by immunostaining to be specific for the C-

terminal of Aβ42 [211]. This antibody has been used in our studies (Paper I-IV). We have double 

proved the specificity of this antibody and use the suitable concentration to get appropriate 

immunolabeling signal. Commercial antibodies bind to APP-CTF (Y188) or APP-NTF (22C11) were 

applied (Table1).  

3.5.2 Subcellular markers for organelles 

Subcellular markers targeting different organelles were used in this study (Table1). Anti-clathrin 

heavy chain was used to label CCP and CCV; Anti-EEA1 antibody was used to label early 

endosome; Anti-Rab7 antibody was used to label late endosome; Anti-Rab9 antibody was used 
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to label lysosome; Anti-Rab26 antibody was used to label secretory vesicles; Anti-LC3A antibody 

was used to label autophagosome; Anti-Flotillin1 antibody was used to label MVB/ILV; Anti-

Rab11a antibody was used to label recycling endosome; Anti-TGN46 antibody was used to label 

vesicles trafficking between TGN and plasma membrane; Anti-GRASP65 antibody was used to 

label Golgi apparatus; anti-synaptophysin, synaptobrevin (VAMP2), or Rab3 were used to label 

synaptic vesicle in presynapse; PSD95 was used as a post synaptic marker.  

3.5.3 Sample preparation and imaging with STED microscopy 

Fixed neurons were permeabilized with 0.4% (w/v) CHAPSO (Merck Millipore) for 10 min, and 

then blocked with 10% normal goat serum (NGS) (Invitrogen) for 15 min. Incubation with 

primary antibodies (Table1) in 3% NGS was performed overnight at 4 ℃. The next day, after 

washing with PBS for 3 times, samples were incubated with secondary antibodies for STED 

(Table 2) at room temperature (RT) for 2h. The samples were subsequently washed with PBS 

containing 0.1% Tween 3 x 5 min followed by PBS 3 x 5 min, rinsed with water, followed by post-

fixation for 10 min at RT. The post-fixation solution contains 3% formaldehyde and 0.1% 

glutaraldehyde (Sigma) in PBS. Samples were then washed by PBS and rinsed by distilled water 

and finally mounted with ProLong gold antifade reagent (Invitrogen) for STED imaging.  

STED imaging was performed with LEICA TCS SP8 STED 3X microscopy. During imaging, a 

HCPLAPO100x/1.40 Oil STED WHITE objective was used. Images were typically zoomed 4.5 

times, resulting in a pixel size of 25 nm.  

For 2D STED microscopy, samples were imaged either with two STED channels and one confocal 

channel, or three STED channels, depending on the specific aims.  

Samples imaged with two STED channels were combined with actin staining in confocal channel 

to show the structure of neurons. The proteins of interest were labeled and imaged in STED 

mode, while the actin staining was used to find the region of interest (ROI) when we did 

quantification for the other two STED channels. In this combination, we use secondary 

antibodies labelled with Alexa Fluor 594 and Abberior STAR 635P in the STED channels, and 775 

nm STED laser was used for both channels.  

For samples in which three proteins of interest were labeled and imaged with STED mode for all 

three channels, secondary antibodies labeled with Alexa Fluor 488, Alexa Fluor 594 and Abberior 

STAR 635P were used STED was obtained using lasers at 592 nm and 775 nm.  
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For 3D STED microscopy, samples were imaged with either only two STED channels, or two STED 

channels combined with actin staining in a confocal channel. Alexa Fluor 594 and Abberior STAR 

635P were used for STED channels. In 3D STED, we obtain higher resolution along the z-axis, but 

lower resolution in xy-axis compared with 2D STED, resulting in around 100 nm resolution in all 

three dimensions. 

3.5.4 Sample preparation and imaging with direct STORM (dSTORM) 

Samples were permeabilized, blocked, incubated with antibodies, and postfixed as described in 

3.5. The special secondary antibodies for STORM imaging are listed in Table 2. After washing 

with PBS 3 x 5 min and rinsing with distilled water, samples were stored in PBS buffer until 

imaging.  

Imaging buffer containing an oxygen scavenger system (Gloxy or OxEA) was freshly prepared 

the same day as imaging was performed 

The Gloxy imaging buffer contains: 12.4% (v/v) 1M β-MercaptoEthylamine hydrochloride 

(Sigma) in 360 mM HCl, 85.6% (v/v) 70 mg/ml glucose oxidase (Sigma) in PBS buffer, 1.55% (v/v) 

20 mg/ml Catalase (Sigma) in PBS buffer, and 0.39% (v/v) 10% glucose (Sigma) in PBS buffer. The 

imaging buffer should be mixed directly before using.  

The OxEA imaging buffer contains: 50 mM β-MercaptoEthylamine hydrochloride, 3% (v/v) 

OxyFlour™ (Oxyrase, Sigma), and 20% (v/v) of sodium DL-lactate solution (Sigma) in PBS buffer. 

The pH value of OxEA STORM imaging buffer needs to be adjusted to 8-8.5 with NaOH solution. 

For STORM imaging, the PBS storage buffer is replaced by imaging buffer directly prior to 

imaging. The MEA imaging buffer can be used maximum 1 hours, and the OxEA imaging buffer 

can be used maximum 1.5 hours to make sure that we can obtain high quality images. 

The Elyra PS.1 microscopy with Carl Zeiss microscopy system and a liquid cooled EMCCD camera 

(Andor Technology) was used to perform dSTORM imaging. The objective “Plan-Apochromat 

100×/1.46 Oil DIC” was chosen. 20,000 image frames were acquired for each channel. During 

imaging, the region of interest was cropped twice, resulting in an image size of 12.8 µm × 12.8 

µm and camera pixel size 100 nm. Exposure time of 20 ms and EMCCD gain 100 was applied. A 

TIRF system was used, employing an angle that gives maximum fluorescence intensity, before 

starting the imaging. With this setup, an acquisition experiment for each STORM image takes 

around 20-25 min. 
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3.5.5 Sample preparation and imaging with iPALM  

Hippocampi were dissected from mouse embryo brain (E18) and single neurons triturated as 

described in section 3.5. Neurons were seeded on 25-25 cm coverslips nr 1.5, embedded with 

gold fiducial markers and coated with poly-L-lysine and grown in NbActive4 media (BrainBits®) 

for 14-21 days in vitro. The cells were fixed with 4% formaldehyde in 37 °C Neurobasal medium 

for 10 min, reduced with 0.1% naBH4 for seven minutes at rt, rinsed with PBS and incubated 

with 0.1% glycine in PBS for 30 min prior to permeabilization with 0.1% CHAPSO for 10 min at 

rt and blocking with 2% BSA for 30 min at rt. Primary and secondary antibodies (described in 

Table 1 and 2) were incubated as described in section 3.5, followed by washing for 3x5 min in 

PBST and at least 3x5 min in PBS, postfixed for 7 min at rt in 0.8% PFA, 0.1% GA and rinsed in 

PBS. Samples were sealed between two cover slips in Oxea imaging buffer (described in 

section 3.6). A pre-commercial iPALM instrument at Janelia AIC, Howard, Hughes Medical 

Institute, was used for imaging. The instrument is equipped with two Dual Nikon 60X NA 1.49 

objectives, a three-way beam splitter and three iXon3-DU897E EMCCD cameras (Andor 

Technologies) and has been described previously [212]. Excitation lasers at 561 nm and 640 

nm were used, and a 405 laser was used for photoactivation. Calibration was performed based 

on interferometric waves and 3D astigmatism. Image acquisition was conducted for 50 000 to 

75 000 frames. 

3.5.6 Labeling neurons with live cell markers 

For early endosomes and late endosomes labeling, CellLightTM Early Endosomes-GFP, BacMam 

2.0 (C10586, Invitrogen) and CellLightTM Late Endosomes-RFP, BacMam 2.0 (C10589, Invitrogen) 

were added into the culturing medium at 20 DIV. The final concentration of CellLight reagent is 

5 particles per cell (PPC) for early endosomes and 7.5 PPC for late endosomes. Neurons were 

incubated at 37 ℃ and 5% CO2 for 24 hours. 

For lysosomal labeling, SiR-lysosome (SPIROCHROME) was added into the culturing medium at 

21 DIV. Neurons were treated for 6h with 100 nM final probe concentration in cultured medium. 

After the treatment, neurons were fixed, permeabilized, blocked, and incubated with anti-Aβ42 

antibody and secondary antibody conjugated with Alexa Fluor 647 or Alexa Fluor 555. The 

samples were imaged with a ZEISS confocal microscope. A 60× oil immersion objective was used. 

Early Endosomes-GFP was excited with laser at 488 nm, Late Endosomes-RFP was excited with 

laser at 561 nm and SiR-lysosome was excited with laser at 640 nm.  
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3.6 Data analysis 

3.6.1 Analysis software 

Confocal and 2D STED images were analyzed with ImageJ. 3D STED images were analyzed with 

Huygens Professional software (Scientific Volume Imaging) and Imaris. STORM images were 

analyzed with ImageJ plugin “SMLocalizer”. iPALM images were analyzed with PeakSelector and 

iPALM plotter. Western blotting results were analyzed with Image Studio Lite. All graphs (bar, 

pie, line chart and scatter plot) were made with Prism GraphPad. Figures in all papers were 

arranged with Adobe Illustrator. 

3.6.2 Two-dimensional confocal/STED images analysis 

All images shown in Paper I-III are raw data, except adjusting the brightness of channels with 

ImageJ by “Image-Adjust-Color Balance”. For each comparable group, the imaging and 

brightness settings were the same.  

Region of interest (ROI) was marked by “Freehand selections” or “Elliptical” for selecting 

synapses, “Rectangle” for selecting the zoomed regions, "Selection Brush Tool” for selecting the 

whole neurites and “Straight Line” for analysing the plot intensity.  

For colocalization analysis, individual channels were firstly separated from multi-color images, 

and thresholded as described below. For all threshold approaches, dark background applied. In 

Paper I, Aβ42, synaptophysin or synaptobrevin (VAMP2) channel was thresholded by “Otsu” 

filter. In Paper II, Aβ42 channel was thresholded by “Otsu” filter. APP channel was thresholded 

by “Moments” filter, while other subcellular markers were thresholded by “Triangle” filter. In 

Paper III, the threshold filters are not only same for APP or Aβ42 staining, but also same for WT 

and AppNL-F data to make sure our results are comparable. Aβ42, synaptophysin, or clathrin 

channels were thresholded by “Otsu” filter. APP, TGN46 or EEA1 channel was threshold by 1% 

filter. PSD95 channel was thresholded by 0.3% filter. FLOT-1 channel was threshold by 0.13% 

filter. Rab7 or Rab11a channel was threshold by 0.25% filter. Rab9 channel was threshold by 

“moments” filter. The pixel-based colocalization image was eventually generated with “Process-

Image Calculator” in ImageJ. To set up measurement, “Area Fraction” was chosen, the result 

was obtained with “Analyze-Measure” in ImageJ. Therefore, colocalization ratio can be obtained.  
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For detecting the size, the vesicles were chosen manually or by “Analyze-Analyze Particles”. 

After adding results from above into ROI manager, the measurement “Area” was applied, and 

the diameter of vesicles further calculated and obtained.  

In paper III, Confocal images were used to analyse the level of APP or Aβ42 in soma or in neurites 

in hippocampal neurons. Even though less detailed information is obtained from confocal 

images, the overall view of neurons can be imaged, which is beneficial for the data quantification 

in this for this aim. Phalloidin staining for actin filament (F-actin) was used to draw the cell 

surface of the soma region by “Freehand selections” and selecting the neurites as ROIs by 

"Selection Brush Tool”. The intensity of APP or Aβ42 channel was then measured without 

applying threshold on it. The analysis was further applied in only neurites from STED images: for 

selecting ROIs in dendrites or in neurites without spines (the latter could be axons), different 

size of “Rectangle” ROIs applied: length 4 and width 1 for ROIs in dendrites, and length 2 and 

width 0.5 for ROIs in neurites without spines. The measurement method was the same as 

described above after selecting ROIs. 

3.6.3 Three-dimensional STED images analysis 

3D STED imaging was used for samples imaged with two STED channels. In 2D STED mode, the 

resolution along the z-axis can only reach 500 nm. In contrast, in 3D STED, we can obtain 100 

nm resolution along the z-axis. However, the resolution in x, y-plane is somewhat lower in 3D 

STED (around 100 nm) than in 2D STED imaging 2D STED (Fig 5C).  

In Paper I, videos were generated from the 3D STED data, which were deconvolved, rendered 

and animated. In Paper II, images including 3D information (APP and early endosomes) were 

analysed with “Huygens” software. To show the colocalization structures, the filter “remove all 

vesicles that are non-colocalized” was chosen. With this filter, all staining in either APP or EEA1 

channel that did not colocalize with another channel was removed. 3D video was made with 

Imaris. The video shows raw data from 360° directions, only colour brightness was adjusted. 

3.6.4 dSTORM analysis 

For each STORM image, 20,000 camera frames were acquired. For image analysis, the frames 

between 500 to 20,000 were included for the Aβ42 channel, while the frames between 500 to 

10,000 were included for the synaptophysin channel. The analysis was made with the plugin 
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in ImageJ - “SMLocalizer”. The analysis was performed on the powerful computer in ALM 

facility, SciLifeLab, Stockholm. 

3.6.5 Western blotting analysis 

The LI-COR western blotting system supports the staining together with mouse and rabbit 

antibodies on one membrane. The scanning of the membrane was analyzed with Image Studio 

Lite. For images shown in papers, the contrast and brightness were adjusted. In Paper II, the 

colour of the bands was changed to black from colours. The intensity of the bands of interest 

were selected and automatically measured in the software. The data was collected and 

transferred to Prism to make graph. 

3.6.6 iPALM analysis  

iPALM processing was performed using the 3D PALM analysis software Peak Selector to localize 

data, perform drift correction, and render images. Cluster analysis, size and distance 

measurements were performed using iPALM plotter. 

3.7 Statistics 
The analysis data from images was transferred to Prism GraphPad for statistic and making graph 

or plot. Unpaired t-test was performed for comparable groups to show statistic significant. In 

Paper I and II, data was shown in Mean±SD. In Paper III, data was shown in Mean±SEM. 

3.8 Ethical aspects 
Overall, we cultured primary neurons from mice embryos, prepared the mouse brain 

homogenate and brain slices with adult mice brain. Those processes are handled according to 

the Karolinska Institutet’s guidelines and the national guidelines. No other 

treatments/experiments on live mice were performed in this thesis.    
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Antibody Catalog No. & company Dilution Usage 

Y188 ab32136; abcam 1:50/1:1000 STED/WB/IHC 

Aβ42 In-house  1:200/1:1000 STED/STORM/iPALM/

WB/IHC 

4G8 BioLegend 1:1000 WB 

6E10 803001; BioLegend 1:1000 WB 

β-tubulin ab6046; abcam 1:500 WB 

Synaptophysin SP15; EnzoLife Sciences 1:500 STED/STORM/iPALM 

PSD95 ab2723; abcam 1:200 STED/STORM 

VAMP2 104203; Synaptic Systems 1:500 STED 

22C11 3043557; MERCK 1:250 STED 

Clathrin heavy chain ab2731; abcam 1:100 STED/iPALM 

EEA1 237105; synaptic systems 1:500 STED 

Rab7 ab50533; abcam 1:500 STED 

Rab9 ab2810; abcam 1:200 STED 

Rab3 107011; synaptic systems 1:50 STED 

Rab26 269011; synaptic systems 1:50 STED 

LC3A 3233-100; BioVision 1:200 STED 

Flotillin1 610820; BD Biosciences 1:100 STED 

Rab11a MA5-37686; Invitrogen 1:25 STED 

TGN46 MA3-063; Invitrogen 1:100 STED 

GRASP65 OTI5G8; NOVUS 1:100 STED 

PSD95 124308; synaptic systems 1:300 STED 

Table 1. Primary antibodies in this thesis. 
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Fluorophore Catalog number & 

company 

Dilution Usage 

 

Atto 488 

Home conjugated (ATTO-

TEC; A16019; Life 

Technologies) 

 

1:200 

 

STORM 

Fab Alexa Fluor 647 

Anti-mouse – Cy3B 

Invitrogen 

In-house 

1:200 

1:100 

STORM/iPALM 

iPALM 

Abberior STAR 635P 2-0012-007-2; Abberior 1:200/1:1000 2D/3D-STED/IHC 

Alexa Flour 594 2110496; Invitrogen 1:200 2D/3D-STED 

Alexa Flour 594 2079357; Invitrogen 1:200 2D/3D-STED 

Fab TRITC A24523; Invitrogen 1:200 3D-STED 

Alexa Fluor 488 861163; Invitrogen 1:200 3D-STED 

Alexa Fluor 488 

Phalloidin 
2129460; Invitrogen 1:100 Confocal 

Alexa Flour 555 Invitrogen 1:200 Confocal 

IRDye 800CW LI-COR 1:15000 WB 

IRDye 680RD LI-COR 1:15000 WB 

Table 2. Secondary antibodies in this thesis 
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4 RESULTS AND DISCUSSION 

High quality specific antibodies are indispensable for reliable microscopic investigations. We 

hereby used an anti-Aβ42(C-terminal) antibody produced by a colleague [211], which is 

specific to Aβ42, and does not cross-react with Aβ40, FL-APP, APP-CTFs or APLP. The 

specificity of this antibody was verified in both Paper I and II. In Paper I, we analyzed purified 

Aβ42 and mouse brain homogenate samples with WB by comparing labeling with the 4G8 

antibody, which binds to amino acids 17-24 of Aβ, to the anti-Aβ42(CT) antibody. The results 

clearly demonstrate the specificity of the anti-Aβ42(CT) antibody.  In Paper II, we further 

verified the specificity with brain tissue slides from APP KO mice. We also verified the 

specificity of the commercial APP-CT antibody (Y188) with APP KO mice, confirming that Y188 

is specific for the C-terminus of AβPP, including FL-APP and APP-CTF, and does not no cross 

react with APLP.  

We tested the secondary antibodies used in this thesis with the different super-resolution 

microscopy techniques and have shown that there is no interfering nonspecific binding nor 

crosstalk between the microscopy channels with the settings used.   

4.1 Paper I. Neuronal Aβ42 is enriched in small vesicles at the presynaptic 
side of synapses 

The following questions were answered in this study: Why is super-resolution microscopy an 

essential tool to learn the precise localization of the proteins of interest in neurons? Is Aβ42 

present in both pre-and post-synaptic side in hippocampal neurons? Is Aβ42 localized in 

synaptic vesicles (synaptic vesicles) and relevant to the activity of synaptic vesicles, for 

instance, neurotransmitter release? Which is the better way to quantify the localization of 

Aβ42 in synapses? What is the best way to select synapses into quantification? By STED 

microscopy, which type of Aβ42 containing vesicles can be observed? And where? 

We proved the necessity of using super-resolution microscopy in this study. Confocal 

microscopy has been accepted and well used in biology research for years. The resolution of 

normal confocal microscopy is up to 200-250 nm, with special detector, ex, Airyscan, the 

resolution will approach 100-150 nm. This means that the confocal microscopy cannot 

distinguish two fluorophores with a distance lower than 200 nm between them. Therefore, 

confocal microscopy cannot resolve neither the synaptic vesicles, which have a diameter of 

approximately 40 nm, nor the synaptic cleft, which is around 20-25 nm. The limitation is fatal 
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for our study since with confocal microscopy, even if Aβ42 is only present at one side of 

synapses, it looks as if it is colocalized with both synaptophysin and PSD95 due to the poor 

resolution. To avoid this, we used super-resolution microscopy: STED and STORM. We 

showed that with STED microscopy, the presynaptic and postsynaptic side can be perfectly 

separated. The synaptic cleft can be clearly separated in 2D images when the pre- and 

postsynaptic sides are separated in the x, y plane. Thus, using STED microscopy, we were able 

to obtain new insights regarding the subcellular localization of Aβ42 in neurons containing 

vesicles are observed. 

We used two STED channels to image Aβ42 and synaptophysin as a presynaptic marker or 

PSD95 as a postsynaptic marker. Phalloidin staining for F-actin was included for all samples 

and imaged in a third channel with confocal setup. The dendritic spines are bright and easily 

distinguished from the phalloidin staining. To obtain convincing conclusions, we quantified 

the staining intensities of synapses for which the dendritic spines and axonal boutons were 

separated side-by-side in the x, y-plane. We found that Aβ42 is enriched at the presynaptic 

side of synapses, both when they are connected to thin spines, mushroom spines, and stubby 

spines.  Aβ42 was also observed in “free” boutons, that is, immature presynapse that have 

not yet connected to dendritic spines. Quantification data from 73 synapses, which were 

selected in an unbiased manner with the Aβ42 channel turned off during the selection, 

showed that 97 (± 2.5%) contain Aβ42 in the presynaptic side, while only 5.2 (± 4.5%) of the 

synapses contained Aβ42 at the postsynaptic side. Considering the overlap along the z-axis 

caused by low resolution, the percentage of Aβ42 that are in postsynaptic side would be even 

lower than our quantification results. Our data from 3D STED further support the conclusion 

that Aβ42 is enriched at presynaptic but not in postsynaptic side in parallel. The 3D video 

using 360° rotation, further demonstrates the huge difference between the resolution 

obtained by confocal and STED microscopy in 3 dimensions 

To investigate whether Aβ42 is localized in synaptic vesicles, we analyzed colocalization ratio 

between Aβ42 and synaptophysin, comparing with colocalization ratio between VAMP2 and 

synaptophysin. Both VAMP2 and synaptophysin are well known markers for synaptic vesicles. 

We found that the ratio of Aβ42 and synaptophysin is much lower than for VAMP2 and 

synaptophysin. It may indicate that Aβ42 has a different pool in synapses. This hypothesize is 

in line with the conclusion from previous paper that Aβ release is independent with synaptic 

vesicles activity, such as glutamate release [56]. STORM data from our result also agrees with 
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conclusion above and those finding indicate that Aβ42 is partly located in vesicles do not 

contain synaptophysin. To truly resolve the synaptic vesicles in three dimensions, however, 

even higher resolution than that obtained by STED and STORM microscopy is required (see 

paper IV). 

4.2 Paper II. A super-resolved view of the Alzheimer disease-related 
amyloidogenic pathway in hippocampal neurons 

We were searching for answers to the following questions in this paper: Where are the APP 

amyloidogenic pathway products, Aβ42 and APP-CTF, localized in hippocampal neurons? Do 

APP-CTF and FL-APP localize at both sides of the synapse? If not, at which side are they 

localized? Is it possible to pinpoint the first (β-secretase) cleavage site with microscopy 

techniques? How does APP-CTF sorting occur after the β-secretase cleavage? 

We first studied the subcellular localization of APP in neurons. Interestingly, we found that 

APP-CTF is, just like Aβ42, localized exclusively to the presynaptic side of the synapse. We did 

not observe FL-APP in the presynapse, since there was no staining with an antibody that binds 

to APP-NT (22C11) in this region. Combined with Paper I and a previous study [55], which 

showed that γ-secretase is enriched at the synapse, we conclude that all components required 

for formation of Aβ42 are present in the presynapse, suggesting that this is an important site 

for formation of Aβ42. APP can be endocytosed by clathrin-mediated endocytosis. Both CCP 

(approximately 250 nm) and CCV (approximately 90 nm) were observed with STED 

microscopy. 85% of clathrin was colocalized with APP, and 30% of APP was colocalized with 

clathrin staining. It has been introduced before that the contents in CCV fuse with early 

endosomes along the endocytic pathway. Therefore, we further investigated the presence of 

APP in early endosome. With 2D-STED microscopy, the early endosome structure was clearly 

visualized with an anti-EEA1 antibody. We analyzed many early endosomes and could thus 

conclude from quantitative data that the size of early endosomes in soma of hippocampal 

neurons is 90-240 nm. Using image analysis, we found that 70% of early endosomes contain 

both APP-CT and APP-NT. Interestingly, however, in the majority of EEs, APP-CT and APP-NT 

did not colocalize at the same sub-organellar location of the early endosomes. 17% of the 

early endosomes contained APP-CTF only. We suggest that these data show that the β-

secretase cleavage takes place in early endosomes in soma. We also noticed that early 

endosomes that have high intensity of EEA1 staining also contained higher levels of APP-CTF. 

Due to the interesting findings described above, we further used 3D-STED microscopy to 
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explore the structure of APP-CTF and -NTF in early endosomes. 3D-STED differs from 

reconstructed images from 2D z-stack STED images, the former providing higher resolution 

along the z-axis applying STED laser light both on the x, y and z directions. After image 

processing and analysis, we generated several early endosome structures containing APP-CTF 

and/or -NTF from three directions. From these images, we can see APP-CTF appearing as 

budding vesicles from early endosomes. We suggest that APP-CTF is generated by the β-

secretase in early endosome, and then transferred along neurites towards synapses. This 

conclusion is in line with our finding that APP-CTF, but not full-length APP is present in the 

presynapse. The second cleavage (γ-secretase cleavage) could at least partially occur in 

presynapse, while it is possible that it can also take place in other compartments, such as 

soma.  

Secondly, novel details regarding endogenously produced and exogenously derived, 

endocytosed, Aβ42 in organelles/compartments were revealed. Aβ42 staining showed 

different morphology in soma as compared to neurites/synapse. In contrast to the small 

vesicles in the presynapse, most Aβ42 in the soma was present in larger, ring-like, structures 

that varied in sizes from 100-900 nm (the majority being 200-400 nm or 600-700 nm in 

diameter). Those larger structures with Aβ42 staining at the rim suggest that Aβ42 is enriched 

close to the organellar membrane. We therefore used different subcellular markers to 

characterize which organelles contain Aβ42 and which do not. We found that Aβ42 is not 

present in early endosome, but in late endosomes and lysosomes in soma. By three-color 

STED imaging with staining for Aβ42, early endosomes, and late endosomes, the result is even 

more obvious. In some EEA1 and Rab9 co-stained vesicles, we still did not see any Aβ42. It 

shows that even late-early endosomes (early endosomes that almost turned into late 

endosomes, but still are at an early endosome stage) do not contain Aβ42. The labelling 

density of markers for early endosomes, late endosomes, and lysosomes was low. Therefore, 

we additionally used live cell markers for early endosomes, late endosomes, and lysosomes 

(binding to the same proteins on organellar membrane as the antibodies used for ICC) to stain 

live neurons. Data from live cell markers with high density staining confirmed our conclusion 

that Aβ42 is not present in early endosomes, but in late endosomes and lysosomes in soma. 

Notably, this is in contrast to the presence of APP-CTF in early endosomes but not in late 

endosomes or lysosomes in soma. Thus, altogether, we conclude that the first (β-secretase 

cleavage) and second (γ-secretase cleavage) reactions are separated in different subcellular 

locations in primary hippocampal neurons.  
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In neurites and synapses, the localization of Aβ42 was different as compared to soma. We 

found that Aβ42 is colocalized with clathrin, early endosomes, late endosomes, lysosomes, 

and ILV markers in neurites. In synapses, we found that Aβ42 is colocalized with clathrin and 

synaptic vesicle markers only, but not with other markers. Interestingly, in some presynapse, 

Aβ42 is highly colocalized with clathrin, while the colocalization is low in some other 

presynapse, which indicate the different mechanism of synaptic endocytosis. We supposed 

that it may influenced by the synapse activity, such as synapse in rest or action.  

4.3 Paper III. Subcellular and secretory effects of the AppNL-F knock-in in 
mouse neurons 

The AppNL-F mouse model is a single APP knock-in mouse model based on C57BL/6j mice 

(Fig7). It contains a humanized APP sequence with the Swedish and Iberian mutations, and 

therefore, enhanced β-secretase cleavage leads to overexpression of Aβ42, as well as an 

increased Aβ42/ Aβ40 ratio. It has been shown that in this mouse model, Aβ plaques start to 

appear at around nine months of age [208, 213]. The AppNL-F mice adult brain has been widely 

used in the AD research field as a disease model to study the amyloidogenic pathway and 

related mechanisms, such as Aβ42 production and deposition. We knew that in AD brain, the 

accumulation of Aβ42 starts early. And thus, we think it is critical to know if there are any 

alternatives shows early in this model. Here we used primary cultured neurons for this aim. 

Thus, in this study, we asked the following questions: Does the vesicular location of APP/APP-

CTF or Aβ42 differ in primary hippocampal neurons from AppNL-F compared to WT mice? Is the 

distribution of APP/APP-CTF or Aβ42 in soma or neurites altered in primary hippocampal 

neurons from AppNL-F mice? 

We used several subcellular markers, some of which had been used in Paper I and II, including 

anti-clathrin heavy chain, anti-EEA1, Rab7, Rab9, flotillin1 (FLOT-1), synaptophysin, and 

PSD95. We also included two new subcellular markers that we thought would be relevant: 

Anti-TGN46 antibody was used to label vesicles trafficking between the trans-Golgi network 

and the plasma membrane; Anti-Rab11a antibody was used to label recycling endosomes.  

We have showed in Paper II that the vesicular distribution of APP/APP-CTF and Aβ42 is 

different in soma compared to neurites of WT hippocampal neurons. Therefore, in this paper, 

we analyzed the location of APP/APP-CTF or Aβ42 in soma and neurites separately. 2D STED 

microscopy was used for colocalization study. The level of APP/APP-CTF colocalized with 

clathrin was significantly higher in soma of AppNL-F hippocampal neurons, while other 
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subcellular markers, EEA1, Rab7, TGN46, Rab11a, and flotillin1 did not show significant 

changes. Different alterations were observed in neurites, where t more APP/APP-CTF 

colocalized with EEA1 as well as with synaptophysin in AppNL-F compared to WT neurons, while 

no colocalization difference was observed with clathrin, Rab7, TGN46, flotillin1, and PSD95. 

Interestingly, there was no or minor extent of APP/APP-CTF that colocalized with PSD95(less 

than 5%), which indicates that, as for WT, APP/APP-CTF would basically locate at the pre-

synaptic side in hippocampal neuron from AppNL-F mice. The colocalization ratio of Aβ42 and 

clathrin, EEA1, Rab9 and TGN46 was similar in AppNL-F and WT neurons in both soma and 

neurites.  

To illustrate if the APP/APP-CTF levels differ in AppNL-F and WT neurons, we first collected 

neuron lysate from 21DIV cortical neurons and analysed the proteins with western blotting. 

We found that the ratio of mature APP/immature APP was decreased in AppNL-F (mean value 

0.82) compared to WT (mean value 2.5) neurons. The immature APP level was similar in AppNL-

F and WT, but the mature APP was extremely high in APPNL-F, which indicates that APP 

glycosylation, transport or turnover could be influenced in AppNL-F knock-in mice at an early 

stage. In addition, the ratio of APP CTFβ/CTFα increased massively in the AppNL-F sample, in 

agreement with the increase of β-secretase cleavage in the APP amyloidogenic pathway. By 

analysing Y188 staining imaged with STED microscopy, we found that in neurites without 

spines, which we assumed to be axons, APP/APP-CTF level is approximately 4.2 times higher 

in AppNL-F (mean value 13) than in WT (mean value 3.1) neurons. It indicates that the APP 

trafficking would be influenced in AppNL-F knock-in mice neuron.  

We also explored if the intracellular Aβ42 levels differed in AppNL-F and WT neurons. Large 

fields of view were first used to acquire images of entire neurons by confocal microscopy. 

Aβ42 levels in soma or visible neurites were analysed but no difference was shown. We 

further quantified the images from 2D-STED microscopy and focused on dendrites, axons, and 

synapses. Well-shaped synapses with post-synaptic spines connected to axons that were 

clearly seen were included in synapse quantification. Unfortunately, no difference was shown 

between AppNL-F and WT in any of region of interest mentioned above.  

Overall, we explored if the APP/APP-CTF and Aβ42 level changed early in AppNL-F knock-in 

mice. Our data showed that intracellular Aβ42 level does not show modifications in early 

stage. However, the level and distribution of APP/APP-CTF started to show significant 

difference in primary cultured neuron. More APP/APP-CTF was located in clathrin-coated 
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vesicles in soma, which may supply more APP for further cleavage in the amyloidogenic 

pathway. Decreasing levels of mature APP in AppNL-F knock-in mice could be due to the fact 

that there is an increased turnover due to the enhanced cleavage process and thus less can 

be detected in neuronal lysate with western blotting. In Paper II, we concluded that the APP-

CTF could be transported to the presynapse for γ-secretase cleavage. This is in line with our 

quantification result in this paper that more APP/APP-CTF was colocalized with presynaptic 

marker synaptophysin in AppNL-F knock-in mice.  

4.4 Paper IV. Different pools of Aβ42 vesicles revealed by iPALM-cluster 
analysis 

The discovery in Paper I, further studied in Paper II, that Aβ42 is present in small vesicles in 

the presynapse that partially colocalize with markers for synaptic vesicles and clathrin, 

prompted us to further investigate the nature of these vesicles. Since the synaptic vesicles are 

small, with a diameter of around 40 nm, they cannot be fully resolved even with some super-

resolution microscopy techniques, including STED microscopy, particularly along the z-axis. 

Therefore, we used iPALM, which provides a resolution as good as 10-20 nm in all three 

dimensions. iPALM is not commercially available and requires careful calibration by technical 

experts. Therefore, we performed this project in collaboration with Janelia Advanced Imaging 

Center (AIC) at the Howard Hughes Medical Institute, Ashburn, Virginia, USA. We focused on 

the neurites, including the synapses, and imaged two channels for each acquisition; Aβ42 

combined with the synaptic vesicle protein synaptophysin or Aβ42 combined with clathrin.  

The vesicular pattern of Aβ42 in presynaptic regions observed in Paper I was confirmed here 

with iPALM imaging. Our collaborator at Janelia AIC developed a cluster analysis program, 

called iPALM plotter, to simplify analysis of the vesicles in this project. This program is under 

evaluation and we have an ongoing communication where we report bugs and expresses our 

wishes regarding software features that would be useful and staff at Janelia AIC help us solve 

the problems. Using this software, cluster analysis was used to localize clusters that most 

likely correspond to individual vesicles. This software enables determining the size of the 

vesicles. It also enables determining distances between individual localizations (individual 

molecules) as well as between clusters. Due to the high resolution enabled by iPALM, the 

colocalization between Aβ42 and synaptophysin appeared lower as compared to the previous 

data obtained by STED microscopy in Paper I. Most Aβ42-containing vesicles could be clearly 

separated from the synaptophysin clusters. A small portion showed partial colocalization or 
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complete overlap between the Aβ42- and synaptophysin-containing vesicles. Still, even 

though the extent of colocalization with synaptophysin was lower than previously 

anticipated, the colocalizations observed could be highly physiologically important. The Aβ42-

containing vesicles were more abundant and slightly larger than the synaptophysin- and 

clathrin-containing vesicles. With the settings used, the calculated mean effective diameters 

(assuming spherical shape) were ~45 nm for the Aβ42 clusters, 28 nm for the synaptic vesicles 

and 29 nm for the clathrin-coated vesicles in the presynaptic areas. It is possible that some 

small clusters included in the analysis are not actually part of vesicles, and thus contribute to 

making the estimated effective diameter smaller than the actual size of the vesicles. The 

calculated largest effective diameter was ~164 nm for the Aβ42 clusters, 87 nm for the 

synaptic vesicles and 118 nm for the clathrin-coated vesicles in the presynaptic areas. It 

should be noted, however, that the size of the probes (primary and secondary antibody 

complex) contributes to making the apparent size larger than the actual size.  

Colocalization analysis indicated that the extent of Aβ42 colocalization with clathrin was 

higher than the extent of colocalization with synaptophysin. In addition to the localizations 

fitted into clusters, there were localizations that did not fit into the clusters. The shape of the 

vesicles could be altered by the synaptic activity, i.e., affecting the ratio of vesicles fusing with 

the plasma membrane at the active zone, which may be difficult to fit into vesicular vesicles 

and may need to use a different set of cluster parameters. Thus, it is interesting to note that 

analyzing the colocalization between all localizations rather than only between the clusters 

resulted in a high extent of colocalization, particularly with clathrin but also with 

synaptophysin. 

Since high-resolution 3D information is observed with iPALM, we also looked into Aβ42 

staining in neurites outside the synaptic regions. Aβ42 was present in different types of 

neurites with different levels of Aβ42 content. Remarkably, due to the super-resolution 

obtained also along the z-axis, we discovered that one type of neurites with dense Aβ42 

staining actually contained two different Aβ42 strands in the same neurite, with around 200 

nm distance between them. One of these strands had a high extent of colocalization with 

clathrin while the other one did not. These strands probably represent different transport 

routes with different fates. According to our previous data, we suggest that those neurites 

are axons, where Aβ42 could be transported in two directions. 
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5 CONCLUDING REMARKS 
AD is the most common type of neurodegenerative disease and it affects a huge number of 

people in world. Aβ is pathogenic in AD, and it is produced from APP. There is no globally 

accepted cure for AD. Therefore, it is rather urgent to understand the molecular details 

behind the APP amyloidogenic pathway. Elucidation of pathogenic pathways of full-length 

APP, APP-CTF, and Aβ42 in neurons from both WT and the AppNL-F knock-in mouse model will 

increase our understanding of the molecular mechanisms behind AD, and potentially lead to 

novel strategies for treating the disease, for instance subcellular specific drug delivery.  

The main aim of this study was to reveal the subcellular localization of APP and products 

generated from the APP amyloidogenic pathway. Six major findings based on the entire study 

performed on WT or AppNL-F knock-in mouse primary cultured neuron are listed below.  

 At the synapse of WT hippocampal neurons, Aβ42 is only enriched at presynapse, not 

the postsynapse. Likewise, APP-CTF, but not FL-APP, has the same location as Aβ42 in 

the presynapse.  

 Much of the Aβ42 in the presynapse does not colocalize with synaptic vesicles, when 

super-resolution microscopy with the best possible resolution is used. 

 Suborganellar structure of early endosomes could be resolved by using 3D-STED, 

which enabled us to visualize sorting of β-secretase-cleaved APP-CTFs and NTFs in this 

compartment.   

 Localization of APP as well as  Aβ42 is different in soma and neurites in hippocampal 

neuron.  

 With AppNL-F knock-in, the ratio of mature APP/immature APP is decreased, which 

indicates a possible influence of APP glycosylation in cortical neuron.  

 The changes in level and super-resolved subcellular distribution of APP/APP-CTF in 

AppNL-F knock-in mice neurons is in line with an enhanced amyloidogenic pathway, 

when compared to WT mice. Enhanced APP/APP-CTF in clathrin-coated vesicles in 

soma, enhanced APP/APP-CTF in early endosomes in neurites, and more APP/APP-CTF 

in presynapses can be detected already in 21DIV primary cultured hippocampal 

neurons from AppNL-F knock-in mice.  
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6 FUTURE PERSPECTIVES 
Even though we have answered some questions in this thesis, there are still a lot of details 

regarding the APP amyloidogenic pathway that we would like to explore further. We are 

interested in the following questions and we believe that it will help us further understand 

the molecular details behind the APP amyloidogenic pathway in AD. 

 In previous papers, we demonstrated that APP-CTF, the cleavage enzyme γ-secretase 

and the cleavage product Aβ42 are all present in the presynapse. This indicates that  

the presynapse could be the place where γ-secretase cleavage occurs and Aβ42 is 

produced. The next question the needs to be answered is: In which vesicular 

localization does the cleavage reaction take place?  It will be highly interesting to 

determine with iPALM if APP, γ-secretase and Aβ are present in the same vesicles and, 

if not, how do they distribute in relation to each others?  

 In Paper III, we showed that there was no difference of intracellular Aβ42 level in 

21DIV primary cultured hippocampal neurons from AppNL-F compared to WT mice. 

Since lots of Aβ42 is secreted, we hypothesize  that the level of secreted Aβ42 is  

increased in this early-stage AD model, which needs to be further proved. 

 In this project, we have shown that Aβ42 is present in different pools in hippocampal 

neurons. We hypothesize that some but not all of these pools contain toxic Aβ42. 

Thus, it will be highly interesting in the future to determine which intracellular Aβ42-

containing compartments contain monomeric, oligomeric and perhaps even fibrillar 

Aβ.  

 The current work has used fixed cells, which makes it easier to obtain very high 

resolution with super-resolution microscopy. With the development of improved 

microscopes and fluorescent probes, we anticipate that we will be able the processing 

and subcellular localization of the APP amyloidogenic pathway at super-resolution in 

live cells. 
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