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dementia cases. AD is characterized by progressive decline in cognitive function, aggregated 3-amyloid (AB) in
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found in plaques of AD-transgenic mouse models. We also show that APP traffics in the same subpopulation
of MVBs as EGFR and is degraded in the lysosome. Depleting cells of ESCRT-components led to reduced
secretion of AB and a marked intracellular accumulation of AR and APP. Hence, we suggest a scenario where
disturbances in the MVB pathway, caused by A, or vice versa, lead to a vicious circle of more A
accumulation and aggregation.

We further investigated the native state of this early AB aggregation in a mouse model of AD showing that
focal B-sheet formation begins already before the onset of plaques. Here, we also confirmed the findings of AR
accumulation leading to disrupted synaptic terminals in AD-transgenic mice brain. Additionally, we present
data supporting the requirement of APP for normal synaptic composition of mature neurons.

Taken together, this work further strengthens the significance of AR accumulation and aggregation in the
endocytic pathway at synapses, as an early event in AD pathogenesis.
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’Truth in science can be defined as the
working hypothesis best suited to open the
way to the next one’

Konrad Lorenz

’Nothing in life is to be feared, it is only to
be understood. Now is the time to
understand more, so that we may fear less.’
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Abstract

Alzheimer’s disease (AD) is a devastating chronic neurodegenerative disease that
accounts for 60-80% of all dementia cases. AD is characterized by progressive
decline in cognitive function, aggregated B-amyloid (AP) in amyloid plaques,
neurofibrillary tangles (NFTs), dystrophic neurites and loss of synapses and
neurons. However, the earliest changes in the pathology of AD occur in the
endocytic pathway with enlarged endosomes and accumulation of multivesicular
bodies (MVBs), lysosomes and autophagic vacuoles. AB accumulates and
aggregates particularly in MVBs in synaptic terminals, with signs of synaptic
pathology. It is also well known that synaptic loss is a better correlate of cognitive
decline than plaques or NFTs.

Hence, the aim of this thesis was to investigate the role of AP in the endocytic
pathway and at synapses in AD. We found that extracellularly applied AB1-42 is
taken up by primary neurons at synapses, and more by excitatory CAMKIla-
positive than inhibitory GAD67-positive ones. However, with no clear preference
to the pre- or the post-synaptic site. AB1-42 uptake led to enlarged diameter of
MVBs and aggregation of AB1-42 in endocytic vesicles. With time, loss of
impermeability appeared in the endocytic pathway with oligomeric or fibrillar
structures extending out extracellularly from late endocytic vesicles. Indicative of a
role in plaque formation, markers of the endosomal sorting complexes required for
transport (ESCRT)-components were found in plaques of AD-transgenic mouse
models. We also show that APP traffics in the same subpopulation of MVBs as
EGFR and is degraded in the lysosome.

Depleting cells of ESCRT-components led to reduced secretion of Af and a marked
intracellular accumulation of A and APP. Hence, we suggest a scenario where
disturbances in the MVB pathway, caused by AP, or vice versa, lead to a vicious
circle of more AP accumulation and aggregation. We further investigated the native
state of this early AP aggregation in a mouse model of AD showing that focal -
sheet formation begins already before the onset of plaques. Here, we also confirmed
the findings of AP accumulation leading to disrupted synaptic terminals in AD-
transgenic mice brain. Additionally, we present data supporting the requirement of
APP for normal synaptic composition of mature neurons.
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Taken together, this work further strengthens the significance of A accumulation
and aggregation in the endocytic pathway at synapses, as an early event in AD
pathogenesis.
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Popularvetenskaplig sammanfattning

Alzheimers sjukdom (AS) &r en kronisk neurodegenerativ sjukdom som leder till en
succesiv forsdmring av minne och kognition. I virlden berdknas 46.8 miljoner
manniskor vara drabbade av demens, i Sverige 170 000 personer, varav 60—-80% av
AS. AS foregés i de flesta fall av en fas som kallas lindrig kognitiv storning, da
rubbningarna &nnu inte ar s allvarliga att personen inte kan leva ett sjilvstindigt
dagligt liv. Trots intensiv forskning finns det &nnu inget likemedel som pa lang sikt
kan bromsa eller stoppa sjukdomsutvecklingen av AS. Studier visar att
fordndringarna i hjdrnan borjar l&ngt innan dess att symptomen &r s allvarliga att
patienten diagnostiseras med AS. Det finns darfor hopp om att tidigare upptickt och
behandling, tillsammans med utveckling av nya ldkemedel, ska kunna bromsa
sjukdomsforloppet i framtiden.

AS karakteriseras bl.a. av forlust av synapser (kopplingar mellan nervceller),
nervcellsddd samt plack i hjarnan. Dessa plack bestar till stor del av ett litet protein,
en peptid, som kallas B-amyloid (AP). AP produceras och utsondras av nervceller
och har en tendens att 14tt klumpa ihop sig, aggregera, och bilda mindre ansamlingar,
oligomerer, som &r toxiska for nervcellerna, samt storre fibrer och slutligen plack.
Tidigt i sjukdomsutvecklingen sker en onormal ansamling av AP i synapserna i
speciella strukturer som kallas multivesikuldra kroppar. Multivesikuldra kroppar &r
en typ av vesiklar i det endosomala systemet, det intrikata transportsystem som
sorterar material fran cellytan till olika platser i cellen for nedbrytning i lysosomer
eller ater till cellytan for ateranvandning eller utsondring genom exocytos.

I denna avhandling visar vi att AP tas upp av odlade nervceller, och ackumuleras
framforallt vid synapser. Manga excitatoriska nervceller hade prominent synaptisk
ackumulering av AP medan de inhibitoriska nervcellerna inte hade upptag av Ap.
Upptag av AP ledde till forstorade multivesikuldra kroppar och till storningar i det
endosomala systemet. Vi sdg dven att AP aggregerade i vesiklarna och bildade
oligomerer och fibrer, vilket frimjas av det ldga pH-virdet som finns i dessa
strukturer. Nar vi undersokte modifierade moss som anvéinds som modell for AS,
fann vi ESCRT (endosomal sorting complexes required for transport)-
komponenterna Tsgl01 och VPS4 i placken i deras hjarnor. Detta tyder pa att
oligomererna och fibrerna som bildas i det endosomala systemet, kan vara en mgjlig
startpunkt for plackbildningen. Vi har dven experimentellt inducerat storningar i det
endosomala systemet, i ESCRT—komponenterna Hrs, Tsgl01 och VPS4A, {or att i
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sin tur undersdka hur detta paverkar Ap-ansamling i cellen. Vi fann att det ledde till
en markant 6kning av AP inne i cellen, medan utséndringen av AP minskade. Vi s&g
dven O0kad fosforylering av proteinet tau vilket ar ett utméarkande kdnnetecken i AS.
Genom en typ av absorbtionsspektroskopi, FTIR, som tilldter oss att studera
aggregationen i sin naturliga form, kunde vi uppticka aggregation redan innan plack
bildats, i hjarnsnitt fran genetiskt modifierade moss. Dessutom presenterar vi data
som visar pa att proteinet APP (amyloid precursor protein), som kan klyvas till AB,
ar viktigt for normal proteinsammanséttning i synapserna.

Tillsammans visar de arbeten som ingar i denna avhandling att det sker en skadlig
ackumulering och aggregering av AP i det endosomala systemet i synapser, i tidiga
skeden i modeller av AS.
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Introduction

Alzheimer’s disease

The first case of Alzheimer’s disease (AD) was described in 1906 by Alois
Alzheimer, but it took 60 years before AD was recognized as a common cause of
dementia. Since then extensive research has been carried out.

Prevalence

AD is a chronic neurodegenerative disease that accounts for 60-80% of all dementia
cases. The World Alzheimer Report 2015 estimated that 46.8 million people
worldwide were living with dementia (Alzheimer’s Disease International 2015). AD
is characterized by progressive decline in cognitive function. Clinical AD is mostly
preceded by a phase called mild cognitive impairment (MCI) when the individual
experience cognitive changes, but the changes are not severe enough to interfere
with daily life or independent function. However, MCI does not always lead to AD
or other types of dementia (Petersen et al., 2001).

A growing number of studies indicate that age-specific risk of AD and other
dementias in higher-income Western countries may have decreased the past 25
years. The declines have been ascribed to increased levels of education and
improved management of cardiovascular diseases. However, the total number of
cases with AD is expected to increased dramatically as the population grows older.
It is also unclear if this positive trend will continue given world-wide trends of
increased mid-life diabetes and obesity which are potential risk factors for AD
(reviewed in Alzheimer’s Association, 2017).

Treatment

Despite the advances in unravelling the biological underpinnings in AD, to date
there are still no disease-modifying therapies available for the people affected.
Today the only medications that have some impact on the symptoms of patients with
mild to moderate AD are N-methyl-D-aspartate (NMDA) receptor antagonists and
acetylcholinesterase inhibitors. And these effects are both modest and transient. The
pathology of AD appears to develop 10-20 years or more before the clinical signs
of AD, as they are currently defined. Hence by the time the patient receives their
diagnosis there has already been substantial degeneration of synapses and neurons
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as well as inflammatory changes. Advances in the biomarker field and more
sensitive and longitudinal tests for measuring cognitive impairment gives hope that
earlier intervention, together with new therapeutic targets, will be able to delay or
even prevent the disease (Figure 1). Recently, a small Phase 1b clinical trial of a
human IgG1 monoclonal antibody Aducanumab showed some promising results in
slowing cognitive decline and in plaque reduction (Sevigny et al., 2016). The
antibody, which binds plaques and oligomers but not monomers, was derived from
healthy, aged donors who were cognitively normal. The rationale was that these
donors' immune systems had successfully resisted Alzheimer’s disease and that the
operative antibodies could be turned into therapeutics. However, we still await the
results from the Phase 3 clinical trial.

Max & —— CSFAB,,
—— Amyloid PET
— (SFtau
— MRI+ FDG PET y
— Cognitive impairment
2 / /
TE“ /)ementia ’,-"
°
Q /
=) /
o /
2 /&
. /8
y,
A
/
Min »
Ll

Time

Figure 1. A temporal model of AD biomarkers. CSF AB42, cerebrospinal fluid (CSF) levels of
AB42; Amyloid PET, positron-emission tomography (PET) imaging of amyloid deposition in brain;
CSF tau, CSF levels of tau; MRI + FDG PET, magnetic resonance imaging (MRI) of atrophy and
fluorodeoxyglucose (FDG) PET of hypometabolism as markers of neurodegeneration; MCI, mild
cognitive impairment. Cognitive impairment is illustrated as a zone (green) with low-risk and high-
risk borders, illustrating that two patients with the same biomarker profile can have different
cognitive outcomes. Note that increased CSF AB42 abnormality represents a decrease in CSF Ap42
levels. Adapted from Jack et al., 2013, with permission.

Neuropathological alterations

The neuropathological hallmarks of AD consist of aggregation of the B-amyloid
peptide (AB) in amyloid plaques, hyperphosphorylation of the microtubule binding
protein tau in neurofibrillary tangles (NFTs) and dystrophic neurites, as well as
anatomical selective loss of synapses and neurons. These neuropathological changes
are accompanied by astrogliosis and microglial activation (Rogers et al. 1988;
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Beach et al. 1989; Itagaki et al. 1989). There are also distinctive lesions found
mainly in the cell bodies of hippocampal pyramidal neurons, such as Hirano bodies
and granulovacuolar degeneration (GVD) (Ball, 1978; Xu et al., 1992).

Amyloid plaques can be classified as diffuse or dense core plaques based on their
staining with dyes specific for B-sheet confirmation, such as Thioflavin S.
Thioflavin S positive dense core plaques are associated with dystrophic neurites,
synaptic loss and activated astrocytes and microglia (Itagaki et al., 1989; Vehmas et
al., 2003). The origin of dystrophic neurites can be either axonal or dendritic and
show immunoreactivity for both aggregated and phosphorylated tau as well as for
the amyloid precursor protein (APP) (Su et al., 1998). Although plaques are
extracellular aggregates of AP, the first signs of AB accumulation in AD is within
neurons both in human brain (Gouras et al., 2000; D’ Andrea et al., 2001; Cataldo et
al., 2004) and in AD transgenic mouse models (Oakley et al., 2006; Takahashi et
al., 2002; Wirths et al., 2001). AP accumulates and aggregates particularly in
endocytic vesicles in synaptic terminals, also showing signs of pathology
(Takahashi et al., 2002). This suggests that accumulation of intraneuronal AP
peptides is one of the earliest events in AD pathogenesis. Recently, it was shown
that AP oligomers accumulated in synaptosomes (resealed nerve terminals) of
postmortem human subjects with early AD, in the beginning of plaque pathology.
Additionally, AP oligomers in synaptic terminals were elevated in early AD cases
compared with non-demented controls with plaque pathology, indicating an
association of synaptic AP oligomers with dementia (Bilousova et al., 2016).

Synapse loss is a better correlate of cognitive decline than plaques or NFTs
(DeKosky and Scheff, 1990; Terry, 1991). Interestingly, the remaining synapses
have been shown to be enlarged, which is believed to be a compensatory response
(Scheff et al., 1990). Synapse damage is an early feature of the neurodegenerative
process, with subsequent retrograde degeneration of the axons and atrophy of the
dendritic tree and the cell body. However, the anatomical and neurotransmitter
specificity of synaptic damage in AD is not well understood. Studies on post-
mortem brain have shown special loss of basal forebrain cholinergic neurons and
loss of the neurotransmitter acetylcholine (Davies and Maloney, 1976; DeKosky et
al., 2002; Mesulam, 2004; Perry et al., 1981).

Amyloid plaque deposition in the AD brain generally follows a similar pattern
during the progression of the disease. Starting with the neocortex in phase 1,
progressing to allocortical brain regions in phase 2, and continuing with
diencephalic nuclei, the striatum, and the cholinergic nuclei of the basal forebrain
in phase 3. In phase 4 several brainstem nuclei become involved and finally in phase
5 cerebellum also has amyloid plaques (Braak and Braak, 1991; Thal et al., 2002).

When it comes to intraneuronal AP accumulation in human brain, AB42 was seen
especially in layer II neurons of entorhinal cortex (ERC), CA1 pyramidal neurons
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of hippocampus and basal forebrain cholinergic neurons; regions that are known to
be vulnerable in AD. This accumulation increased with age but then decreased with
plaque deposition and severity of dementia (Gouras et al., 2000). A more recent
report described AP42 immunoreactivity in the cholinergic neuronal population of
the basal forebrain, with increased levels of AP oligomers in aged and AD brains
compared to young (Baker-Nigh et al., 2015). In CA1 pyramidal neurons isolated
by laser capture microdissection, the intracellular AB42/AB40 ratio was increased
in late onset AD cases compared to controls suggesting that the intracellular
accumulation of AP42 increases the vulnerability of neurons (Aoki et al., 2008).
Additionally, the concentration of AB42 was much higher in the vulnerable CAl
pyramidal neurons compared to cerebellar Purkinje neurons that are known to be
relatively spared in AD (Hashimoto et al., 2010). Early accumulation of AB42 was
also recently reported in Reelin-positive neurons in ERC layer II (Kobro-Flatmoen
et al., 2016). These glutamatergic Reelin-positive ERC layer Il neurons are destined
for early tangle pathology and neuronal loss in AD (Braak and Braak, 1995; Gomez-
Isla et al., 1996). The initial plaques in the hippocampus develop in their terminal
fields in the outer molecular layer of the dentate, explaining the apparent anatomical
separation between amyloid plaques and tau pathologies.

Risk factors and mutations

The greatest risk factor is age, with only ~5% of all AD cases carrying the rare
mutations in APP, PSEN1 and PSEN2 causing the dominantly inherited forms of
early-onset AD (<65 years). Still, the rare mutations causing early-onset AD give
us very valuable clues on the etiology of the disease. They point at which proteins,
processes and cellular pathways that play important roles in the development of AD.
Most of the more than 200 early-onset AD mutations lead to increased AP42/AB40
ratio. The Swedish mutation in APP increases all species of AP, and several other
early-onset mutations are due to mutations within the A domain that lead to
increased tendency of A to aggregate.

However, twin and family studies indicate that genetic factors play a role in at least
80% of all AD cases (Gatz et al., 2006). The €4 isoform of apolipoprotein E
(ApoE4), which is present in almost 20% of the population, is by far the strongest
risk factor for late-onset AD (>65 years). The risk of developing AD increases
approximately fourfold when inheriting one copy of ApoE4 and by greater than
tenfold for two copies of the €4 allele compared to the €3 allele. ApoE modulates
multiple pathways in AD pathology including production, clearance, aggregation
and toxicity of AP, as well as tauopathy, synaptic plasticity, lipid transport and
neuroinflammation (Holtzman et al., 2012; Huang et al., 2017; Shi et al., 2017; Zhao
et al., 2017). Genome-wide association studies (GWAS), as well as more recently
exome and genome sequencing, have since led to the identification of additional AD
candidate genes for late-onset AD. Although these loci generally have a much

24



weaker effect or are much rarer than ApoE (Lambert et al., 2013; Guierro et al.,
2013; Jonsson et al., 2013) they help outline additional cell biological processes or
pathways that are important in AD pathogenesis. Three main areas have emerged:
the endosomal pathway, the immune system and cholesterol/sterol metabolism
(Jones et al., 2010; Ubelmann et al., 2017).

APP and AB

The 37-44 amino acid long AP is a normal product produced by sequential cleavage
of APP by the B- and y-secretases.

APP

APP is a type-I oriented transmembrane glycoprotein with its amino terminus within
the lumen/extracellular space and its carboxyl terminus within the cytosol (Kang et
al. 1987). APP has two homologs in mammals, the APP-like proteins 1 and 2
(APLP1 and APLP2). Functional redundancy has been described in knockout (KO)
animals pointing at similar functional roles of the homologs, in addition to shared
conserved amino acid sequences and protein subdomains (Wasco et al., 1992, 1993;
Coulson et al., 2000). However, it is only APP that contains the sequence encoding
the AP domain. As a result of alternative splicing, APP exists in different isoforms,
with the APP695 being the isoform predominantly expressed in neurons. The
extracellular domain of APP can self-dimerize and bind to several proteins in the
extracellular matrix (Soba et al., 2005; Deyts et al., 2016; Miiller et al., 2017). The
cytoplasmic domain interacts with cytoskeleton-associated scaffold proteins (van
der Kant and Goldstein, 2015). This suggests a role for APP as an adhesion protein
and APP is concentrated in dynamic parts of the neurons such as dendritic spines
and in the outer leading edge of the growth cone (Sabo et al., 2003; Sosa et al.,
2013). Evidence also supports that APP has trophic properties in neurons and
synapses, particularly for the a-secretase cleaved soluble fragment of APP (sAPPa).
Hence apart from its well-established role in AD pathogenesis, APP also has
important physiological functions during brain development as well as in the mature
brain in regards to neuronal plasticity, memory and neuroprotection (reviewed in
Thinakaran and Koo, 2008; Miiller et al., 2017).

APP processing and Af generation

Like many other type-I transmembrane proteins, APP is transported to the plasma
membrane from the biosynthetic and secretory pathways, where it can be processed
by a-secretases in the non-amyloidogenic pathway (Figure 2 and 3). In the non-
amyloidogenic pathway, a-secretases cleaves APP within the AB domain (Esch et
al., 1990; Sisodia et al., 1990) thereby preventing the formation of AB. The cleavage
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results in the soluble sAPPa and the membrane bound a-C-terminal fragment (o-
CTF). The o-CTF is then subsequently cleaved by y-secretase to release the p3 (3
kDa) peptide into the extracellular milieu and the APP intracellular domain (AICD)
(Gu et al., 2001; Sastre et al., 2001) into the cytosol that has a function in nuclear
signalling. AICD has been reported to regulate the transcription of several genes,
among them APP and enzymes involved in lipid metabolism (von Rotz et al., 2004;
Grimm et al., 2017).
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Figure 2. APP cleavage pathways. APP is processed by two alternative pathways, the non-
amyloidogenic, mainly taking place at the cell surface, and the amyloidogenic, that preferentially
occurs in the endocytic pathway. a-secretase cleaves in the AB-region of APP producing sAPPa and
the 83-amino acid long a-CTF. y-secretase then cleaves a-CTF to produce p3 and AICD. BACE], on
the other hand, cleaves APP to produce sAPPp and the 99-amino acid long B-CTF. B-CTF is further
cleaved by y-secretase into AR and AICD. Adapted from Rajendran and Annaert 2012 with
permission. © 2012 John Wiley & Sons A/S.

Alternatively, APP is rapidly endocytosed in a clathrin-dependent manner into
endosomes where the amyloidogenic cleavage of APP by B-site amyloid precursor
protein cleaving enzyme 1 (BACE1) mainly occurs (Vassar et al., 1999; Zou et al.,
2007; Cirrito et al., 2008; Sannerud et al., 2011; Rajendran and Annaert, 2012). This
results in the soluble B-cleaved fragment (sAPPP) in the endosomal lumen and the
membrane bound B-C-terminal fragment (B-CTF). BACEI! is an aspartyl protease
with a pH optimum of pH 4.5 (Vassar et al., 1999) and is trafficked and recycled
within the endosomal pathway (Udayar et al., 2013) which is consistent with
endosomes being the major site for f-secretase activity. Amyloidogenic processing
appears to be favoured in neurons due to the greater abundance of BACE1 (Gouras
et al., 1998; Vassar et al., 1999), while the anti-amyloidogenic pathway is favoured
in all other cell types. The B-cleavage is the initial and rate-limiting step in the
amyloidogenic pathway (Vassar, 2004), B-CTF is then cleaved by y-secretase within
the transmembrane domain, producing A on the luminal side as well as AICD. The
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v-secretases are a family of intramembrane-cleaving proteases consisting of four
subunits, with the catalytic activity in the presenilin (PSEN)1 or PSEN2 subunits
(De Strooper et al., 1998; Wolfe et al., 1999). y-secretase cleaves B-CTF in a
sequential fashion giving rise to AP peptides of different lengths (Wolfe et al.,
2012). AP40 is the most abundant, while AB42, AB43 and longer AP peptides are
more hydrophobic and prone to aggregate into oligomers and fibrils. AP42 is
believed to be building blocks of the toxic AP oligomers, while AB40 even has been
suggested to be anti-amyloidogenic (Kim et al., 2007).

Neurons are highly polarized cells with axons and dendrites far away from the soma,
performing different functions and therefore having different sets of lipids and
proteins. To make it even more complicated, the dendrites and axons are
compartmentalized into specialised compartments such as the dendritic shaft,
dendritic spines, axonal shaft the axonal presynaptic terminals, etc. Given the
complex morphology of neurons the precise subcellular sites of APP processing are
not well defined. APP is known to be transported down both axons and dendrites
and BACEI1 and y-secretases have been localized to both pre- and post-synaptic
compartments (Koo et al.,, 1990; DeBoer et al.,, 2014; Lundgren et al., 2015;
Schedin-Weiss et al., 2016). Conditional knockout of PSEN1 has been reported to
cause accumulation of B-CTF in pre-synapses in hippocampus CA1 area (Saura et
al., 2005). More recently, PSEN1 and PSEN2 were shown to differ in their
trafficking and relative cleavage of APP in axons and dendrites, with PSEN2 being
exclusively in the somatodendritic compartments, while PSENT1 localized to both
axons and dendrites (Sannerud et al., 2016). Interestingly, they showed that PSEN2
only cleaved APP in the late endosomal/lysosomal compartments generating an
increased intracellular pool of AB42 and increased ratio of AB42/40. Sannerud et al
also discovered that familial early-onset mutations in PSEN2 dramatically increased
intracellular AP42/40 ratios and over all increased intracellular AP levels and
decreased AP in the medium. In addition, they found familial early-onset PSEN1
mutations that phenocopied PSEN2 mutations, shifting PSEN1 localization to late
endosomes/lysosomes and increasing intracellular AB42/40 ratios. Still, many
questions remain unknown regarding APP trafficking and its relative processing in
pre- versus post-synaptic terminals.

Activity dependent APP processing

Both human and animal studies support that A levels and metabolism is regulated
by neuronal activity. Patients with temporal lobe epilepsy develop AB-containing
plaques as early as 30 years of age (Mackenzie and Miller, 1994; Gouras et al.,
1997). The distribution of plaque pathology in the brain resembles the pattern of
metabolic activity in the default network, which has led to the hypothesis that
synaptic activity may drive AP plaque deposition (Buckner et al., 2005). Synaptic
activity stimulates AP generation and secretion in cultures of hippocampal slices or
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primary neurons (Kamenetz et al., 2003) as well as degradation (Tampellini et al.,
2009).
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Figure 3. Model of APP trafficking pathways in APP processing and degradation. The
transmembrane proteins APP (blue with the AB-domain shown in pink), BACE1 (red) and y-
secretase (purple) involved in production of AP, all traffic through the secretory- and the endocytic
pathways. APP is internalized from the plasma membrane by clathrin-mediated endocytosis and
sorted to early endosomes where BACE1 can cleave APP into 3-CTF and sAPPp. B-CTF becomes
substrate for y-secretase to produce AICD and AP in the early endosome/MVB/lysosome-pathway.
AICD can be transported to the nucleus. MVBs can fuse with the plasma membrane to release ILVs
as exosomes. Alternatively, MVBs can be sorted to lysosomes for degradation. Autophagosomes
have also been reported to contribute to AP release and degradation. Raft domains in the membrane
are shown in red. Adapted from Rajendran and Annaert, 2012, with permission. © 2012 John Wiley
& Sons A/S.

AP clearance

While the early-onset familial forms of AD are caused by (a direct or indirect)
increased tendency for AP to aggregate, it has been suggested that the late-onset
forms of AD are due to defective clearance of AB (Selkoe, 2001; Tanzi et al., 2004).
In year 2000, neprilysin was identified as one of the major AB-degrading proteases
(Iwata et al., 2000). Since then the list has grown long and it is known today that A
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can be degraded by many proteases with different characteristics and subcellular
locations. A knockout study of neprilysin, which is normally found in the
extracellular space, ER and Golgi, showed a doubling of steady-state levels of both
AP40 and AB42 (Iwata et al.,, 2001). Knockout of the AP-degrading protease
Cathepsin D, that resides in the endo-lysosomal pathway, showed a tripling of Ap42
but no significant change in AP40, resulting in increased AP42/Ap40 ratio
(Leissring et al., 2009). Insulin degrading enzyme (IDE), another major Ap-
degrading protease, has been reported to localize both in extracellular space,
endoplasmic reticulum (ER), endosomes, lysosomes, mitochondria and the cytosol.
However, IDE is believed to exclusively degrade monomeric AP (reviewed in Saido
and Leissring, 2012; Leissring, 2016). It has been suggested that AP also can be
degraded by the proteasome (Lopez Salon et al., 2003). Given that AP is produced
in luminal compartments in neurons, it is not likely that the proteasome plays a
major physiological role in the degradation of AP. However, loss of
endosomal/lysosomal impermeability has been reported in non-neuronal cells after
incubation with AB1-42 (Yang et al., 1998) suggesting that AR might leak into the
cytoplasm under pathological conditions. There are studies in cultured cells that
suggests that cytosolic AP is particularly cytotoxic. Hence this could be a small but
important pool of A in the pathology of AD (Zhang et al., 2002; Lee et al., 2006).

As mentioned above, AP can be degraded both in extracellular compartments
(interstitial fluid, ISF) as well as in intracellular compartments. Microglia and
astrocytes can internalize extracellular AP and degrade it in the lysosome. Neurons,
on the other hand, can eliminate Af via lysosomal degradation both through uptake
of extracellular AP and directly after production of AP in the endo-lysosomal
pathway. Extracellular A is also cleared from the brain through the blood-brain
barrier into the blood or through ISF bulk flow via perivascular drainage, the
cerebrospinal fluid (CSF) sink or the perivascular glymphatic pathway (reviewed in
Tarasoff-Conway et al. 2015). The meningeal lymphatic vessels, discovered in
2015, might provide another clearance route (Louveau et al., 2015). AP is
continuously generated and degraded, and the concentration of AP within a given
compartment at a given time point is determined jointly by these opposing
processes. As well, AP exists in a dynamic equilibrium being transported between
different compartments. Hence, degradation of AP in one compartment could result
in lowering concentrations of AP in the others.

AP uptake and secretion

A recent paper showed that AP1-40 and AP1-42 were taken up by human
neuroblastoma cells by a constitutive mechanism independent of clathrin and
dynamin, but dependent on actin polymerisation and micropinocytosis.
Interestingly, AB1-42 was shown to be taken up approximately twice as efficiently
as AP1-40 (Wesén et al., 2017). Although it is well established that neuronal activity
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stimulates AP secretion, the identity of the intracellular compartment whereby A
is released into the extracellular milieu still remains elusive. A small portion (<1%)
of AP has been found associated to secreted exosomes, suggesting that AP can be
released into the extracellular space via fusion of multivesicular bodies (MVBs; also
called multivesicular endosomes, MVESs) to the plasma membrane in N2a cells
(Rajendran et al., 2006). It is not unlikely that a larger portion of AP was released
from the lumen of the MVB when fusing to the plasma membrane, but that only a
small fraction of the hydrophobic AP was attached to the intraluminal vesicles
(ILVs) after ultracentrifugation (Figure 3). Other papers have suggested autophagy-
dependent AP secretion, with impairment in autophagosome clearance resulting in
reduced AP secretion and accumulation of intracellular AP and autophagosomes
(Nilsson et al., 2013). It is interesting to note that secretion of AP is impaired with
time in culture in AD-transgenic but not in wild-type neurons. Additionally, the
ability of synaptic activity to elevate secreted AP and reduce intraneuronal AP is
also reduced in AD-transgenic neurons with time in culture (Tampellini et al., 2011),
suggesting impaired ability of familial AD-transgenic neurons to efficiently
modulate levels of secreted and intraneuronal Ap.

AP at synapses

As described, synapse loss is an early feature of AD and a better correlate of
cognitive decline than other neuropathological markers. Synaptotoxic effects have
been described with soluble AP oligomers prepared from multiple sources (Shankar
etal. 2008). AP oligomers impair excitatory synaptic transmission, inhibit long-term
potentiation (LTP), induce loss of dendritic spines, and impair rodent spatial
memory (Selkoe, 2002; Haass and Selkoe, 2007; Crews and Masliah, 2010). It has
been suggested that AP has different effects on the pre- and post-synaptic sides
depending on the concentration (Palop and Mucke, 2010). At physiological
concentrations AP could facilitate pre-synaptic potentiation (Abramov et al., 2009;
Puzzo et al., 2008), while at abnormally high levels AP would lead to post-synaptic
depression and loss of dendritic spines (Walsh et al., 2002; Wang et al., 2000).

AP has been reported to interact with a number of different receptors present at the
synapse, including the cellular prion protein (PrPC) receptor (Laurén et al., 2009),
metabotropic glutamate receptor 5 (Renner et al., 2010), a7 nicotinic acetylcholine
receptor (Wang et al., 2000), NMDA receptors (De Felice et al., 2007) and
glutamate transporters (Li et al., 2009). Some of these putative receptors could
potentially explain the synaptotoxic effects of AP, however considerable
controversy exists.
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It is possible that the specific vulnerability of certain brain areas and neurons in AD
is caused by a preference of AP to bind to and accumulate in specific types of
neurons. For example, it has been shown that synaptosomes prepared from
cerebellar synapses bind less AP oligomers compared to cortical synaptosomes
(Lacor et al., 2007).

Endo-lysosomal pathway dysfunction in Alzheimer’s
disease

Abnormalities in the endosomal-lysosomal pathway, including the autophagic
system, are signature features of AD, preceding AP plaques and NFTs (Peric and
Annaert, 2015). Endo-lysosomal pathway dysfunction and B-amyloidogenesis are
intertwined, given the pivotal roles of endosomes and lysosomes in processing,
trafficking and clearance of APP and its metabolites. There is also increasing
evidence that APP metabolites can have pathogenic effects on this pathway. The
endo-lysosomal pathway is a dynamic system of communicating vesicles, sorting
and trafficking internalized extracellular or membrane-bound material to sites
through-out the cell. Surface receptors important in e.g. neurotransmission and
synaptic plasticity are endocytosed and recycled back to the plasma membrane in
recycling endosomes or degraded in the lysosome. The endosomal-lysosomal
pathway is also vital for cell signalling (Di Fiore and von Zastrow, 2014).
Additionally, the endo-lysosomal compartments undertake exocytosis to repair the
plasma membrane, to communicate between cells or to eliminate unwanted material
(Eitan et al., 2016).

Enlargement of endo-lysosomal compartments

Enlarged Rab5-positive early endosomes and Rab7-positive late endosomes have
been reported before plaques and tangles in AD and the related pathology in Down
syndrome (Cataldo et al., 2000; Cataldo et al., 2008). Additionally, with electron
microscopy (EM), MVBs, lysosomes and autophagic vacuoles were progressively
seen to accumulate in AD (Nixon et al., 2005). It was recently suggested that
enlarged early endosomes and lysosomes were caused by B-CTFs, independent of
AP (Kim et al., 2016; Lauritzen et al., 2016). However, other studies have pointed
at AP also being an important player in the dysfunction of the endo-lysosomal
pathway. In a study with early stage AD cases (Braak stage I-1I) and DS brain, A
immunolabelling colocalized with Rab5-positive early endosomes in pyramidal
neurons. This colabelling was more frequently associated with larger Rab5-positive
compartments compared to smaller ones (Cataldo et al., 2004). In an immuno-EM
study, AB1-42 was found to localize to the limiting membrane of MVBs at synapses,
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where it accumulated during AD pathogenesis and was associated with synaptic
pathology (Langui et al., 2004; Takahashi et al., 2002). A more mechanistic study,
found that epidermal growth factor receptor (EGFR)-sorting via the MVB was
impaired by AP accumulation in cultured AD transgenic neurons. Translocation
onto the ILVs of MVBs appeared to be affected, suggesting AP dependent
dysfunction of the late endosomal sorting complexes required for transport
(ESCRT) pathway in AD (Almeida et al., 2006).

MVBs and the ESCRT machinery

MVBs originate from endosomes that have undergone invagination of their limiting
membrane creating ILVs. The ESCRTs are a set of highly conserved proteins that
can regulate and drive the formation of the ILVs of MVBs (Figure 4). They
assemble into four subcomplexes, ESCRT 0-111, composed of several subunits each,
that sequentially act to deliver ubiquitinated transmembrane proteins to endosomes,
recruit necessary molecules such as phosphatidylinositols and respective kinases,
and promote invagination and cleavage to form the ILVs in the lumen of endosomes
thereby generating MVBs (Babst, 2011). ESCRT-IIl subunits, among them
CHMP2B, are inactive monomers in the cytoplasm (Babst et al., 2002), that
assemble on endosomal membranes in an ordered manner to generate the transient
ESCRT-II complex. CHMP2B recruits the vacuolar protein sorting-associated
protein 4 (VPS4) AAA-ATPase complex to dissociate the ESCRT-III complex
which is essential for the recycling of the ESCRT machinery (Babst et al., 1998;
Lata et al., 2008; Wollert et al., 2009) and may also be involved in the scission of
the vesicle. The MVBs can then either deliver their cargo to the lysosome for
degradation or release the intraluminal vesicles (then called exosomes) via fusion
with the plasma membrane. It should be noted though, that in mammalian cells
several mechanisms of ILV formation have been identified. It has been suggested
that ESCRT-independent (CD63 dependent) ILV formation might work in a
competitive fashion within a single MVB, with upregulation of CD63 dependent
ILV formation with ESCRT depletion (Stuffers et al., 2009; van Niel et al., 2011;
Edgar et al., 2014).
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Figure 4. Schematic representation of the ESCRT machinery. The ESCRT machinery acts in a
sequential manner to deliver ubiquitinated transmembrane proteins to endosomes and promote
invagination and cleavage to form the ILVs in the lumen of endosomes, thereby generating MVBs.
The ESCRT machinery consists of four subcomplexes, ESCRT-0, -I, -II and —III, plus the ATPase
VPS4 that promotes disassembly and recycling of ESCRT-III oligomers. ESCRT-0, -I and —II form
stable hetero-oligomers that recognize ubiquitin and the endosome-enriched phosphatidylinositol 3-
phosphate (PI(3)P) at the endosomal surface. In addition, ESCRT-II initiates the assembly of the
ESCRT-III complex. ESCRT-III does not form a stable complex, but rather assembles transiently
during membrane sculpting and fission events. CHMP2B recruits VPS4 to dissociate the ESCRT-III
complex and may also be involved in the scission of the vesicle. The ESCRT components
investigated in this thesis are highlighted: Hrs, Tsg101, CHMP2B and VPS4. Adapted from Lobert
and Stenmark, 2011.

Genetic links

As mentioned above, GWAS studies have identified novel loci with increased risk
for late-onset AD. These unbiased analyses converge with the pathological
observations of endo-lysosomal abnormalities in early, preclinical stages of the
disease. Variants of endocytic regulators increasing the risk for AD include sortilin-
related receptor 1 (SORL1), phosphatidylinositol-binding clathrin assembly protein
(PICALM), bridging integrator 1 (BIN1), and CD2-associated protein (CD2AP)
(Peric and Annaert, 2015). One report recently showed that Binl promote axonal
AP production in endosomes, while CD2AP, promote AP generation in dendrites
(Ubelmann et al.,, 2017). Knocking down Binl prevents BACEl1 from being
recruited to recycling tubules resulting in its retention in Rab5-positive axonal
endosomes. CD2AP appears to regulate sorting to ILVs as its knockdown traps APP
on the limiting membrane of maturing endosomes and prevents it from being
degraded in the lysosome. The net result for both risk factors would be APP and
BACEI1 co-residing for an extended period. This would increase amyloidogenic
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processing, suggesting that AP generation mainly occurs at the limiting endosomal
membrane. Interference with APP ubiquitination (Williamson et al., 2017) as well
as deficiencies in ESCRT functions via different mechanisms such as decreased
levels of phosphatidylinositol 3-phosphate (PI3P) (Morel el at., 2013), via effects of
AP (Almeida et al., 2006) or by direct interference of ESCRT components could all
prolong the residence time of APP on the limiting membrane of endosomes/MVBs.
Additionally, ESCRT dysfunction would interfere with degradation of membrane
bound molecules, including APP and lipids, in the lysosome.

The ESCRT-III protein CHMP2B is genetically linked to frontotemporal dementia
(FTD), which is the second most common cause of presenile dementia (Skibinski et
al., 2005). A copy number variation of CHMP2B has also been reported in a family
with early onset AD (Hooli et al., 2014) and immunoreactivity for CHMP2B is
known to be increased in GVD in hippocampus in AD (Yamazaki et al., 2010).
Additionally, GWAS for late onset AD identified an association with VPS4B (Jones
et al., 2010). Interestingly, specific reductions in the lipid PI3P, that regulates
endosomal signalling and binds to the ESCRT-0 protein Hrs, has been found in both
brains of AD patients as well as AD mouse models (Chan et al., 2012).

Together this suggests that the ESCRT pathway may be vulnerable in the
pathogenesis in AD and can affect degradation of Ap and APP. Clarifying the
endosomal trafficking route of APP and AP is essential in understanding the
pathophysiology of AD and why promising new drugs have been unsuccessful.
Furthermore, the recognition of the endosome/MVB as a crucial decision point in
the amyloidogenic pathway opens the door for discovery of much needed novel
therapeutic targets.
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Aims of the thesis

The overall aim of this thesis was to investigate the role of Ap in the endocytic
pathway and at synapses in Alzheimer’s disease.

More specifically, the aims were as follows:

Paper 1

The aim was to investigate the anatomic and synaptic selectivity of APP processing
and AP accumulation in primary neurons. This was pursued to better define the
subcellular site of A within neurons as well as the selective vulnerability of certain
neurons in AD.

Paper 11

APP has been localized to MVBs where sorting of APP onto intraluminal vesicles
ILVs could potentially either promote amyloidogenic processing, or reduce AP
production or accumulation by sorting APP and processing products to lysosomes
for degradation. Paper Il aimed to inhibit the ILV sorting machinery and analyse the
effects on AP levels.

Paper 111

In this paper, we set out to test whether AP causes the abnormal endosomal
phenotype seen in AD. Could AP act via dysfunction of the ESCRT pathway? And
does late ESCRT dysfunction recapitulate AD related cellular phenotypes such as
AP accumulation?

Paper IV

The aim of this paper was to analyse the early changes in A structure in brains of
AD transgenic mouse models. This was done by using non-destructive techniques
of synchrotron-based two-dimensional Fourier transform infrared micro-
spectroscopy imaging (LFTIR) and blue native polyacrylamide gel electrophoresis
(BN-PAGE).

Paper V

The aim of paper V was to investigate the effect of APP and its proteolytic cleavage
products on normal synaptic composition.
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Methodological considerations

A brief overview of the methods will be given in this section, in particular the
methods I have utilized myself. For more detailed descriptions, please see the papers
included in the thesis.

Animals

Animals were kept under a 12 h light/dark cycle with ad libitum access to food and
water. Procedures were approved and performed according to the guidelines of the
ethical committee for use of laboratory animals at Lund University (paper [-V) and
Cornell University (paper V).

Cell culture

Cell lines

Mouse N2a neuroblastoma cells were used in several experiments as they have
higher transfection efficiency compared to primary mouse neurons. The N2a cells
used were stably transfected with the human APP (paper II), the 670/671 Swedish
mutation human APP (paper III) (Thinakaran et al., 1996) or wild-type a-synuclein
with HA-Tag (paper III). In paper 11, human H4 neuroglioma cells stably expressing
human APP (ATCC) was used in the initial part of the paper as this cell line was
available in the lab performing that set of experiments. When changing between cell
lines or between cell lines and primary mouse neurons, bridging experiments were
performed.

Primary neurons

Primary neuronal cultures were prepared from cortices including hippocampi of
embryonic day 15-17 mice embryos. Briefly, dissected cortices were incubated with
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0.25% trypsin for 15 minutes, washed with Hanks Buffer Solution and triturated in
10% fetal bovine serum (FBS) media with glass pipettes until neurons were
dissociated. Neurons to be analysed by immunofluorescent microscopy were plated
on poly-D-lysine-treated (Sigma) coverslips (Bellco glass) in 10% FBS media for 5
h and then changed into serum-free Neurobasal media with B27 supplement
(Invitrogen) and 2 mM L-glutamine. Neurons to be analysed by Western blot were
plated directly in serum-free Neurobasal media with B27 supplement and 2 mM L-
glutamine on poly-D-lysine-treated 100 mm or 60 mm plastic petri dishes
(Corning). The neurons were analysed at 12-19 days in vitro (DIV). Primary
neuronal cultures in papers [-IV  were generated from B6.Cg-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax mice (APP/PS1) AD transgenic (MMRRC)
and wild-type C57Bl1/6J (Charles River/Janvier Labs) mouse embryos. In paper V,
C57Bl/6J (Jackson Labs/Charles River) and APP knockout (APP KO) mice
(Jackson Labs) (Zheng et al. 1995) mouse embryos were used.

Production of plasmids and transfection

Paper II: Mammalian AllStar negative siRNA, human Hrs or Tsg101 siRNA (Razi
and Futter, 2006), murine Hrs ON-TARGETplus SMARTpool siRNA or murine
Tsgl01 ON-TARGETplus SMARTpool siRNA sequences (Qiagen).

Paper III: p3xFLAG-CMV-10-hVPS4A-wt and p3xFLAG-CMV-10-hVPS4A-dn
E228Q were generated as described (Hasegawa et al., 2011). The control plasmids
p3xFLAG-CMV-7-BAP Control Plasmid was purchased from Sigma-Aldrich and
pcDNA3-CMV-GFP from Addgene. In order to change the strong CMV promoter
into a weaker promoter more tolerable to primary neurons, the “wtVPS4” sequence
in p3XxFLAG-CMV-10-hVPS4A-wt and the “dnVPS4A” sequence in pcDNA3-
synapsin-FLAG-wtVPS4A were amplified by PCR using primers from Eurofin. The
sequences were then inserted into pcDNA3-synapsin-FLAG to create p3xFLAG-
CMV-10-hVPS4A-wt and p3xFLAG-CMV-10-hVPS4A-dn respectively.

Production of viral vectors and transduction

Viral vectors used in paper V with short hairpin RNA (shRNA) targeting mouse
APP (Young-Pearse et al., 2007) were created by restriction digestion and ligation
into a modified pENTR plasmid (Campeau et al., 2009). Gateway recombination
was used to transfer the shRNA and scrambled control RNA into a pLenti (Campeau
et al., 2009) acceptor plasmid. Lentiviral vectors were prepared by a viral vector
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core facility, Lund University. Primary mouse neurons were transduced with
lentiviral vectors containing either shRNA targeting APP or scrambled control at
multiplicity of infection (MOI) of 5 at 10 DIV and either fixed for fluorescence
microscopy or harvested for WB analysis at 14 DIV.

Western blot

Western blot analysis was performed to analyse changes in relative protein content
or protein structure of cells or brain. The advantage of using Western blot compared
to ELISA and similar techniques, is the ability to analyse several APP cleavage
products of different sizes from the same sample (such as APP, CTFs, and AP), as
well as being able to assess their aggregation state.

Cell medium was collected and centrifuged to remove cell debris. To concentrate
proteins in low concentration in the medium, such as a-synuclein, total protein was
extracted using a trichloroacetic acid (TCA)/acetone precipitation protocol.

Cells were washed twice and harvested in ice cold phosphate-buffered saline (PBS)
by scraping and pelleted by centrifugation. Lysates were loaded in equal protein
concentration according to total protein content with BCA assay (ThermoFisher
Scientific) and/or, in the case of lysates with sodium dodecyl sulfate (SDS) and B3-
mercaptoethanol, normalized against B-actin or tubulin. Cell medium was
normalized according to the total protein content/actin/tubulin of its corresponding
lysate.

Samples were subjected to electrophoresis and transferred to polyvinylidine
difluoride membranes (Invitrogen). Membranes were blocked in phosphate buffered
saline (PBS) containing 0.1% Tween-20 (PBST) and 5% milk, and incubated in
primary antibodies listed in Table 1 overnight and then with HRP-conjugated
secondary antibodies for 1 h diluted in PBST and 5% milk. The immunoreaction
was visualized by a chemiluminescence system (Pierce or BioRad).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

For the detection of A3 cell pellets were lysed with 6% SDS containing 10 pl/ml p-
mercaptoethanol, sonicated, and then heated at 95 °C for 6 min. After centrifugation,
supernatants and medium were mixed with loading buffer, heated at 95 °C for 5 min
and loaded into 10-20% Tricine gels (Invitrogen). For visualization of Af,
membranes were boiled in PBS for 5 min prior to blocking.
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For lysis with a milder detergent, cells were lysed in RIPA buffer (Thermo Fisher
Scientific) with protease inhibitor and phosphatase inhibitor (Thermo Fisher
Scientific). Lysates, with NuPAGE LDS sample buffer and NuPAGE reducing
agent, were loaded on NuPAGE 4-12% BisTris gels and run with NuPAGE MES
SDS buffer (Invitrogen).

Blue native polyacrylamide gel electrophoresis (BN-PAGE)

For native conditions, cell pellets were lysed on ice in NativePAGE sample buffer
(1X, Life Technologies) containing 1% digitonin (Life Technologies) and Halt
proteinase inhibitor cocktail (1X, Thermo Scientific) by pipetting up and down and
incubating on ice for 15 min. Lysates were centrifuged at 20000 x g for 30 min at 4
°C. Equal amounts of protein were loaded on a 3-12% NativePAGE Novex Bis-Tris
gel (Life Technologies).

Immunofluorescence

Brain

Mice were anesthetized and fixed by transcardial perfusion with PBS followed by
4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4) at RT. After dissection, brains
were postfixed by immersion in 4% PFA in 0.1M PBS (pH 7.4) at 4 °C for 2 h or
overnight. After fixation, brains were cut in 40 um thick sections with a Leica SM
2010R sliding microtome. Sections were kept in storage buffer composed of 30%
sucrose and 30% ethylene glycol in PBS at —20 °C until use. Free-floating sections
were blocked for 1 h in RT with normal goat serum (NGS) and triton-X and then
incubated in primary antibodies overnight at 4 °C, see Table 1, followed by
appropriate fluorescent Alexa secondary antibodies for 1 h at RT. Sections were
mounted in SlowFade Gold antifade reagent (Invitrogen).

Cells

With the drawback of cultured neurons not being in their natural environment and
context, using cultured cells for immunofluorescent analysis has several advantages.
First of all, the cells can easily be manipulated and accessed for more complex
experimental setups. Secondly, the complete neuron can easily be visualized to
analyse both synapses, processes and soma. Cells were grown on coverslips and
fixed in 4% PFA in PBS with 0.12 M sucrose for 20 min, permeabilized and blocked
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in PBS containing 2% NGS, 1% bovine serum albumin, and 0.1% saponin at room
temperature for 1 h, and then immunolabelled with primary antibodies (see Table 1)
in 2% NGS in PBS overnight at 4°C followed by appropriate fluorescent Alexa
secondary antibodies for 1 h at RT. Coverslips were mounted in SlowFade Gold
antifade reagent (Invitrogen).

Confocal microscopy
Immunofluorescence was examined by confocal laser scanning microscopy (Leica
TCS SP8, Leica TCS SP2 or Zeiss LSM 510). Channels were imaged sequentially

to avoid bleed-through. Images were taken with Leica Confocal Software or Zeiss
ZEN software.
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List of antibodies

Tabel 1. List of primary antibodies used in this thesis.

Antibody Target epitope

369 Human/mouse full
length APP, o/B-
CTFs, APP C-
terminus

6E10 Human AB, full length
APP, sAPPa, B-CTF,
a.a. 3-8 of AB

12F4 Human/mouse ABx-
42, C-terminus
specific

22C11 Human APP, N-
terminus, a.a. 66-81
of APP

82E1 Human AB1-x, N-
terminus specific, a.a.
1-4 of AB

AmyloidB

(1-42)

Amyloid Human/mouse ABx-
42, C-terminus

(1-42) specific

B-actin

CAMKIlla

Cathepsin D

CD63

CHMP2B

Cholera toxin Binds to ganglioside

Subunit B, GM1

Alexa-488

Clavestin-1+2

DAPI

Drebrin

FLAG DYKDDDDK
Flotillin-1

G2-10 AB40

GADG67

42

Host

Rabbit

Mouse

Mouse

Mouse

Mouse

Rabbit

Rabbit

Mouse

Mouse

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Rat

Mouse

Mouse

Mouse

Dilution
WB

1:1000

1:1000

1:1000

1:1000

1:2000

1:1000

1:1000

1:1000

Dilution
IF

1:500

1:500

1:250

1:200

1:250

1:1000

1:500

1:250

1:1000

1:250

1:1500

1:1000

1:1000

1:400

1:1000

Source

Buxbaum et al.,
1990

BioLegend

BioLegend

BioLegend

IBL International

IBL International

Invitrogen

Sigma
Millipore
Upstate

ThermoFisher
Scientific

Abcam
Molecular
Probes

Bioss

Sigma

Abcam
Biolegend

BD Biosciences
Millipore

Millipore

Catalog
number

Previously
Covance SIG-
39320
Previously
Covance SIG-
39142

ab348

10323

18582

700254

A 5316

05-532

MA1-19281

ab33174

C-34775

bs-6569R-
ABG4T7

D9542

ab11068
637302
610821
MABN11

MAB5406



Tabel 1 Cont. List of primary antibodies used in this thesis.

Antibody Target epitope

GM130

GSK3B

pGSKa/B

HA-Tag

Hrs and Hrs-2

LAMP1

LAMP1

LC3p

MAP2

MAP2

MBC A 42 Human/mouse ABx-
42, C-terminus
specific

Myc tag

NR1

oC Amyloid fibrillar
oligomers/ fibrils

P2:1 Human APP, N-
terminus, a.a. 104-
118 of APP

Phospho-tau

pSer396

PSD-95

Rab7

Synapsin |

Somatostatin
Synaptophysin
Tau-1

TGN46
Tsg101

VPS4

Host

Mouse

Rabbit

Rabbit

Rabbit

Mouse

Rabbit
Rat

Rabbit

Mouse
Chicken

Mouse

Rabbit
Mouse

Rabbit

Mouse

Rabbit

Mouse
Mouse
Rabbit
Rat

Mouse
Mouse
Sheep
Mouse

Mouse

Dilution
WB

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

Abbreviations: WB, Western blot; IF, immunoflourescence.

Dilution
IF

1:500

1:400

1:100

1:1000

1:1500

1:1000

1:1500

1:1000

1:500

1:200

1:500

1:500

1:200

1:1000

1:500

1:250

1:100

Source

BD Biosciences

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Enzo

Abcam
Abcam

Cell Signaling
Technology

Sigma

Abcam

Kindly provided
by Dr. Haruyasu
Yamaguchi
Abcam

Upstate

Merck Millipore

ThermoFisher
Scientific

ThermoFisher

Millipore
Abcam

Sigma
Millipore

Merck Millipore
Chemicon

AbD Serotec
Genetex

SantaCruz

Catalog
number

610822

12456

93318

3724
ALX-804-382-
C050
ab24170

ab25245

2775

M4403

Ab5392

ab9106
05-432

AB2286

OMA1-03132

44-752G

MAB1596
ab50533
$193
MAB354
MAB5258
MAB3420
APH
GTX70255

sc-133122
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Electron microscopy

In paper I paraffin embedded brain sections (10 pm) of PS1cKO; APP Tg mice were
deparaffinised and alcohol-dehydrated. Free-floating sections were incubated with
369 antibody (APP C-terminal epitope) by the immune-gold silver procedure with
goat anti-rabbit IgG conjugated to 1 nm gold particles (Amersham Biosciences,
Arlington, IL) in 1.01% gelatin and 0.08% bovine serum albumin in PBS.
Transmission electron microscopy was performed on a Philips CM10 electron
microscope. Immunogold electron microscopic analysis was performed as
previously described (Takahashi et al., 2002).

For paper II PFA-fixed, 50-um vibratome sections of hippocampus 10-month-old
Tg2576 mice and wild-type littermates were dissected and embedded in 12%
gelatin. Sections were immunogold labelled (Slot et al., 1991) and visualized with
a JEOL1010 transmission electron microscope with a Gatan digital camera and
Digital Micrograph software.

For the electron microscopy of cells in paper 111, primary neurons were grown on
Thermanox coverslips (Nalgene, Nunc) and fixed with 2% PFA, 2.5%
glutaraldehyde in 0.1M cacodylate. Cells were then secondarily fixed with 1%
osmium tetroxide followed by incubation with 1% tannic acid to enhance contrast.
Cells were dehydrated using increasing percentages of ethanol before being
embedded in Epoxy resin (Agar scientific, UK) stubs. Coverslips were cured
overnight at 65°C. Ultrathin sections were cut using a diamond knife mounted to a
Reichert ultracut S ultramicrotome and sections were collected onto copper grids.
Grids were post-stained with drops of lead citrate. Sections were viewed on a FEI
Tecnai transmission electron microscope (Eindhoven, The Netherlands) at a
working voltage of 80kV. Bovine serum albumin (BSA)-gold was prepared as
previously described (Slot et al., 1991). For quantification of MVB diameter, MVBs
were defined as organelles containing intraluminal vesicles and monomeric rather
than flocculated BSA-gold.

Exosome 1solation

To examine changes in exosomal secretion with expression of dnVPS4A exosomes
were purified from cell culture medium by differential ultracentrifugation (Théry et
al., 2006). Briefly, Swe N2a cells were cultured and transfected for 48 h in exosome-
free medium with either dnVPS4A, wtVPS4A or ctrGFP. Collected medium was
depleted of cells and cellular debris by sequential low speed centrifugation.
Exosomes were isolated by centrifugation of the collected supernatant at 100,000 %
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g at 4°C for 70 min. The resultant pellet was washed in PBS and centrifuged for 70
min at 100,000 x g at 4°C.

Image analysis and quantification

Imaris software (Bitplane) was used to analyse colocalization between two
fluorescently labelled proteins imaged on cells or tissue by confocal microscopy at
a single z-plane. The colocalization channel displays the intensity of colocalized
voxels as the square root of the product of the intensities of the original channels,
hence the brightest pixels in the colocalization channel represent the pixels with the
highest colocalization. Quantification of colocalization was done with automatic
thresholding, based on point spread function width, and reported as percentage of
colocalized material above threshold. Pearson’s correlation coefficient (PCC)
values range from 1 for two images whose fluorescence intensities are perfectly
linearly related, to -1 for two images whose fluorescence intensities are perfectly,
but inversely, related to one another. Values near zero reflect distributions that are
uncorrelated with one another. Manders’ colocalization coefficients (MCC) is the
fraction of the total probe fluorescence of one protein that colocalizes with the
fluorescence of a second protein. MCC strictly measures co-occurrence independent
of signal proportionality. Colocalization can also be visualised as a scatter plot.
Under conditions of proportional codistribution, the points of the scatter plot cluster
around a straight line. However, lack of colocalization is reflected by distribution of
points onto two separate groups, each showing varying levels of one probe with
little or no signal from the other probe.

In Paper I, Image J was used for analysis of localization of y-secretase cleaved APP
(detected by antibody 369). Thresholds were set by automatic thresholding by
default on confocal images in the MAP2 or tau-1 channel. The mean intensity of the
369 channel was subsequently measured in the pixels that were above threshold in
the MAP2 or tau-1 channel, respectively. In paper Il images were analysed using
Methamorph Image Analysis or Velocity software. In paper Il and 1V, two-
dimensional images from confocal microscopy were quantified and reconstructed
into 3D volumetric data sets. LAMP1-positive vesicles in pyramidal neurons were
quantified by measuring the diameter of the five largest LAMP1-positive vesicles
per cell, imaged by confocal microscopy in z-stacks. In paper V, quantifications of
fluorescence intensities and puncta densities were performed using the integrated
morphometric analysis feature in Metamorph. Images were thresholded to quantify
only puncta with intensities (2x) brighter than the neuritic shafts. Analysis of spine
density and length were performed blinded manually using ImageJ. Western blots
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were quantified using Image Lab Software (Bio-Rad Laboratories) or, for paper IV,
Image J.

Statistical analysis

Statistical analyses were performed using GraphPad Prism. Statistical comparisons
were made using two-tailed unpaired t-tests for comparisons between two groups,
and one-way Anova when comparing multiple groups.
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Results

Below follows a brief description of the main results found in the five papers
included in this thesis. For more detail, see the full papers at the end of the thesis.

Heterogeneous association of A3 and APP with
synapses (Paper I)

Amyloid deposition in the AD brain during the progression of the disease generally
follows a similar pattern (Braak et al., 1991; Thal et al., 2002). It is possible that the
specific vulnerability of certain brain areas and neurons in the AD brain are
attributed to a preference of AP to accumulate in and/or bind to specific types of
neurons. In this paper we set out to investigate the anatomic and synaptic selectivity
of APP processing and A accumulation in primary neurons.

We found that AB does not bind to and accumulate equally in all neurons in culture.
Exogenously added synthetic AB1-42 bound to excitatory CAMKIla-positive
neurons but not to inhibitory GADG67-positive primary neurons (Figure 5).
However, neurons are vastly heterogeneous in their properties. In line with this, not
all CAMKIla-positive neurons had strong AB1-42 labelling and not all AB1-42-
positive neurons co-labelled with CAMKIIa.
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Figure 5. Accumulation of exogenously added Ap1-42 for 30 min is more pronounced in
excitatory CamKII-positive compared to inhibitory GAD67-positive neurons. (A) AB1-42
accumulation in some but not all, and not exclusively in, neurons labelled with CamKIIo. Higher
magnification images (right) with Ap1-42 in CamKIlIa-positive synaptic terminals. (B) Ap1-42 was
not seen accumulating in any GAD67-positive neurons. Higher magnification images (right) showing
no colocalization of AB1-42 in GAD67-positive synaptic terminals. Modified from Paper 1.

To test whether AB1-42 has a preference to the pre- or post-synaptic side, neurons
were labelled with two sets of pre- and post-synaptic markers, respectively:
synapsin I and PSD-95 (Figure 6A) or synaptophysin and drebrin (Figure 6B). The
intensity and prevalence of a specific marker at the synaptic site can potentially
influence the colocalization analysis, and therefore two different sets of markers
were used. Quantification of colocalization revealed that there was no significant
difference in the percentage of material above threshold colocalized with AB1-42
between these pre- and post-synaptic markers (Figure 6C).

As well as being endocytosed from the extracellular compartment, Af is also
produced within neurons after y-secretase cleavage of B-CTFs. Here we showed by
immuno-gold EM that B-CTF accumulated mainly in post-synaptic compartments
in the CA3 region of hippocampus in PS1 cKO; APP Tg mice lacking y-secretase
cleavage (Figure 7A). A previous report focusing on CA1 hippocampus described
pre-synaptic accumulation in the same mouse model (Saura et al., 2005). Hence, [3-
CTF accumulation due to lack of PS1 activity can occur both at the pre- and post-
synaptic sites. To further explore this selective accumulation of B-CTF, we used
immunofluorescent labelling of APP/PS1 cortical primary neurons treated with the
y-secretase inhibitor DAPT. After 2h with DAPT there was a marked increase of -
CTFs in pre-synaptic compartments of treated compared to untreated neurons
(223% of untreated control). After 17h of DAPT treatment, f-CTFs were further
increased in pre-synaptic compartments (324% of untreated control) and was now
also evident in post-synaptic compartments (202% of untreated control) (Figure 7
B-C). To sum up, B-CTF-accumulation after y-secretase inhibition, occurs in general
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earlier and/or to a larger extent in pre-synaptic compartments compared to post-
synaptic compartments in cortical primary neurons. However, there are anatomical
differences in the pre- versus post-synaptic build-up of B-CTF in the brain.
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Figure 6. AP binds and accumulates at both pre- and post-synaptic sites. (A-B) Double-labelling
of primary neurons treated with 0.5 uM of fluorescently tagged Ap1-42 for 30 min, with two
different sets of pre-synaptic and post- synaptic markers, synapsin I and PSD-95 (A) and
synaptophysin and drebrin (B). In the colocalization channel (right panel) the amount of
colocalization is represented as the brighter the pixels, the higher the colocalization at that particular
pixel. (C) Quantification of colocalization showed no significant difference in the percentage of

colocalization above threshold between AB555 and pre- or post-synaptic markers. Modified from
Paper 1.
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Figure 7. y-secretase inhibition leads to earlier f-CTF accumulation at pre-synaptic compared
to post-synaptic sites. (A) In the CA3 region of hippocampus B-CTFs were mainly accumulating in
post-synaptic compartments in PS1 cKO; APP Tg mice. Arrowheads denote post-synaptic densities.
Scale bars 500 nm. (B) Immunofluorescent labelling of APP/PS1 primary cortical neurons treated
with y-secretase inhibitor DAPT. Scale bars 50 um. (C) Quantification of B. The intensity of
antibody 369 labelling in post-synaptic compared to pre-synaptic compartments with DAPT-
treatment indicated a relatively greater increase in pre-synapses, which was also evident earlier (at
2h). Values are percentage of respective untreated control. *p<0.05, ***p<0.001, ****p<0.0001
From Paper 1.
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ESCRTs regulate APP sorting in MVBs and intracellular
AP accumulation (Paper II)

We knew from previous work in the lab that AB predominantly is found at the
limiting membrane of MVBs in human cortical AD brain (Takahashi et al., 2002),
and particularly at synapses. We also knew that AB42 traffics in the same MVBs as
EGFR (Almeida et al., 2006).

To further explore the trafficking of APP in the endocytic pathway, we investigated
H4 neuroglioma cells stably expressing human APP (H4-APP) by immunoelectron
microscopy with antibody 6E10. We found the majority of APP/B-CTF/AP in Golgi
and MVBs. On the MVBs most of the labelling was on ILVs but some was on the
limiting membrane. The labelling was confined to a subset (39%) of MVBs, while
a second population of MVBs was 6E10-negative. Lysosomes were not stained.
Also, 6E10 and AB40-specific antibodies localized to the ILVs of a subset of MVBs
in the Tg2576 mice. It is known that EGFR traffics in a subpopulation of MVBs
destined for the lysosome (White et al., 2006). We found that APP is trafficked in
the same population of MVBs that deliver EGFR to the lysosome for degradation.
APP is trafficked to the lysosome but is rapidly degraded and is only detectable
there following inhibition of lysosomal degradation by leupeptin.

Depletion by siRNA of the ESCRT-0 component Hrs, caused APP to redistribute
from ILVs to the limiting membrane of enlarged endosomes. Immunofluorescence
analysis showed that the 6E10-positive punctaec were clearly enlarged in Hrs-
depleted cells and sometimes 6E10-positive ‘rings’ could be observed. Some Hrs-
depleted MVBs contained a population of unusually small [LVs.

In order to determine whether depleting the early ESCRT components Hrs or
Tsgl01 affected delivery of APP to lysosomes, we analysed the colocalization of
APP with LAMP1 with immunofluorescent labelling. We found that with leupeptin
treatment, colocalization between LAMP1 and APP decreased in Hrs or Tsgl01
depleted cells compared to control cells. This indicates that early ESCRT
components Hrs and Tsgl101 are needed in the process of delivering APP in MVBs
to lysosomes for degradation.

To investigate the effect of Hrs and TsglOl depletion on AP secretion and
accumulation, we used a mouse neuroblastoma cell line overexpressing human APP
(N2a APP) that produce higher levels of AP compared to H4-APP. Depletion of Hrs
or Tsgl01 (Figure 8A) led to a marked reduction in secreted AB40 levels in cell
medium by ELISA and Western blot. Cell lysates showed an increase in APP levels
upon Hrs or TsglO1 depletion, consistent with reduced delivery of APP to the
lysosome. Although a-CTF and B-CTF levels were unchanged by Hrs or Tsgl01
depletion, the intracellular levels of AR were increased following Hrs depletion
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(Figure 8B-E). Thus, in conclusion, the early ESCRT machinery has a dual role in
limiting intracellular AP accumulation through targeting of APP and processing
products to the lysosome for degradation, and promoting AP secretion.
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Figure 8. Reduced AP secretion after depletion of Hrs or Tsg101 and increased intracellular
APP and Ap after Hrs depletion. (A) Representative blots of cell lysates of N2a-APP cells depleted
of Hrs (siHrs) or Tsgl01 (siTsg101). (B) Hrs or Tsg101 depletion led to reduced A secretion. (C)
Cell lysates displayed increased AP and APP levels after Hrs depletion. (D) Quantification of B. (E-
F) Quantification of C. * p <0.05, *** p < 0.005. Modified from Paper II.
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AP accumulation causes MVB enlargement (Paper I1I)

Among the earliest pathological features in AD, preceding AP plaques and NFTs,
are abnormalities in the endocytic pathway. These include enlarged early and late
endosomes (Cataldo et al., 2000, 2008) as well as accumulation of MVBs,
lysosomes and autophagosomes (Nixon et al., 2005). In paper III we set out to test
what causes the abnormal endosomal phenotype seen in AD.

We found that increased levels of AP can lead to the enlarged endosomal phenotype
seen in AD. MVB size was compared between wild-type and APP/PS1 transgenic
primary mouse neurons as well as wild-type neurons treated with human synthetic
AP1-40 or AB1-42 for 48 h (Figure 9A-D). The cells were fed with BSA-gold to
delineate endocytic compartments and MVBs were defined as organelles containing
intraluminal vesicles and monomeric BSA-gold. We also detected leakage of the
endo-lysosomal compartments as cytosolic BSA-gold could be seen in the Af1-42
treated cells.

MVB diameter (nm)

APP/PS1

1500 il

1000

WT WT + WT +
AB1-40  AB1-42

m)

MVB diameter {n

Figure 9. AP increases MVB diameter in primary neurons. (A) Electron microscopy revealed that
APP/PS1 AD transgenic compared to wild-type mouse primary neurons have significantly larger
MVBs at 12 DIV. Scale bar 500 nm. (B) Quantification of A showed an increase of 52% in MVB
diameter in Tg compared to wild-type neurons, n > 94 MVBs per group; *** p <0.001. (C)
Exogenously added monomeric AB1-40 or AB1-42 to wild-type primary neurons at 12 DIV led to
increased MVB diameter at 48 h on EM images. MVBs are marked with an asterisk. Scale bar 500
nm. (D) Quantification of C, n >45 MVBs per group; *** p <0.001. Modified from Paper III.

The added synthetic AB1-42 was rapidly taken up by neurons and started to

aggregate within the acidic endocytic compartments in the neuronal processes. After
48 h amyloid fibrils or amyloid oligomers, labelled with OC antibody, were seen in
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the processes extending out from enlarged late endosomes labelled with LAMP1
(Figure 10A). Surface labelling showed that a portion of the amyloid structures now
also could be seen on the extracellular side of the plasma membrane (Figure 10B).
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Figure 10. (A) After 48 h of treatment with AB1-42, OC antibody, labelling amyloid fibrils or
amyloid oligomers, was seen extending out from LAMP1-positive structures in the processes. The
image shows OC with the superimposed colocalizing channel for LAMP1 and OC. Scale bar 20 um.
(B) Weak surface labelling of non-permeabilized neurons shows that OC and 6E10 antibody positive
structures were intracellular after 24 h of treatment with AB1-42 (upper panel). At 48 h extracellular
OC antibody labelling was now more visible consistent with penetration of the plasma membrane by
the elongated OC positive fibrils (middle panel). Strong OC and 6E10 antibody labelling of
permeabilized cells after fixation but before immunolabelling, shows that the majority of added
human AB1-42 (antibody 6E10) and OC antibody positive fibrils and/or fibrillar oligomers are inside
neurons (lower panel). Scale bar 20 um. (C) VPS4 colocalizes with AB42 in amyloid plaques of 19-
month-old APP/PS1 mice. Scale bar 40 pm. Modified from Paper III.

These small seeds could potentially act as the initiation sites for plaques. We found
ESCRT components VPS4 (Figure 10C) and Tsgl01 in plaques of two different
mouse models of AD, partially colocalizing with Ap.

Prior data from the lab suggested that A might impair ESCRT dependent sorting
of EGFR in the MVB pathway (Almeida et al., 2006). Expression of VPS4 mutants
deficient in ATP hydrolysis, such as the dominant negative VPS4 used in this study,
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is known to lead to enlarged vesicles resulting from disrupted recycling of ESCRT-
III components such as CHMP2B (Babst et al., 1998; Bishop et al., 2000; Dores et
al., 2012). CHMP2B is genetically linked to FTD and AD (Skibinski et al., 2005;
Hooli et al., 2014), and interacts directly with and recruits VPS4 that then
disassembles the ESCRT-III complex. We therefore asked ourselves if Ap could act
via the ESCRTSs to cause enlarged MVBs and further intracellular accumulation of
APB. We found increased levels of high molecular weight complexes of CHMP2B
on blue native polyacrylamide gel electrophoresis in APP/PS1 neurons treated with
APB1-42 for 3 h, suggesting that AP might affect ESCRT-III recycling.

In paper II we found that the early ESCRT components Hrs and TsglO1 were
important for the secretion of AP and that Hrs depletion led to intracellular
accumulation of AP. In paper III we instead used the dominant negative form of
VPS4A (dnVPS4A) to model dysfunction of the late ESCRT pathway. Apart from
the mentioned close interaction with CHMP2B, VPS4B itself has been associated
with late-onset AD in a genome-wide association study (Jones et al., 2010).
DnVPS4A reduced AP secretion into the medium by 87% and caused a marked
increase of intracellular AR by 424% in Swe N2a cells. Amyloid fibrils/oligomers
and AP42 labelling were visible in association with enlarged endocytic vesicles in
dnVPS4A positive Swe N2a cells. We also confirmed the intracellular accumulation
of AB42 in neurons by constructing a dnVPS4A plasmid with a synapsin promoter
suitable for the more sensitive primary neurons. However, as neurons have very low
transfection efficiency, the succeeding WB experiments were conducted in N2a
cells.

In accordance with the result of ESCRT dependent APP trafficking to the lysosomes
in paper II, we found in paper III that A also traffics to the lysosomes via ESCRT
dependent MVBs. Blocking acidification of lysosomes with the vacuolar H+
ATPase inhibitor Bafilomycin A1 led to the same intracellular Ap accumulation and
decreased secretion as dnVPS4 expression. However, the reduced secretion of AP
with both dnVPS4 and Bafilomycin A1 is not as straightforward to explain with the
current views of secretion routes for AP. One possible scenario could be reduced
fusion of MVBs with the plasma membrane and hence reduced release of exosomes.
To test this, exosomes were purified from conditioned media from dnVPS4
expressing cells. However, the exosomal markers flotillin-1 and CD63 was found
to be increased in exosomal preparations from dnVPS4A expressing cells compared
to controls. A competitive relationship between ESCRT dependent and ESCRT
independent (CD63 dependent) mechanisms of ILV formation has been suggested,
with upregulation of CD63 dependent ILV formation from ESCRT depletion
(Stuffers et al., 2009; van Niel et al., 2011; Edgar et al., 2014). Hence it could be
that ESCRT dependent MVBs, containing APP and A, accumulate in the cell not
being able to fuse with the plasma membrane or the lysosome, while ESCRT
independent MVBs, not trafficking APP and AP, fuse with the plasma membrane
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releasing their exosomes. Alternatively, it has been reported that formation of ILVs
destined for exosomal release is not ESCRT dependent, while ESCRTs were
necessary for ILVs destined for degradation in the lysosome (Trajkovic et al., 2008).
Hence it could be that ESCRT depletion only blocks MVBs destined for the
lysosome. A possible fate of MVBs is fusion with autophagosomes before
degradation in lysosomes (Lamb et al., 2013). Interestingly, a paper also reported
reduced AP secretion and accumulation of intracellular AP with depletion of
autophagy-related gene 7 (Atg7) (Nilsson et al., 2013). We found that autophagic
marker LC3B-II, which correlates with increased numbers of autophagosomes (or
amphisomes) in the cell, and p62, a substrate for degradation by autophagy, were
both increased with expression of dnVPS4A. However, the relationship between
ESCRT-mediated sorting of APP onto ILVs, autophagy and AP secretion requires
further studies.

Interestingly, we also demonstrated that tau phosphorylation at residue S396 was
significantly increased by 56% with dnVPS4A. This could be explained by MVBs
being necessary for the sequestration of glycogen synthase kinase 3 (GSK3) which
phosphorylates tau at serine 396 (S396) (Taelman et al., 2010).

Conformational changes in A and APP before plaques
(Paper IV)

As demonstrated in paper III, MVB dysfunction may lead to intracellular A
accumulation and aggregation in cultured cells. In addition, elevated levels of A3
can aggregate in the acidic vesicles of the endocytic pathway eventually leading to
ApP-aggregates extending out to the extracellular compartment. In paper IV we
wanted to further investigate this early AP aggregation in the brain as well as
examining the specific aggregation state under physiological conditions. This still
remains unclear since many of the available techniques used to process brain tissue
potentially in themselves may change the structure of the aggregates.

We used synchrotron-based two-dimensional Fourier transform infrared micro-
spectroscopy imaging (LFTIR) which can specifically detect B-sheet structure
without any need of chemical tissue processing or labelling. In order to focus on the
development amyloid pathology, Tg19959 mice was chosen, which develop plaques
at or just before 3 months, at ages 1, 2 and 3 months. We found an increase with age
in the intensity of the band around 1,627cm™ in the amide I region of the infrared
spectra. This suggests increased B-sheet structures developing already between 1
and 2 months in Tgl19959 mice (Figure 11A). A second derivative analysis was
performed for better resolution of the peaks for inter-molecular -sheet structures
and o-helical structures (Figure 11B-G). The inter-molecular $-sheet content
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Figure 11. Early B-structural transition in transgenic AD mouse brains. (A) Absorption
intensities for the B-sheet content in brain sections of Tg19959 (upper panels) and wild-type (lower
panels) mice at 1, 2 and 3 months, respectively. B-sheet content is shown in red (arrows). FTIR maps
were integrated for the B-sheet spectral region at 1,635-1,620cm™!. Maps are representative; n=3; n
represents the number of animals per genotype/age. Scale bar, 50 pm. (B) B-sheet structures in 1-
month Tg19959 mice are similar to those in wild-type mice. Values are averaged and normalized 2nd
derivatives of the Amide I absorption band; averages were taken from 20 to 40 FTIR measurement
positions per brain section and 3 brain sections per genotype/age. (C) The arrow shows an increase in
B-sheet content in 2-month Tg19959 mouse brain. Averaged and normalized 2nd derivatives of FTIR
spectra taken from areas with increased B-sheet content in the corresponding PFTIR maps in A. (D)
Same as in C, but for 3-month Tg19959 mice, with spectra taken from an area with high p-sheet
content (indicated by red dotted square on the corresponding pFTIR map). (E) The overlap of the
second derivatives corresponding to Tg19959 mice at different ages more clearly shows the
progressive increase in -content with age. (F) In comparison, the overlap of the second derivatives
corresponding to wild-type mice at different ages is similar. FTIR spectra in B-F are representative.
(G) Statistical analysis of B-sheet content measured as the average of the ratio of peak intensities
between 1,635 and 1,620cm™ (B-sheet) to 1,656cm™! (0-helix) in Tg19959 and wild-type mice as a
function of age. Protein aggregation in wild-type mice is taken as 100%. N=9; N represents the
number of brain sections. Modified from Paper IV.
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increased only in Tg19959 mouse brains and not in wild-type mouse brains, with
the B-sheet content of 1-month-old AD transgenic brain being similar to those of
wild-type. Next, we examined A aggregation in AD transgenic neurons in culture,
which have been shown to accumulate Af with time in culture (Takahashi et al.,
2004). Consistently, uFTIR revealed elevation of B-sheet structures in AD
transgenic APP/PS1 neurons between 12 and 19 DIV, compared to wild-type
neurons, respectively.

With immunofluorescent labelling, progressive AP42 accumulation in synaptic
compartments was demonstrated in 1, 2 and 3-month-old Tg19959 mouse brain
sections. Signs of disrupted cytoarchitecture of dendritic spines with accumulating
AP42 was also found, in line with the results from paper I11.

BN-PAGE was performed to analyse the native conformation of AB and APP in
Tg19959 mouse brain tissue at the early ages where changes in B-sheet structures
were seen with uFTIR. For molecular weight estimation of native Ap on BN-PAGE,
we used synthetic AB1-42 which runs as a mixture of monomers, dimers, trimers
and tetramers. A in wild-type and 1-month-old Tg19959 brain was found to run as
a band corresponding to the molecular weight of synthetic AB1-42 tetramer.
However, at 2 months of age, the intensity of this band decreased as a high
molecular weight smear between 100-500 kDa increased, indicative of AP
aggregation. These results support the conclusion that under physiological
conditions AP in brain initially may exists as a low molecular weight protein
complex running at the same speed in the native gel as AB1-42 tetramers.
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APP depletion alters selective pre- and post-synaptic
proteins (Paper V)

The normal physiological role of APP and its cleavage products is still not fully
understood. APP has been described to be important in synaptic pruning during
development. However, studying the role of APP in the mature neuron has been
complicated by its role in development. Therefore, we used both APP KO mice
brains and APP KO neurons, as well as APP RNAi knockdown in mature wild-type
neurons to study the role of APP in synaptic composition. We chose to investigate
the pre-synaptic proteins synapsin I and synaptophysin and the post-synaptic
proteins GluAl, drebrin, NR1 and PSD-95. Previous work in the lab have shown
reductions in synaptophysin, GluA1 and PSD-95 in AD transgenic Tg2576 neurons
compared to wild-type at 19 DIV (Almeida et al., 2005).

First, we examined changes in total levels of synaptic proteins in APP KO neurons
compared to wild-type with western blot. At 12 DIV levels of AMPA receptor
subunit GluA 1 was significantly increased. At 19 DIV the increase in total protein
levels of synaptophysin and PSD-95 reached significance. To more specifically
study the changes in protein composition at the level of synapses, without the impact
of newly synthesised synaptic proteins in the Golgi in the cell body, we measured
relative immunofluorescence in neurites of APP KO neurons compared to wild-
type. At 12 DIV APP KO neurons had significantly increased labelling of synapsin
I, synaptophysin and GluAl. At 19 DIV only drebrin was significantly changed,
with decreased levels of immunofluorescence.

Frontal cortex brain homogenates of 3-month-old APP KO mice showed significant
increases in synapsin I, synaptophysin and GluA1l. At 12 months, however, similar
to the results from immunofluorescent labelling in 19 DIV KO neurons, there was
no statistical difference in synapsin I, synaptophysin or GluA1, while a marked
decrease was now evident in levels of drebrin. PSD-95 was now also significantly
increased.

Given the evidence for APP in brain development, we next used RNAi to
knockdown APP in cultured neurons in order to investigate roles for APP in mature
synapses. Lentiviral vectors containing shAPP targeting APP or a scrambled control
were prepared and used to transduce wild-type primary neurons at 10 DIV. At 14
DIV cells were fixed or collected for further analysis. We verified the knockdown
of APP using western blot with the C-terminal APP antibody 369, whereas there
was no effect on APP levels with scrambled control compared to non-transduced
control. Western blot analysis revealed significantly increased protein levels of
PSD-95 with APP knockdown compared to scrambled control.
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Discussion and concluding remarks

The understanding of AB’s role in Alzheimer’s disease is progressively changing.
While focus traditionally has been on the aggregation of extracellular A into
plaques, a complex picture of intracellular and extracellular pools of AP and other
cleavage products of APP is emerging.

In paper I, we focused on how the extracellular pool of A targets synapses, as well
as where AP is produced within synapses. AP in brain accumulates and aggregates
particularly in synaptic terminals with A pathogenesis (Takahashi et al., 2002),
which occurs even prior to plaques, and synapse loss is the best pathological
correlate of cognitive deficits (Terry et al., 1991). We showed that exogenous AP1-
42 accumulates in processes in a subset of CamKII-positive neurons but not in
GADG67-positive neurons. Colocalization analysis with pre- and post-synaptic
markers demonstrated that exogenous AB1-42 does not have a clear preference for
the pre- or post-synaptic site. It is important to note that colocalization analysis of
AP with the pre- or post-synaptic site is very much dependent on the particular
markers chosen to represent the synaptic sites. It is also likely that the concentration
and conformation of AB will have an impact on the precise spatial targeting of added
AP to synapses. It has been suggested that AP might have differential effects on the
pre- and post-synaptic sides and that this effect depends on the concentration of AP
(Palop and Mucke, 2010). Within a physiological range, small increases in A} might
primarily facilitate pre-synaptic functions, resulting in synaptic potentiation
(Abramov et al., 2009; Puzzo et al., 2008). However, at abnormally high levels, A
could enhance long-term depression (LTD)-related mechanisms, resulting in post-
synaptic depression and loss of dendritic spines (Walsh et al., 2002; Wang et al.,
2002). AP is produced within neurons after y-secretase cleavage of PB-CTFs.
Blocking this cleavage by treatment with the chemical y-secretase inhibitor DAPT
leads to B-CTFs accumulation. We investigated where this accumulation occurs as
a proxy of where in the neuron the y-secretase cleavage occurs to produce Ap. Our
data shows that B-CTFs accumulation after DAPT treatment occurs earlier and/or to
a larger extent in pre-synaptic compartments compared to post-synaptic
compartments in cortical primary neurons.

In H4 neuroglioma cells stably expressing human APP, used in paper II, APP/B-
CTF/Ap was found mainly in the trans-Golgi network (TGN) and in the endosomes,
in line with previous studies. In the endocytic pathway APP/B-CTF/APB was found
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on the ILVs of a subset of MVBs. APP being sorted to ILVs could potentially have
two outcomes. It could (1) lead to increased amyloidogenic processing, as is the
case for premelanosome protein (PMEL) with ILV sorting in melanogenic cells
(Theos et al., 2006; van Niel et al., 2011), and increase A production. It could also
(2) prevent accumulation of A by directing APP to the lysosome. Consistent with
the second possibility, lysosomal protease inhibitors led to the accumulation of
APP/B-CTF/AP in cells and APP/B-CTF/AB was found in the EGFR-containing
MVBs that are known to fuse with lysosomes. We also found that depletion of the
early ESCRT component Hrs increased intracellular levels of APP/B-CTF/Af and
inhibited its delivery to the lysosome. However, in line with the first scenario, we
found reduced secretion of AP with Hrs and Tsgl01 depletion. We can hence not
rule out the possibility that depletion of the early ESCRTs affects A production.
Still, the elevated levels of intracellular AP with Hrs depletion, suggests that Hrs-
dependent sorting of APP to ILVs does not promote AP production. The
accumulation of intracellular Ap with Hrs depletion could be caused by both
inhibited delivery of APP and its cleavage products to the lysosome, by increasing
the time that they reside on the MVBs, but also by reduced AP secretion. Overall,
in paper Il we revealed a role for early ESCRT components in limiting intracellular
AP accumulation by sorting APP onto ILVs of MVBs for lysosomal degradation
and by promoting AP secretion.

We continued to investigate the endocytic pathway in models of AD in paper 111,
demonstrating that increased levels of AP lead to enlarged MVB size. However, it
is important to note that these results do not exclude previously reported effects of
B-CTFs on early endosomal enlargement (Kim et al., 2016; Lauritzen et al., 2016).
Neuropathological findings have shown early intraneuronal accumulation and
aggregation of AP in AD, especially within dystrophic neurites. Our results point to
a model, where increased levels of AP leads to enlarged and defective MVBs,
possibly via effects on ESCRT components. Alternatively, age and other risk factors
could act as the starting point for MVB dysfunction, which then in turn results in
accumulation of AP in enlarged endocytic vesicles. Hence, we suggest a scenario
where disturbances in the MVB pathway, caused by AP, or vice versa, leads to a
vicious circle of more AP accumulation and aggregation. Aggregated A in MVBs
could potentially serve as seeds for plaques, as supported by our findings of ESCRT
components in plaques in mouse models on AD.

In paper IV we uncovered an early increase in -sheet content by FTIR, concomitant
with a change in the native AP conformation on BN-PAGE before plaque in AD
transgenic mouse brain. Stabilizing the physiological structure of AP might
therefore be considered as an interesting therapeutic strategy. This type of
pharmacological stabilization of a physiological tetramer has successfully been
developed for patients with transthyretin amyloidosis and led to the approval of a
drug that slows down the progression of the disease. The strategy of stabilizing A
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could potentially also have the benefit, compared to many other therapeutic
approaches, of not interfering with a physiological role of APP and Ap.

We investigated the physiological role of APP and its cleavage products at synapses
in paper V by comparing the synaptic composition in neurons devoid of APP with
wild-type neurons. Although the data is not completely consistent between different
analysis methods and time points, it is interesting to note that with Western blot
analysis we found increased or a trend for increased levels of the same synaptic
markers that previously was shown to be reduced in AD transgenic neurons, that is
GluR1, PSD-95 and synaptophysin (Almeida et al., 2005). In the knockdown
approach, where we depleted wild-type neurons of APP when synapses were
mature, we only detected increased levels of PSD-95 with Western blot. However,
with increased n, comparable to the number used in the analysis of APP KO neurons,
it is possible that additional synaptic markers also would have reached significantly
changed levels, as GluA1l showed a trend for increased levels. In conclusion, our
results demonstrate that APP and/or its cleavage are required for normal synaptic
composition of mature neurons.

In the studies constituting this thesis, we have investigated the role of Ap and APP
in neurons, with focus on the synapse and the endocytic pathway. The complexity
of APP trafficking and the relative significance of the multitude of cleavage
products produced, are still not fully understood. Increasing our knowledge will be
important to understand the development of the disease and to find effective
therapeutic target(s) for AD.
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Future perspectives

In this thesis, we have explored certain aspects of the cell biology of Ap and APP
in neurons. Aspects that we believe are important in the early development of the
disease. However, many questions remain. Below follows a brief description of
experiments and questions that we would like to continue to work on in the future.

AP is not only degraded within neurons, but microglia also play a major role.
Additionally, there is an increasing awareness in the field of the important role of
astrocytes in synaptic regulation. As such I believe it is important to study the
interplay between these three cell types in the accumulation of AP and loss of
synapses during AD.

Working with cell lines overexpressing human AD-related proteins have clear
advantages in their ease of manipulation. However, for future studies, a more
relevant model would be human patient derived induced pluripotent stem cells
(iPSCs) or induced neurons (iNs), given that they are able to differentiate into fully
mature neurons. Instead of primary mouse neurons overexpressing human AD-
related proteins, as used in this thesis, the newly developed knock-in mouse where
human AD related proteins are expressed at physiological levels under their
endogenous promoter could be used. I believe this is particularly important when
studying abnormalities in the endo-lysosomal pathway.

For further investigation of cell-type specific uptake of exogenously added AP,
explored in paper I, the use of organotypic brain slices would add an important
anatomic dimension to the study. The drawback would be to account for the effect
of axotomy. In addition, application of lower non-pathological concentrations of A3
would likely increase the selectivity of A uptake, allowing us to more specifically
pinpoint the cell type and subcellular location most prone to take up and/or
accumulate Ap.

In paper II and III we investigated AP and the endo-lysosomal system focusing on
the MVB pathway. It would be highly interesting to further study the effect of AB
on ILV-formation using already existing model systems in yeast. In addition to
enlarged MVBs, we also noticed double-membraned structures in the AB1-42
treated neurons with EM. This asks for a more thorough EM examination of the
interplay between AP, the MVB pathway and autophagy. Another line of
investigation would be to further examine pathways of AP secretion in neurons.
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Here compartmentalised neuronal chambers and live imaging could be utilized as
well as specific inhibitors of different routes of secretion. Lastly, to further study
the details of AP aggregation in the endosomal pathway, correlative light electron
microscopy (CLEM) would potentially be a very useful tool. In broader terms, it
would be highly relevant to study these pathways in context of ApoE and lipid
composition.
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Abstract. Alzheimer’s disease (AD) is increasingly viewed as a disease of synapses. Loss of synapses correlates better with
cognitive decline than amyloid plaques and neurofibrillary tangles, the hallmark neuropathological lesions of AD. Soluble
forms of amyloid- (AB) have emerged as mediators of synapse dysfunction. AR binds to, accumulates, and aggregates in
synapses. However, the anatomical and neurotransmitter specificity of AP and the amyloid-@ protein precursor (ABPP) in AD
remain poorly understood. In addition, the relative roles of A and ABPP in the development of AD, at pre- versus post-synaptic
compartments and axons versus dendrites, respectively, remain unclear. Here we use immunogold electron microscopy and
confocal microscopy to provide evidence for heterogeneity in the localization of AB/ABPP. We demonstrate that AP binds
to a subset of synapses in cultured neurons, with preferential binding to glutamatergic compared to GABAergic neurons. We
also highlight the challenge of defining pre- versus post-synaptic localization of this binding by confocal microscopy. Further,
endogenous ARy, accumulates in both glutamatergic and GABAergic ABPP/PS1 transgenic primary neurons, but at varying
levels. Moreover, upon knock-out of presenilin 1 or inhibition of y-secretase ABPP C-terminal fragments accumulate both
pre- and post-synaptically; however earlier pre-synaptically, consistent with a higher rate of ABPP processing in axons. A
better understanding of the synaptic and anatomical selectivity of AB/ABPP in AD can be important for the development of
more effective new therapies for this major disease of aging.

Keywords: Alzheimer’s disease, amyloid-beta, gamma-secretase, synapse

INTRODUCTION two neuropathological hallmark lesions. The high
metabolic demands of the brain relate to the large

Synapses are a unique characteristic of nerve amount of energy consumed by synaptic function.

cells and are increasingly seen as critical sites
of pathogenesis in neurodegenerative diseases of
aging. In Alzheimer’s disease (AD), it has long
been known that loss of synapses is a better brain
correlate of cognitive decline than the number of
amyloid plaques or neurofibrillary tangles [1, 2], the
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It has been hypothesized that this high-energy con-
sumption at synapses could lead to their age-related
vulnerability from reactive oxidant species [3, 4].
Further, synaptic activity stimulates amyloid-3 (AR)
generation and secretion [5], as well as degradation
[6]. The observation that the anatomy of amyloid
plaque pathology in the brain resembles metabolic
activity in the default network has led to a hypothesis
that synaptic activity via stimulated generation and
secretion of AR may drive AR accumulation and
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thereby AD pathogenesis [7]. Several other findings
point to synapses as critical mediators of the disease.
AP in brain accumulates and aggregates particularly
in synaptic terminals with A pathogenesis, which
occurs even prior to plaques [8, 9]. AR selectively
binds to synapses when added to cultured neurons
[10]. Further, AB oligomers in synaptosomes were
shown to be increased in early AD but not in brains of
cognitively normal individuals who showed amyloid
pathology [11].

In contrast to several other neurodegenerative dis-
eases, such as Parkinson’s disease, the anatomic and
neurotransmitter specificity of synaptic damage in
AD remains poorly understood. Neurochemical and
neuropathological studies on postmortem brain have
provided some insights into the selective vulnera-
bility in AD with evidence for preferential loss of
the neurotransmitter acetylcholine and basal fore-
brain cholinergic neurons [12—15]. Region-specific
accumulation of intraneuronal AB4> was noted par-
ticularly in AD vulnerable neurons, such as layer
II neurons of entorhinal cortex (ERC), CAl pyra-
midal neurons of hippocampus and basal forebrain
cholinergic neurons, which appeared to increase with
age, but then decreased with severity of dementia
and plaque deposition [16]. More recently, intra-
cellular A4, immunoreactivity was more carefully
described in the cholinergic neuronal population in
the basal forebrain and shown to be stronger com-
pared to in the pyramidal neurons of the superior
temporal and insular cortices [17]. Moreover, it is
well known that tangle pathology in the hippocam-
pal formation initiates in a set of projection neurons
in layer II of ERC that then degenerate early in
the disease [18, 19]. Early accumulation of AB4, in
Reelin-positive neurons of ERC layer II was recently
reported [20]. While these glutamatergic Reelin-
positive ERC layer II neurons are destined for early
tangle pathology and loss in AD, initial plaques in
the hippocampus develop in their terminal fields in
the outer molecular layer of the dentate, providing
an explanation for the apparent anatomical discon-
nect between amyloid and tau pathologies. Studies
on the subcellular distribution of intracellular AR
accumulation in brain have emphasized post-synaptic
accumulation and aggregation of AP, although
marked pre-synaptic localization was also reported
[8]. When it comes to extracellular AR, it was shown
that added exogenous oligomeric AB-42 appears to
bind particularly to the post-synapse, where it over-
lapped with the post-synaptic marker PSD-95 [10],
although this AP did not bind equally to all neurons.

Further evidence for such selectivity of AB came
from a report showing that not all neurons are equally
sensitive to AB-induced synapse damage [21].

It also remains unclear whether amyloid-3 protein
precursor (ABPP) trafficking and generation of A(,
occurs more in pre- compared to post-synaptic ter-
minals [22, 23]. ABPP is known to be transported
down both axons and dendrites and the proteases that
cleave ABPP to generate A3 have been localized to
both pre- and post-synaptic sites. One recent report in
primary neurons showed that one genetic risk factor
for late onset AD, Binl, promoted axonal AP gener-
ation in endosomes, while another genetic risk factor,
CD2AP, promoted AP generation in dendrites [24].
Evidence also supports pre-synaptic A3 generation in
certain anatomical pathways such as the mossy fibers
of the hippocampus, given accumulation of BACE1
and AP at these sites [25]. More than 150 familial
AD-causing mutations in presenilin 1 (PS1), criti-
cal for the final cleavage to generate A3, have been
identified and approximately 10 additional muta-
tions have been found in the homologous gene PS2
(http://www.molgen.ua.ac.be/ADMutations). Condi-
tional knock-out of PS1 was reported to lead to
accumulation of ABPP CTFs to pre-synaptic sites
of CALl in hippocampus [26]. Interestingly, a recent
report highlighted that PS1 and PS2 appear to differ
in their trafficking and relative cleavage of ABPP in
axons compared to dendrites [27]. Thus, current evi-
dence supports that at anatomical, neuron-type and
subcellular levels, there are differences in ABPP pro-
cessing, A3 generation and AD-related pathogenesis.

Here we set out to provide new evidence pertain-
ing to the anatomic and synaptic selectivity of ABPP
processing and AR accumulation. We also aim to
highlight work that will be necessary to better define
the subcellular site of AR involvement within neu-
rons as well as the selective vulnerability of certain
neurons in AD.

MATERIALS AND METHODS

Cell culture

Primary neuronal cultures were generated from
B6.Cg-Tg(ARPP swe,PSEN1dE9) 85Dbo/Mmjax
mice (ABPP/PS1) AD transgenic (tg) and wild-
type (wt) mouse embryos. The ABPP sequence in
ABPP/PS1 encodes a chimeric mouse/human ABPP
(Mo/Hu ABPP 695swe) that was humanized by mod-
ifying three amino acids, and introducing the Swedish
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AD mutation. The PS1 sequence encodes human
presenilin 1 lacking exon 9 (dE9) that models AD-
associated mutations in PS1. Both ABPPswe and PS1
are independently controlled by the prion protein pro-
moter. Primary neuronal cultures were prepared from
cortices including hippocampi of embryonic day 15
embryos as previously described [9]. In brief, E15
brain tissue was dissociated by trypsinization and
trituration in DMEM with 10% fetal bovine serum
(Gibco). Dissociated neurons were cultured on poly-
D-lysine (Sigma) coated plates or glass coverslips
(Bellco Glass Inc.) and were maintained in neu-
robasal medium (Gibco), B27 supplement (Gibco),
glutamine (Invitrogen) and antibiotics (ThermoSci-
entific). All animal experiments were approved by
the Animal Ethical Committee of Lund University.

Mice

PS1 cKO; ABPP Tg mice were generated as
described [26].

Cell immunofluorescence

Cultured neurons at 12 and 19 DIV or N2a cells
were fixed in 4% paraformaldehyde (PFA) in PBS
with 0.12 M sucrose for 20 min, permeabilized and
blocked in PBS containing 2% normal goat serum
(NGS), 1% bovine serum albumin, and 0.1% saponin
at room temperature for 1h, and then immunola-
beled in 2% NGS in PBS overnight at 4°C. After
appropriate washing, coverslips were mounted with
SlowfadeGold (Invitrogen). For PSD-95 labeling
cells were fixed 10 min in 4% PFA in PBS with 0.12
M sucrose followed by 5min in ice-cold methanol
in —20°C. Immunofluorescence was examined with
epifluorescent microscope (Olympus IX70) (Fig. 1A
only) or by confocal laser scanning microscopy
(Leica TCS SPS8). In multiple label experiments,
channels were imaged sequentially to avoid bleed-
through. Images were taken with Leica Confocal
Software and analyzed with ImageJ or Imaris x64 8.3.
Colocalization analysis was performed with Imaris
with automatic thresholding based on point spread
function width. For ImageJ analysis of localization
of y-secretase cleaved ABPP, thresholds were set by
automatic thresholding by default on confocal images
in the MAP2 or tau-1 channel. The mean intensity of
the 369 channel was subsequently measured in the
pixels that were above threshold in the MAP2 or tau-1
channel, respectively.

Ap

AR1-42 peptides (Tocris) or AB-42 HiLyte™ Fluor
555 1abeled peptides (ABS555) (AnaSpec) were recon-
stituted in DMSO to 250 wM, sonicated for 10 min
and followed by 15 min of centrifugation at 12k rpm
before adding the supernatant to the culture media in
depicted final concentrations.

Antibodies and reagents

The following antibodies were used: 369 [28]
IF 1:500; 6E10 (BioLegend, previously Covance
SIG-39320) IF: 1:500; 12F4 (BioLegend, previously
Covance SIG-39142) for immunofluorescence (IF)
1:250; AmyloidB (1-42) (IBL, 18582); Amyloidf
(1-42) (Invitrogen, 700254) IF 1:1000; CAMKIIa
(Millipore, 05-532) IF 1:500; DAPI (Sigma, D9542)
IF 1:2000; drebrin (Abcam, ab11068) IF 1:1000;
GAD67 (Millipore, MAB5406) IF 1:1000; MAP2
(Sigma, M4403) IF 1:1000; PSD-95 (Millipore,
MABI1596) IF 1:200; somatostatin (Millipore,
MAB354) IF 1:200; synapsin I (Sigma, S1939) IF
1:500; synaptophysin (Merck Millipore, MAB5258)
IF 1:1000; tau-1 (Chemicon, MAB3420) IF 1:500;
secondary antibodies conjugated to Alexa Fluor-
488, —546, —647 (IF 1:500; Invitrogen). y-secretase
inhibitor N-[N-(3,5-difluorophenacetyl-l-alanyl)]-S-
phenylglycine t-butyl ester (DAPT; Calbiochem) was
diluted in culture medium to 250 nM.

Colocalization analysis

Colocalization analysis was performed using
Imaris software. The colocalization channel displays
the intensity of colocalized voxels as the square
root of the product of the intensities of the orig-
inal channels, hence the brightest pixels in the
colocalization channel represent the pixels with the
highest colocalization. Under conditions of propor-
tional codistribution, the points of the scatter plot
cluster around a straight line. However, lack of colo-
calization is reflected by distribution of points onto
two separate groups, each showing varying levels of
one probe with little or no signal from the other probe.
Quantification of colocalization was done with auto-
matic thresholding and was reported as percentage
of colocalized material above threshold. Pearson’s
correlation coefficient (PCC) is based on an algo-
rithm developed by Costes and Lockett at the National
Institute of Health, NCI/SAIC [29]. PCC values
range from 1 for two images whose fluorescence
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Fig. 1. Heterogeneity in AB;-42 binding and internalization. A) Only certain neurons in culture accumulate synthetic AB-42 in a punctate
pattern along the processes. Epifluorescent imaging of wt primary mouse neurons treated with 1 wM human AB-45 for 24 h or 48 h. Labeling
with a C-terminal specific ABx-4> antibody (left panels) showing both endogenous mouse AB4, and the added human synthetic AB-42,
displays two large neurons in each of these images. However, the exogenously added human AB-42, recognized by antibody 6E10 (right
panels), accumulates predominantly only in one of the two neurons, including their processes. Note the brighter labeling with the high
affinity antibody 6E10 of only one of the two neurons in the right image panels. Scale bars 50 um. B-C) Accumulation of exogenously
added ABj-42 for 30 min is more pronounced in excitatory CamKII-positive compared to inhibitory GAD67-positive neurons. B) ABj-42
accumulation in some but not all, and not exclusively in, neurons labeled with CamKIIa. Higher magnification images (right) with ABj-42
in CamKIIa-positive synaptic terminals that appear more consistent with dendritic spines. C) ABj-42 was not seen accumulating in any

GADG67-positive neurons.

intensities are perfectly linearly related, to —1 for two
images whose fluorescence intensities are perfectly,
but inversely, related to one another. Values near zero
reflect distributions that are uncorrelated with one
another. Because PCC subtracts the mean intensity

from the intensity of each pixel value, it is inde-
pendent of signal levels and background. Thus, PCC
can be measured without any form of preprocessing,
making it relatively safe from user bias. Manders’
Colocalization Coefficients (MCC) is the fraction of
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the total probe fluorescence of one protein that colo-
calizes with the fluorescence of a second protein.
MCC strictly measures co-occurrence independent
of signal proportionality. It is necessary to first elim-
inate the background and this is done automatically
in Imaris by the method developed by Costes [29].

Immunogold electron microscopy

Paraffin embedded brain sections (10 um) of
PS1cKO; ABPP Tg mice were deparaffinized,
alcohol-dehydrated, and free-floating sections were
incubated with 369 antibody (ABPP C-terminal epi-
tope) by the immunogold-silver procedure with goat
anti-rabbit IgG conjugated to 1nm gold particles
(Amersham Biosciences, Arlington, IL) in 1.01%
gelatin and 0.08% bovine serum albumin in PBS.
Transmission electron microscopy was performed
on a Philips CM10 electron microscope. Immuno-
gold electron microscopic analysis were performed as
previously described [8].

Statistical analysis

Statistical analysis was performed with PRISM
6 software (Graph-Pad Software, San Diego, CA,
USA) by using unpaired #-test. Data are expressed
as mean =+ SD. Differences were considered sig-
nificant at *p<0.05, **p<0.01, ***p<0.001,
*ikEp <0.0001.

RESULTS

Selective binding and internalization of
exogenously added AB

Binding and uptake of synthetic human ABi-42
(huABj-42) added to primary mouse neurons in
culture is remarkably heterogeneous for different
neurons. As an example, two neurons side-by-side
can show completely different abilities to accumu-
late exogenous huAB-42 added for 24 h and 48 h to
the culture medium (Fig. 1A). While the whole den-
dritic tree is labeled by huAB-42 in a punctate pattern
in one neuron, an adjacent neuron (white arrow) is
completely devoid of huAB;-4> along its processes.
In some cases, neurons negative for huAR-4; in their
dendrites, do however show strong huA-4>-signal
in their cell bodies (Fig. 1A). In general, huAB;-42
accumulation in the cell body increases with time,
with more neurons showing large amounts of
huAR-42 in their cell bodies at 48 h compared to 24 h.

Neurons can broadly be classified as either excita-
tory or inhibitory. We therefore first asked whether
AP binds preferentially to certain types of neu-
rons, based on whether they express excitatory or
inhibitory markers. We first confirmed that pri-
mary neurons incubated with fluorescently tagged
AB1-42 (AB555) for 30 min also preferentially accu-
mulated only in select neurons consistent with the
results obtained with untagged human A3 shown in
Fig. 1A. Immunofluorescent labeling of CAMKIIe,
which recognizes the majority of glutamatergic
neurons, shows that some but not all of the AB555-
positive neurons co-label for CAMKIIa. However,
not all CAMKIIa-positive cells have strong AB555-
labeling. Figure 1B shows a CAMKIIa-positive cell
with prominent AB555-labeling along its processes,
with marked labeling also of terminals, which appear
consistent with dendritic spines (Fig. 1B higher mag-
nification). In contrast, no overlap was observed upon
labeling APB555-treated cells with GAD67, a marker
for GABAergic neurons, despite GAD67-positive
processes often being very close or intertwined with
ABS55-positive processes (Fig. 1C).

Untreated transgenic ABPP/PS1 primary neurons
in culture also display varying levels of endoge-
nous A4, (Fig. 2), even though they all overexpress
ABPPswe under the prion protein promoter. We
therefore asked whether the excitatory or inhibitory
type of individual neurons could affect the intracellu-
lar AB4y levels. All CAMKIla-positive cells (white
filled arrows) have high levels of AB42, with 27%
of all AB4, positive cells being CAMKIIa-positive.
However so do many, but not all, CAMKIIa-negative
cells as well (black arrows) (Fig. 2A, B). Many
GADG67-positive neurons show similar high levels of
AB4, to CAMKIla-positive neurons; in total about
26% of all AB4, positive cells were GAD67-positive
(Fig. 2C). There was also variability in labeling of
endogenous A4, in somatostatin positive inhibitory
neurons, which represent a subgroup of the GAD67-
positive GABAergic neurons, with some showing low
levels of ARy, with 2% of all AB4y positive cells
being somatostatin positive and 44% of all somato-
statin positive cells being positive for AB4; (Fig. 2D).

The pattern of AB accumulation in neurons is
more consistent with dendritic labeling

To determine whether added human AB-4» pref-
erentially localizes to axons or dendrites, primary
neurons were treated with 0.5 uM fluorescently-
tagged AB1-42 (ABS555) for 30 min and subsequently
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Fig. 2. Varying endogenous APy, levels in ABPP/PSI primary neurons in culture. Immunofluorescent labeling of ABPP/PS1 primary
neurons. A, B) All CAMKIIa-positive cells (white filled arrows) have high levels of ABj-42; however, so do many, but not all, CAMKIIa-
negative cells as well (black arrows). Also note that the two side by side neurons in (A) with varying levels of CAMKIIa« (the positive to the
left and the negative to the right) have comparable high levels of ABi-42. C, D) Many GADG67-positive neurons show high levels of AB4>
(C), however, some somatostatin positive cells have lower levels of AB4; (D). Scale bars 25 pm (A and C) and 50 pm (B and D).
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labeled with tau-1 and MAP2 antibodies to label
axons and dendrites, respectively (Fig. 3). AB555
did not clearly co-localize well with either tau-1 or
MAP2, which could be due to these proteins not
extending fully into synaptic terminals. However, the
overall pattern of AP labeling appeared more sim-
ilar to that observed with dendritic MAP2 rather
than axonal tau-1 labeling. It appeared that AB;-42
was present near to MAP2, or between MAP2 and
tau-1 positive processes, suggesting accumulation at
synaptic terminals and in particular dendritic spines.

AP binds and accumulates at pre- and
post-synaptic sites

To test if ABj-42 is accumulating at synapses and
whether it has a preference to the pre- or post-synaptic
side, neurons were treated with AB555 for 30 min and
labeled with two sets of pre- and post-synaptic mark-
ers, respectively: synapsin [ and PSD-95 (Fig. 4A) or
synaptophysin and drebrin (Fig. 4B). AB555 was co-
labeled with one pre- and one post-synaptic marker
on the same coverslip. Two different sets of pre-and
post-synaptic markers were used, since the intensity
and prevalence of a specific marker could poten-
tially influence the colocalization analysis. In the
colocalization images (Fig. 4A, B, right panel) the
brightest pixels in the colocalization channel repre-
sent the pixels with the highest colocalization. The
scatter plots (Fig. 4C, D) show the intensity of the
AP1-42 channel plotted against the intensity of the
respective pre- or post-synaptic channel for each
pixel. Quantification of colocalization revealed that
there is no significant difference in the percentage
of material above threshold colocalized with AB555
between pre- and post-synaptic markers (Fig. 4C,
D). PCC values between PSD-95 and synapsin I,
and drebrin and synaptophysin, respectively, are not
significantly changed (Fig. 4E, F). MCC values of
ABi-42 are also not significantly changed between
pre- and post-synaptic markers (Fig. 4E, F). Taken
together, these results with two different sets of pre-
and post-synaptic markers support that AB555 does
not have a clear-cut preference for either the pre- or
post-synaptic site.

y-secretase inhibition leads to earlier ABPP CTF
accumulation at pre- than post-synaptic sites

The complex subcellular localization and anatomy
in the brain of APPP processing is further
evident with the anatomically and pre- versus post-

synaptic selective accumulation of ABPP CTFs with
y-secretase inhibition or absence of PS1. Accumu-
lation of ABPP CTFs in pre-synaptic compartments
in the CAl region of hippocampus was previ-
ously reported in conditional PS1 knock-out mice
over-expressing ABPP (cKO; ABPP Tg mice) [26].
However, there is an anatomy to this ABPP CTF
accumulation, since in the CA3 region of hippocam-
pus ARPP CTFs mainly accumulate in post- rather
than pre-synaptic compartments in these PS1 cKO;
ABPP Tg mice (Fig. 5A). This shows that ABPP CTF
accumulation due to lack of PS1 activity can occur
both at the pre- and post-synaptic sites. To further
explore this selective accumulation of CTF, we next
used immunofluorescent labeling of ABPP/PS1 corti-
cal, including hippocampal, primary neurons treated
with the y-secretase inhibitor DAPT. Of note, 17 h of
DAPT treatment revealed ABPP CTF-accumulation
with the C-terminal specific ABPP antibody 369 in
both pre- and post-synaptic compartments as labeled
with synaptophysin and PSD-95, respectively. How-
ever, at early time points ABPP CTFs upon DAPT
treatment were evident only in pre-synaptic compart-
ments. Specifically, after 2h with DAPT there was a
marked increase of ABPP CTFs in pre-synaptic com-
partments of treated compared to untreated neurons
(223% of untreated control, p <0.0001). After 17 h of
DAPT treatment, ABPP CTFs were further increased
in pre-synaptic compartments (324% of untreated
control, p=0.0001) and were now also evident in
post-synaptic compartments (202% of untreated con-
trol, p=0.02) (Fig. 5B, C). Further, labeling with
markers for axons and dendrites indicated that ABPP
CTFs accumulate in a pattern more consistent with
axons in neurons treated with DAPT for 17 h (Supple-
mentary Figure 2). Taken together these data support
the conclusion that vy-secretase cleavage of ABPP,
as measured by APPP CTF-accumulation after
y-secretase inhibition, occurs earlier and/or to a
larger extent in pre-synaptic compartments compared
to post-synaptic compartments in cortical primary
neurons.

DISCUSSION

In the current study, we discuss and further explore
the more complex anatomy in brain and subcellular
localization in neurons of AP and ABPP. Specifi-
cally, we show that exogenous A1-42 accumulates
in a punctate pattern along processes in a subset of
CamKII-positive neurons but not in GAD67-positive
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Tau-1
MAP2

Fig. 3. The pattern of AB accumulation in neurons is more consistent with dendritic labeling. A-D) Double-labeling with axonal tau-1 (A)
and dendritic MAP2 (B) markers of primary neurons treated with 0.5 uM of fluorescently tagged ABi-42 (AB555) for 30 min. All images
show the same field of view. Merged images of both tau-1, MAP2, AB-42, and DAPI are shown in row C. The panel to the far right show
higher magnification images of the middle panel. The pattern of Af labeling (shown separately in row D) is more consistent with that of
dendritic MAP?2 than tau-1 labeling. White arrows denote MAP2-positive dendrites accumulating AB555, which are not positive for tau-1.
High magnification images (right) show tau-1-positive axons devoid of AB555. Scale bars 50 pm.
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Fig. 4. AR binds and accumulates at both pre- and post-synaptic sites. A, B) Double-labeling with two different pre-synaptic and post-
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neurons. We also demonstrate that exogenous AB1-42
does not clearly have a selective preference to either
the pre- or post-synaptic side in cultured neurons.
However, the overall pattern of exogenous AB1-42
accumulation in neurons is more consistent with
dendritic labeling. Finally, we show with EM that
v-secretase inhibition leads to ABPP CTF accu-
mulation at either the pre- or post-synaptic site
depending on the anatomical localization in the
hippocampus.

Amyloid deposition in the AD brain during the
progression of the disease generally follows a simi-
lar pattern [30, 31], although variants occur such as
the visual variant of AD [32]. It is possible that the
specific vulnerability of certain brain areas and neu-
rons in the AD brain are attributed to a preference
of AP to accumulate in and/or bind to specific types
of neurons. In fact, laser capture micro-dissection of
individual neurons pooled from human brains showed
that CA 1 pyramidal neurons show much higher levels
of endogenous A 34, compared to cerebellar Purkinje
neurons [33]. Moreover, it was also shown that less
A binds to cerebellar compared to cortical synap-
tosomes [34]. We show that added human AB;-4
only accumulates in a subset of neurons in culture
initially in a punctate pattern along their processes.
This corroborates a previous study where AR dif-
fusible oligomers (ADDLs) were shown to only bind
at most half of neurons in hippocampal culture [10].

‘We demonstrate that accumulation of exogenously
added ABj-42 occurs in certain, but not all, exci-
tatory CamKII-positive neurons. We did not find
any such accumulation in processes of inhibitory
GADG67-positive neurons, supporting previous stud-
ies [10, 34]. Many factors may play a role in
the affinity of AP binding and uptake in different
types of neurons. AP has been proposed to interact
with numerous different putative receptors, including
among many others the PrPc receptor, metabotropic
glutamate receptor 5 (mGluRS), a7 nicotinic acetyl-
choline receptor, immunoglobulin G Fcy receptor
II-b (FcyRIIb), mouse paired immunoglobulin- like
receptor B (PirB), leukocyte immunoglobulin-like
receptor (LilrB2) and Ephrin-like B receptor 2
(EphB2) [35-40]. In addition, ABPP has been shown
to be important in the binding [41], toxicity [42, 43]
and synapse altering effects of A [6].

Overall, the pattern of A accumulation in neu-
rons treated with exogenous APj-4 appears to be
more consistent with dendritic labeling compared to
axonal. However, as dendrites are thicker than axons,
the greater surface area might give the impression of

more A in dendrites, no matter whether it is due
to “unspecific” binding and/or uptake via the plasma
membrane or via a more regulated mechanism via one
or several specific target molecules. Moreover, using
two different sets of pre-and post-synaptic markers,
we found no selective preference of exogenous AB42
to either the pre- or post-synaptic side in cultured neu-
rons. In contrast to our study, Lacor et al. [10] found
that ADDLs colocalized with PSD-95. It is impor-
tant to note that, colocalization analysis of AP with
the pre- or post-synaptic site is very much dependent
on the particular pre- or post-synaptic marker chosen
to represent the synaptic sites. It is also likely that
the concentration and conformation of Af will have
an impact on the precise spatial targeting of added
AR to synapses. Corroborating our results, a recent
study showed endogenous non-fibrillar oligomeric
AP within a subset of both pre- and post-synaptic
sites in ABPP/PS1 mouse brains (labeled with synap-
tophysin and PSD-95, respectively) by transmission
electron microscopy and array tomography [44]. It
has been suggested that A might have differen-
tial effects on the pre- and post-synaptic sides and
that this effect depends on the concentration of A3
[45]. Within a physiological range, small increases in
A might primarily facilitate pre-synaptic functions,
resulting in synaptic potentiation [46, 47]. How-
ever, at abnormally high levels, A could enhance
LTD-related mechanisms, resulting in post-synaptic
depression and loss of dendritic spines [48, 49].

As well as being endocytosed from the extra-
cellular compartment, AR is also produced within
neurons after y-secretase cleavage of ABPP CTFs.
Frykman et al. [50] reported the presence of active
y-secretase in preparations of synaptic vesicles and
pre-synaptic membranes of rat brain. Sannerud et al.
[27] reported that PS2 was exclusively present in
the somatodendritic compartments, while PS1 local-
ized to both axons and dendrites. Here we show by
immuno-gold EM that ABPP CTF accumulation, due
to lack of +y-secretase cleavage, occurs mainly in
post-synaptic compartments in the CA3 region of
hippocampus in PS1 cKO; ABPP Tg mice, while
a previous report focusing on CA1l hippocampus
described pre-synaptic accumulation [26]. This sug-
gests an anatomical difference in the pre- versus
post-synaptic y-secretase activity in the brain. As the
axons of CA3 neurons terminate in the CA1 region, a
possible explanation for our results could be that CA3
neurons have particularly high y-secretase cleavage
of ABPP. This would in PS1 cKO; ABPP Tg mice
leads to accumulation of ABPP CTFs both in the axon
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terminals of the CA3 neurons that terminate in pre-
synaptic compartments in CA 1 and in the dendrites of
CA3 neurons in post-synaptic compartments of CA3.
We also show by short term (2 h) treatment of chemi-
cal y-secretase inhibitor that ABPP CTFs first and/or
to a larger extent accumulate in pre-synaptic com-
partments in cortical neurons. However, after longer
time points of DAPT treatment (17 h), ABPP CTFs
are also evident in post-synaptic compartments. This
suggests that either (1) only a small fraction of neu-
rons accumulates ABPP CTFs in their post-synaptic
compartments which is initially drowned out by most
neurons not showing this, (2) a longer treatment dura-
tion being necessary to impact post-synaptic ABPP
CTFs, and/or that ABPP CTFs first accumulate in pre-
synaptic compartments that then only with time are
transported to post-synaptic compartments. Another
possible explanation of the preferential buildup of
ARBPP CTFs in the pre-synaptic compartment with
-secretase inhibition could be faster degradation of
ABPP CTFs in the post-synaptic compartment com-
pared to the pre-synaptic compartment. ABPP CTFs
have been shown to be degraded by the lysosome and
since lysosomes are only found in the cell body of
the neuron and not in the axon or dendrite, it appears
less likely that the ABPP CTFs are degraded in either
the axon or the dendrites. An additional possibility
is that retrograde transport of ABPP CTF-containing
multivesicular bodies to the cell body for degrada-
tion might be slower in axons compared to dendrites.
However, vesicular trafficking of ABPP bearing a
C-terminal tag typically appears more rapid in axons
than dendrites [6].

AD is a complex disease of aging that is only
gradually becoming better understood. The precise
role of the AR peptide, which has been linked by
pathological, genetic and biological lines of evidence
to the disease, remains to be understood. Increasing
evidence supports that like in other neurodegener-
ative diseases where synapses are sites of attack,
the misfolding proteins linked to AD, A and tau,
also target synapses in this disease [8, 51]. How
fundamental processes of aging make synapses vul-
nerable sites requires further work, although the wear
and tear of synaptic activity and resulting oxida-
tive, inflammatory, vascular and other stressors likely
drive the vulnerabilities of synapses in age-related
proteinopathies [52, 53].

Here we underscore the challenges in clearly
differentiating A binding to pre- compared to post-
synaptic compartments and highlight anatomical
differences in accumulation of ABPP metabolites.

Synapse loss is considered the best pathological cor-
relate of cognitive deficits in human AD [2]. AR
accumulates at synapses and is associated with synap-
tic pathology [9] and leads to loss of synaptic markers
such as PSD-95, GluR1 and synaptophysin [54].
Hence a better understanding of the subcellular site
of AB involvement within neurons in AD will be
important to understand the selective vulnerability
and anatomical specificity of AD.
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ESCRTs regulate amyloid precursor protein sorting in
multivesicular bodies and intracellular amyloid-B accumulation

James R. Edgar'-2, Katarina Willén®, Gunnar K. Gouras® and Clare E. Futter’*

ABSTRACT

Intracellular amyloid-B (AB) accumulation is a key feature of early
Alzheimer’s disease and precedes the appearance of ABin extracellular
plaques. AB is generated through proteolytic processing of amyloid
precursor protein (APP), but the intracellular site of AB production is
unclear. APP has been localized to multivesicular bodies (MVBs)
where sorting of APP onto intraluminal vesicles (ILVs) could promote
amyloidogenic processing, or reduce AB production or accumulation by
sorting APP and processing products to lysosomes for degradation.
Here, we show that APP localizes to the ILVs of a subset of MVBs that
also traffic EGF receptor (EGFR), and that it is delivered to lysosomes
for degradation. Depletion of the endosomal sorting complexes
required for transport (ESCRT) components, Hrs (also known as
Hgs) or Tsg101, inhibited targeting of APP to ILV's and the subsequent
delivery to lysosomes, and led to increased intracellular ApB
accumulation. This was accompanied by dramatically decreased AB
secretion. Thus, the early ESCRT machinery has a dual role in limiting
intracellular Ap accumulation through targeting of APP and processing
products to the lysosome for degradation, and promoting AB secretion.

KEY WORDS: Amyloid precursor protein, Multivesicular body,
Alzheimer’s disease, ESCRT

INTRODUCTION

Alzheimer’s disease is characterized by progressive loss of memory
and cognitive function, and histologically characterized by neuronal
loss, extracellular amyloid plaques, dystrophic neurites and
neurofibrillary tangles of hyperphosphorylated Tau (Glenner,
1989; Goedert et al., 1988; Selkoe et al., 1986). Plaques are
extracellular aggregates of A peptides (Glenner and Wong, 1984)
generated by sequential proteolysis of APP by B-site APP cleaving
enzyme 1 (BACEI) and the y-secretase complex. APP can
alternatively be processed by o-secretase, which cleaves within
the AP sequence, precluding Ap formation.

Both the trans-Golgi network (TGN) and the endolysosomal
pathway contain APP, BACEI and y-secretase, and are proposed
sites of AP generation. Newly synthesized APP can traffic from the
TGN to endosomes either directly through binding to the adaptor
AP-4 (Burgos et al., 2010) or via the plasma membrane, and can
also undergo retromer-dependent recycling to the TGN (Vieira
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etal., 2010). APP and its processing products have been localized to
multivesicular bodies (MVBs) in Alzheimer’s disease brains
(Takahashi et al., 2004, 2002) and cultured neurons (Morel et al.,
2013). MVBs have a number of fates including fusion with the
lysosome, fusion with the cell surface for the release of intraluminal
vesicles (ILVs) as exosomes, fusion with autophagosomes to
generate amphisomes and the biogenesis of lysosome-related
organelles such as melanosomes. In pigmented cells PMEL is
targeted to ILVs where it undergoes proteolytic processing to
generate amyloid striations upon which melanin is deposited
(Berson et al., 2001).

Several populations of MVBs exist (White et al., 2006) and ILVs
can be formed by different mechanisms (Edgar et al., 2014; Stuffers
et al., 2009; Subra et al., 2007; Trajkovic et al., 2008; Wollert and
Hurley, 2010). The endosomal sorting complexes required for
transport (ESCRT) machinery, which is composed of four
complexes (0-III), binds ubiquitylated cargo and generates ILVs that
are delivered to lysosomes and degraded. APP can be ubiquitylated
(Watanabe et al., 2012) in a manner that promotes its targeting to ILVs
(Morel et al., 2013). Interfering with the potential interaction between
early ESCRT components and APP has been reported to both increase
(Morel et al., 2013) and decrease (Choy et al., 2012) AP secretion.
Depleting later ESCRT components promotes APP traffic to the TGN
and increased AP secretion (Choy et al., 2012). Intriguingly PMEL
sorting onto ILVs is essential for its amyloidogenic processing but
occurs independently of ESCRTs (Theos et al., 2006). The extent to
which ESCRT-dependent targeting of APP to ILVs might play a
similar positive role in AB production, or might reduce A production
by targeting APP to the lysosome and/or removing APP from the
recycling pathway to the TGN, remains unclear.

Studies of the role of the ESCRT machinery in regulating APP
traffic and AP production have been performed in a variety of
cultured cell lines and primary neurons, in which intracellular A is
difficult to detect. Most studies have therefore analysed ESCRT
roles in AP secretion, rather than intracellular accumulation. The
importance of intracellular versus extracellular Ap is a subject of
considerable debate. Transgenic mice display intraneuronal Af at
the same age as initial pathological manifestations and synaptic
dysfunction, which is prior to the appearance of extracellular
plaques (Oddo et al., 2003). In this study, we investigate the role of
ESCRT-mediated sorting within MVBs in intracellular A
accumulation. We reveal a role for early ESCRT components in
limiting intracellular Ap accumulation by both promoting lysosomal
targeting and promoting AP secretion.

RESULTS

APP is localized to the Golgi and ILVs of a subpopulation of
MVBs in H4-APP cells

Immunofluorescent staining of H4 neuroglioma cells stably
expressing human APP (H4-APP) with the antibody 6E10, which
labels both APP and A (hereafter anti-APP/A antibody), revealed
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that there was a perinuclear pool that colocalized with the Golgi
marker TGN46 (also known as TGOLN2), plus punctate staining,
typical of endosomes and lysosomes (Fig. 1A). As no marker
accurately distinguishes between MVBs and lysosomes, electron
microscopy was used to determine the identity of the punctate
staining. We previously showed that electron lucence, a diameter
>200 nm, and one or more discrete ILVs in a single section plane
defines MVBs that are functionally distinct from lysosomes, as they
lack the capacity to degrade endocytosed EGF (Futter et al., 1996;
Wherlock et al., 2004). Lysosomes are electron dense, can contain
ILVs but also contain membrane whorls and can degrade
endocytosed EGF (Futter et al., 1996; Wherlock et al., 2004).
Immunoelectron microscopy showed that the majority of 6E10
staining was confined to the Golgi and MVBs, where most was on
ILVs but some was on the limiting membrane (Fig. 1B). Analysis of
the 6E10 gold distribution on MVBs revealed the labelling not to be
randomly distributed but, rather, that it was confined to a subset
(39%) of MVBs and that a second population of 6E10-negative
MVBs existed (Fig. 1C). 6E10 staining was found on MVBs both
sparsely and densely packed with ILVs, and so did not correlate with
MVB maturation state. Lysosomes were not stained. 6E10 binds the
first 16 residues of AP and thus detects full-length APP (fI-APP),
the B C-terminal fragment (B-CTF) and AP. Similar results were
obtained using another pan-Af antibody, 4G8 (data not shown).
Several AB-specific antibodies tested on cell lines overexpressing
APP showed no specific staining.

Western blotting H4-APP lysates using the 6E10 antibody
showed the predominant species to be fl-APP with much less intense
bands corresponding to the size of CTFs and little or no Ap
(Fig. 1D). These data suggest that, like many non-neuronal and
neuronal cell lines, H4-APP cells produce very little AB and that
the majority of the 6E10 signal detected by immunofluorescence
and immunoelectron microscopy is likely to represent fl-APP.
Consistent with this, treatment of H4-APP cells with the y-secretase
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inhibitor DAPT, to prevent A generation, caused no detectable
change in 6E10 staining as assessed by immunoelectron microscopy
(supplementary material Fig. S1A,B), and an antibody against the
N-terminus of APP, which does not stain B-CTF or A, showed the
same dual localization to the Golgi and the ILVs of MVBs as 6E10
(supplementary material Fig. S1C,D).

To determine whether AB could be detected in a subset of MVBs in
neurons, hippocampus from age-matched wild-type and Tg2576
mice, which overexpress Swedish mutant APP (sweAPP) and present
detectable levels of intraneuronal deposits of A (Takahashi et al.,
2002), were stained with anti-AB antibodies and assessed by
immunoelectron microscopy. 6E10 and AP40-specific antibodies
localized to the ILV's of a subset of MVBs in the Tg2576 mice (Fig. 2).

APP traffics through EGFR-positive end
and is degraded

We have previously shown that EGFR traffics in a subpopulation of
MVBs destined for the lysosome (White et al., 2006). To determine
whether APP is trafficked in the same MVBs, cells were incubated
with EGF-488 for 10 and 45 min when EGF-EGFR complexes are
primarily localized to early endosomes and MVBs, respectively
(Futter et al., 1996). Fig. 3A shows that a small proportion of
punctate 6E10 staining colocalized with EGF after 10 min,
suggesting that only a small proportion of 6E10-positive puncta
are early endosomes (14% APP colocalized with EGF, Fig. 3B).
However, after 45 min stimulation, the majority of 6E10-positive
puncta contained EGF (37% of the total APP colocalized with EGF,
the majority of the remainder was in the TGN). These data show that
APP is trafficked in the same population of MVBs that deliver
EGEFR to the lysosome for degradation. Although in control cells,
we did not detect APP in lysosomes (Fig. 1), treatment of H4-APP
cells with the protease inhibitor leupeptin caused a time-dependent
increase in the amount of APP within cathepsin-D-positive
compartments (Fig. 3C,D). This indicates that APP can be

toly

Fig. 1. APP localizes to the Golgi and ILVs of a subpopulation of MVBs. (A) Untransfected H4-UnT and H4-APP cells were stained for APP/AB (6E10; green),
TGN46 (magenta) and DAPI (blue). Scale bar: 10 pm. (B) In ultrathin cryosections of H4-APP cells, 6E10 immunogold labelling is on a subset of MVBs (asterisks)
and the Golgi, although some MVBs lack label (arrows). Scale bars: 100 nm. (C) Counting 6E10 gold particles per MVB (n=120) shows populations of 6E10
negative and positive MVBs (approximately four particles per MVB). (D) H4-UnT and H4-APP cells were western blotted with 6E10.
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A ) Tg2576

Fig. 2. APP and A localizes to the ILVs of a

of MVBs in hipp

pus of Tg2576 mice. Ultrathin sections of hippocampus of Tg2576 mice

were stained with the anti-APP/AB antibody 6E10 (A) or AB40-specific antibody G2-10 (B). Arrows show MVBs negative of gold labelling. Scale bars: 200 nm.

trafficked to the lysosome but is rapidly degraded and only
detectable following inhibition of lysosomal degradation.

Depletion of Hrs inhibits traffic of APP to ILVs

Targeting of EGFR to the ILVs of MVBs depends on EGFR-
ubiquitylation-dependent engagement of the ESCRT machinery.
To measure potential ubiquitylation of APP N2a-UnT and N2a-APP
cells were transfected with ubiquitin-Myc and lysates were
immunoprecipitated with 6E10. Blotting of the immunoprecipitations
with anti-Myc antibody revealed that fl-APP can be ubiquitylated
(supplementary material Fig. S2A) and there are several potential sites
of APP ubiquitylation (supplementary material Fig. S2B). Depletion
of the ESCRTO component Hrs (also known as Hgs), which
binds ubiquitylated cargo, caused APP to redistribute from ILVs to
the limiting membrane of enlarged endosomes, as shown by
immunoelectron microscopy (Fig. 4A), such that 31.5% of 6E10
gold particles localized to the limiting membrane in control cells
increasing to 73.6% in Hrs-depleted cells. Immunofluorescence
analysis showed that the 6E10-positive punctae were clearly enlarged
in Hrs-depleted cells (Fig. 4B) and sometimes 6E10-positive ‘rings’
could be observed, as previously described (Choy et al., 2012). Some
Hrs-depleted MVBs contained a population of unusually small ILVs,
only detectable on glutaraldehyde-fixed specimens (Fig. 4A), as shown
in our recent study on Hrs-depleted HeLa cells (Edgar et al., 2014).

Hrs and Tsg101 depleti duce ly | delivery of APP
In order to determine whether depleting ESCRT components
affected delivery of APP to lysosomes, we analysed the

2522

colocalization of APP with LAMPI1. A change in the amount of
co-staining of APP with LAMP1 upon ESCRT depletion could be
caused by a change in the distribution of LAMP1 or by a change in
the efficiency of delivery of APP to the lysosome. These two
possibilities can be distinguished by incubation of the cells with
leupeptin to inhibit lysosomal enzyme activity. This would be
expected to have no effect on the distribution of LAMPI1 but, as
shown in Fig. 3, it increased APP signal in lysosomes by inhibiting
degradation. Without leupeptin there was limited co-staining of
APP with LAMP1 in control cells and cells treated with small
interfering RNA (siRNA) against Hrs (siHrs) (~8 and 9%,
respectively) (Fig. 5A,B). With leupeptin there was a 2-fold
increase in APP co-staining with LAMP1 in control cells compared
with only a 1.5-fold increase in siHrs-treated cells (Fig. 5A,C),
indicating inhibition of lysosomal delivery of APP in Hrs-depleted
cells. Although cells treated with siRNA against Tsg101 (siTsg101)
displayed higher APP and LAMP1 colocalization in controls, there
was only a 1.25-fold increase following leupeptin treatment,
indicating a greater inhibition of APP delivery to lysosomes in
siTsgl01-treated cells (Fig. 5A,C).

Hrs or Tsg101 depleti d Ap40 ti
increases intracellular APP and Ap

The effects of ESCRT depletion on AB accumulation and secretion
was tested on N2a-APP cells, which secrete more AB than H4-APP
cells and show a similar redistribution of APP to the perimeter
membrane of enlarged MVBs, frequently visible as ‘rings’, upon Hrs
or Tsgl01 depletion (supplementary material Fig. S3). Depletion of
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A

6E10

EGF-488

10 min EGF-488

45 min EGF-488

Cathepsin D

Control

120 mins
leupeptin

240 mins
leupepti

MQFIQ

B

Percentage of EGF-488
colocalised with 6E10

10 min EGF-488 45 min EGF-488
stimulation stimulation

Percentage of 6E10
colocalised with Catheptin D

240 mins
leupeptin

120 mins
leupeptin

Control

Fig. 3. APP traffics through the same MVBs as EGFR. (A) H4-APP cells stimulated with EGF—Alexa-Fluor-488 (EGF-488; green) for 10 or 45 min were
stained for APP/Ap with 6E10 (red). Scale bar: 5 um. (B) Quantification of APP colocalization with EGF-488. (C) H4-APP cells treated with leupeptin were stained
with 6E10 (green), cathepsin D (red) and DAPI (blue). Scale bars: 10 pm. (D) Quantification of 6E10 colocalization with cathepsin D. All results are meanzs.d.

(n=3 separate experiments). *P<0.05, ***P<0.005 (Student’s t-test).

Hrsor Tsgl01 led to a 73% and 80% reduction in secreted AB40 levels
respectively, as measured by ELISA of media samples (Fig. 6A),
without any corresponding decrease in release of the intracellular
enzyme lactate dehydrogenase (LDH) (Fig. 6B). Secreted AP levels
do not necessarily reflect intracellular AB levels and so intracellular
and secreted AP were analysed by western blotting, which, though
challenging, allows distinction between fI-APP and processing
products (Gouras et al., 2012). Western blotting of medium from
N2a-APP cells showed reduced secreted AP levels following Hrs or
Tsgl01 depletion (Fig. 6C,D), in agreement with the ELISA results.
Western blotting of cell lysates showed an increase in APP levels upon

Hrs or Tsg101 depletion consistent with reduced delivery of APP to
the lysosome (Fig. 6E,F). Interestingly, although o~ and B-CTF levels
were unchanged by Hrs or TsglOl depletion (Fig. 6E), the
intracellular levels of AR were dramatically increased following Hrs
depletion (Fig. 6E,G). It is not possible to directly measure the effects
of ESCRT depletion on AP generation, as the intracellular Ap levels
are a balance between production, degradation and secretion.
However the intracellular AP accumulation that accompanied
reduced AP secretion upon Hrs depletion suggests that Hrs-
dependent targeting of APP to ILVs is not necessary for AP
production but that Hrs and Tsg101 are involved in AP secretion.
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Fig. 4. Redistribution of APP from ILVs to the limiting membrane of MVBs
after Hrs depletion. (A) Cryosections of H4-APP and Hrs-depleted H4-APP
cells (siHrs) were stained for APP/Ap with 6E10 (upper two panels, cells fixed
with 4% PFA,; lower panel, cells fixed with 4% PFA and 0.2% glutaraldehyde).
Scale bars: 200 nm. (B) Confocal microscopy reveals 6E10-positive
endosomal rings following Hrs depletion (arrows). Scale bars: 5 um.

DISCUSSION

Despite the clinical importance of A, the role of the endocytic
pathway versus the TGN and the role of sorting within MVBs in
regulating the intracellular accumulation and secretion of A remain

2524

unclear. In keeping with previous studies, we found that APP
localized predominantly to endosomes and the TGN, and now show
that, within the endocytic pathway, APP is found mainly on the
ILVs of a subset of MVBs. Sorting of APP onto ILVs could promote
AB  production by providing favourable conditions for
amyloidogenic processing, as it does for PMEL in melanogenic
cells. Consistent with this hypothesis, we found AB40 on the ILVs
of MVBs in mouse brain from Tg2576 mice. Alternatively sorting
of APP to ILVs could prevent intracellular A accumulation by
targeting APP and/or its processing products for lysosomal
degradation. Consistent with this hypothesis, we found APP in
EGFR-containing MVBs, an MVB subpopulation that normally
fuses with lysosomes, and lysosomal accumulation of APP in cells
treated with protease inhibitor.

To determine whether sorting of APP onto ILVs has a positive or
negative effect on AP accumulation, we aimed to inhibit the ILV
sorting machinery and analyse the effects on intracellular AB levels.
EGFR is targeted to the ILVs of MVBs by ubiquitylation-dependent
interaction with the ESCRT machinery. In contrast, PMEL, which
depends on sorting to ILVs for amyloidogenic processing, is
targeted to ILVs independently of ubiquitylation and the ESCRT
machinery (Theos et al., 2006; van Niel et al., 2011). That APP
traffics predominantly in the same MVBs that traffic EGFR implied
that the ESCRT machinery was involved in APP sorting. However,
ESCRT-dependent and -independent ILV sorting mechanisms are
not entirely segregated within separate populations of MVBs. van
Niel et al. (van Niel et al., 2011) have shown that the C-terminal
fragment of PMEL that remains after amyloidogenic processing is
targeted to the lysosome in an ESCRT-dependent manner and we
have recently shown that Hrs-dependent and Hrs-independent ILVs
can form in the same MVB (Edgar et al., 2014).

Several studies, including our own, show that APP can be
ubiquitylated (Morel et al., 2013; Watanabe et al., 2012) and, hence,
could potentially engage the ESCRT machinery. A previous study
has shown that depletion of the ESCRTO component Hrs or the
ESCRTI component Tsgl101 leads to the retention of APP in early
endosomes at the expense of the TGN (Choy et al.,, 2012) and
proposed a role for Hrs and Tsgl01 in retromeric traffic of APP to
the TGN. Another recent study presented evidence for a role for the
ESCRT machinery in sorting APP to ILVs. Expression of a poorly
ubiquitylated mutant APP or depletion of the phosphoinositide 3-
kinase (PI3K) Vps34 and its effector Hrs inhibits sorting of APP to
ILVs (Morel et al., 2013). Here, we show that depletion of Hrs or
Tsgl01 inhibit sorting of APP to ILVs of a subset of MVBs, directly
demonstrating a role for the ESCRT machinery in sorting APP to
ILVs.

Thus, two amyloidogenic proteins, PMEL and APP, are sorted
onto ILVs by different mechanisms. ESCRT-independent sorting
of PMEL to ILVs promotes amyloidogenic processing. Does
sorting of APP onto ILVs, serve a similar purpose, albeit utilizing a
different machinery, or does ESCRT-dependent ILV sorting target
APP and its processing products to the lysosome and, thereby,
reduce AP accumulation? Consistent with the latter possibility, we
found that Hrs or Tsgl01 depletion increased cellular APP levels
and inhibited APP delivery to the lysosome. Morel et al. proposed
that ESCRT-mediated ILV targeting limits AB production after
finding that silencing Vps34, or expressing ubiquitylation-deficient
APP, increased AP secretion (Morel et al., 2013). However, here,
we found that Hrs or Tsg101 depletion reduced A secretion. Choy
et al. also found reduced AP secretion on Hrs or Tsg101 depletion
but found increased AP secretion on depletion of the later ESCRT
components CHMP and Vps34 (Choy et al., 2012). This enhanced
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AP secretion required retromer-dependent redistribution of APP to
the TGN and these authors concluded that the TGN was the
major site of A production. How can treatments likely to reduce
ESCRT-dependent sorting of APP to ILVs enhance A secretion in
one study (Morel et al., 2013) and reduce them in others (Choy
et al., 2012) (and the current study)? Although differences in cell
types might underlie these apparent differences (HEK293 cells in
Choy et al. and Hela cells in Morel et al.), we can add a key
component that was absent from previous studies. As well as Ap
secretion, we measured intracellular AB levels. Although depletion
of Hrs inhibited AP secretion, intracellular AP levels were

Fig. 5. Reduced lysosomal delivery after Hrs/Tsg101 depletion.
(A) H4-APP cells depleted of Hrs (siHrs) or Tsg101 (siTsg101) were
treated with or without leupeptin and stained with 6E10 (green) and
LAMP1 (red). Scale bars: 5 um. (B) Quantification of 6E10
colocalization with LAMP1 (using Velocity). Results are meants.d. of
three experiments. *P<0.05, ***P<0.005 (Student’s t-test). (C) Fold
change (meanzs.d., n=2 separate experiments) of 6E10 colocalized
with LAMP1.

Control 4hr leup
siTsg101

siTsg101 4hr leupeptin

considerably increased. Although we cannot eliminate the
possibility that Hrs depletion affects AB production, the elevated
intracellular AP levels imply that Hrs-dependent sorting to ILVs
does not promote AP generation. AR found on ILVs could arise
from AP generation on the perimeter membrane of the MVB and
subsequent sorting onto ILVs, or y-cleavage could occuron ILVs as
well as on the perimeter membrane. The previous immunoelectron
microscopy findings showing that AB42 in neurons normally
localizes preferentially to the MVB limiting membranes is
consistent with AB generation on the MVB perimeter membrane
(Takahashi et al., 2002). Intracellular AP levels depend on the
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A

Fig. 6. Reduced AB40 secretion and increased intracellular
APP and/or Ap after depletion of Hrs or Tsg101. (A) ELISA
shows reduced Ap40 secretion in N2a-APP cells depleted of of
Hrs (siHrs) or Tsg101 (siTsg101). (B) Hrs or Tsg101 depletion
does not affect release of LDH activity into culture medium.
(C-G) N2a-APP cells were depleted of Hrs or Tsg101 and media
(C,D) and cell lysates (E-G) were analysed by western blotting.
All results are mean+s.d. of three experiments. *P<0.05,
***P<0.005 (Student's t-test).
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balance between AP generation and AP degradation and secretion.
Hrs or TsglO1 depletion might increase AP levels by inhibiting
lysosomal delivery of APP or B-CTF, increasing the time that they
reside in MVBs, but also increasing A accumulation through
reduced AP secretion.

What is the role of Hrs and Tsg101 in AP secretion? Although the
major fate of ESCRT-dependent ILVs is degradation in the lysosome,
APB accumulation in MVBs could affect that fate. Consistently, a
defect in EGFR degradation has been observed upon AP
accumulation within MVBs (Almeida et al., 2006). One alternative
MVB fate is fusion with the cell surface and release of ILVs as
exosomes, and exosome-associated Ap has been found (Rajendran
etal., 2006). Interestingly, one exosome population has been shown
to be generated independently of ESCRTs (Trajkovic et al., 2008),
but depletion of Hrs and Tsg101 has recently been shown to reduce
some exosome production (Colombo et al., 2013; Tamai et al., 2012,
2010), and ubiquitylated proteins have been found in exosomes
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Control siHrs siTsg101

(Buschow et al., 2005). Thus, reduced exosome secretion could
contribute to the reduced AP secretion upon depletion of Hrs or
Tsgl01. Additionally, non-exosome-associated Af within the MVB
lumen could be released upon MVB fusion with the plasma
membrane and Hrs or Tsgl01 could play a role in this fusion.
Another possible fate of MVBs is fusion with autophagosomes in a
process that participates in autophagic degradation (Lamb et al.,
2013). The accumulation of autophagic vacuoles in Alzheimer’s
disease brain (Nixon et al., 2005) and mouse Alzheimer’s disease
models (Yu et al., 2005) suggests a link between Af accumulation
and autophagy. ESCRT proteins are required for efficient autophagic
degradation (Rusten and Simonsen, 2008), but, in an intriguing
recent development, genetic ablation of autophagy by knockout of
Atg7 has been shown to dramatically reduce AP secretion (Nilsson
et al.,, 2013; Nilsson and Saido, 2014). Clearly the relationship
between ESCRT-mediated sorting of APP onto ILVs, autophagy and
AP secretion is a major subject for future study.

(V]
v]
=
L
(v]
%)
Ko,
(V)
Y=
o
©
c
—
=)
[}
=




RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 2520-2528 doi:10.1242/jcs. 170233

Understanding the molecular mechanisms that regulate intracellular
AP accumulation is crucial to understanding early Alzheimer’s
disease pathogenesis. Increasing evidence indicates that intracellular
AP accumulation in Alzheimer’s-disease-vulnerable neurons initiates
synaptic dysfunction prior to the presence of amyloid plaques. Our
data indicate a key role for early ESCRT components in limiting
intracellular Ap accumulation by sorting APP onto ILVs of MVBs for
lysosomal degradation and promoting Ap secretion.

MATERIALS AND METHODS

Reagents

Anti-APP/AB antibodies were mouse 6E10 and 4G8, against residues 3-8 and
17-24 of AB respectively (Covance), rabbit 369 against CTF (Buxbaum et al.,
1990), and mouse G2-10 (Ap40-specific) and P2-1 (N-terminus) (Millipore).
Sheep anti-TGN46 (AbD Serotec), rabbit anti-Cathepsin D (Upstate), -LAMP1
(Ab24170 - Abcam), -Myc (Abcam), and mouse anti-Hrs (Enzo Lifesciences)
and Tsgl01 (Genetex) antibodies were used. Leupeptin and cycloheximide
(Sigma) were used at 50 pg/ml and 40 pg/ml, respectively.

Cell culture

Human H4 neuroglioma cells (H4) cells from ATCC were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf serum
(FCS). N2a mouse neuroblastoma cells (generously provided by Gopal
Thinakaran and Sangram Sisodia — University of Chicago) were cultured in
47.5% DMEM, 47.5% OptiMem and 5% FCS, with 0.4 mg/ml Geneticin
(Invitrogen).

Western blotting

Western blotting to analyse knockdown efficiencies were performed as
previously described (Edgar et al., 2014). To perform western blotting for
AP, medium was collected and cells were harvested in ice-cold PBS. Cell
pellets were lysed in 6% SDS, 1% B-mercaptoethanol, sonicated and
heated at 95°C. Centrifuged (10,600 g for 10 min) supernatants were
electrophoresed, transferred to PVDF membranes (Millipore), and boiled in
PBS. Blocking and antibody incubations were in 0.1% Tween-20 (PBST)
with 5% milk powder. Immunoreactions were visualized by
chemiluminescence (Pierce) and quantified with Image Lab (Bio-Rad).

Co-immunoprecipitation

The ubiquitin-Myc construct was a kind gift from Sylvie Urbe (University of
Liverpool, UK). Cells were scraped in lysis buffer containing 10 mM NEM
and lysates incubated with 10 pg of primary antibody for 4 h and then protein
G beads (Santa Cruz Biotechnology) for 1 h. Washed pellets were boiled in
reducing sample buffer and analysed by SDS-PAGE and western blotting.

RNA interference

Cells were transfected using Oligofectamine (Invitrogen) with 20 uM
negative control siRNA (Mammalian AllStar negative siRNA), or human
Hrs or Tsgl01 (Razi and Futter, 2006), murine Hrs ON-TARGETplus
SMARTpool siRNA or murine Tsgl01 ON-TARGETplus SMARTpool
siRNA sequences (Quiagen).

Cry
Cultured cells were prepared and secuoned as described (Edgar etal., 2014).
For mouse brains, 10-month-old mice expressing human-sweAPP (Tg2576
mice; Hsiao etal., 1996) and wild-type littermates were perfusion fixed with
4% PFA. 50-um vibratome sections of hippocampus were dissected and
embedded in 12% gelatin before preparation as above. Sections were
immunogold labelled (Slot et al., 1991) and visualized with a JEOL1010
transmission electron microscope with a Gatan digital camera and Digital
Micrograph software. All animal experiments were approved by the Animal
Ethical Committee of Lund University (Sweden).

Immunofluorescence
Cells were fixed with 4% PFA, permeabilized with 0.1% saponin, and then
blocking, antibody incubations and washes were in 1% BSA and 0.01%

saponin in PBS. Coverslips were mounted in DAPI-containing medium
Prolong gold anti-fade reagent (Invitrogen). For EGF-trafficking
experiments, cells were serum starved for 90 min before incubation with
200 ng/ml EGF-Alexa-Fluor-488 (Molecular Probes).Cells were visualized
using a Leica TCS SP2 AOBS confocal microscope using a 63x oil
immersion lens. Images were analysed using Methamorph Image Analysis
or Velocity software.

Human A40 ELISA
Human AB40 secreted over 48 h was measured in culture medium by ELISA
(Invitrogen).
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Supplementary Figure 1 — Inhibition of y-secretease does not alter 6E10, and the N-
terminus of APP displays the same localization at 6E10. (A) H4-APP cells were treated with
the y-secretase inhibitor DAPT (1 ng/ml, 18 hours) before being fixed and analysed by
immunofluorescence. Cells were stained with the anti-APP/AP antibody 6E10 (green) and an
anti-TGN46 antibody (magenta). Scale bar 10um. (B) Cells were similarly treated with DAPT
and processed for cryosectioning. Thawed cryosections were stained with the anti-APP/AB
antibody 6E10. Scale bar 200nm. (C) H4-APP or untransfected cells were fixed and stained with
the N-terminal APP antibody, P2-1 (green) and imaged by confocal microscopy. Scale bar 10pm.
(D) H4-APP cells were fixed and prepared for cryosectioning. Ultrathin cryosections were

stained using the anti-N-terminal APP antibody, P2-1. Scale bars 100nm.
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Supplementary Figure 2 — APP undergoes ubiquitination. (A) N2a-UnT and N2a-APP cells
transfected with a myc-tagged ubiquitin construct were lysed and immunoprecipitated using anti-
APP/AB antibody, 6E10. Pull-downs were Western blotted with anti-myc antibody. (B)

Schematic of potential sites of ubiquitination within APP.
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Supplementary Figure 3 - N2a-APP cells display similar morphology to H4-APP cells
following siHrs or siTsg101 depletion. N2a-APP cells were depleted for Hrs or Tsg101 and

stained for APP (green) and LAMPI (red). Scale bar 10pm.
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Abstract

pathology are incompletely understood.

Background: Alzheimer's disease (AD)-linked B-amyloid (AB) accumulates in multivesicular bodies (MVBs) with the
onset of AD pathogenesis. Alterations in endosomes are among the earliest changes associated with AD but the
mechanism(s) that cause endosome enlargement and the effects of MVB dysfunction on AR accumulation and tau

Methods: MVB size and A fibrils in primary neurons were visualized by electron microscopy and confocal
fluorescent microscopy. MVB-dysfunction, modelled by expression of dominant negative VPS4A (dnVPS4A), was
analysed by biochemical methods and exosome isolation.

Results: Here we show that AD transgenic neurons have enlarged MVBs compared to wild type neurons.
Uptake of exogenous AB also leads to enlarged MVBs in wild type neurons and generates fibril-like structures
in endocytic vesicles. With time fibrillar oligomers/fibrils can extend out of the endocytic vesicles and are
eventually detectable extracellularly. Further, endosomal sorting complexes required for transport (ESCRT)
components were found associated with amyloid plaques in AD transgenic mice. The phenotypes previously
reported in AD transgenic neurons, with net increased intracellular levels and reduced secretion of AB, were
mimicked by blocking recycling of ESCRT-lIl by dnVPS4A. DnVPS4A further resembled AD pathology by
increasing tau phosphorylation at serine 396 and increasing markers of autophagy.

Conclusions: We demonstrate that AB leads to MVB enlargement and that amyloid fibres can form within
the endocytic pathway of neurons. These results are consistent with the scenario of the endosome-lysosome
system representing the site of initiation of AR aggregation. In turn, a dominant negative form of the
CHMP2B-interacting protein VPS4A, which alters MVBs, leads to accumulation and aggregation of AR as well
as tau phosphorylation, mimicking the cellular changes in AD.

Keywords: Alzheimer's disease, Amyloid, Endocytosis, Multivesicular body, Tau

Background

Alzheimer’s disease (AD) is characterized by progressive
decline in cognitive function, anatomical selective loss of
synapses and neurons, and aggregation of the p-amyloid
peptide (Ap) in amyloid plaques and hyperphosphorylated
tau in neurofibrillary tangles (NFTs). Although plaques
are extracellular aggregates of AP, accumulation of Ap42,
the most pathogenic AP peptide, begins within neurons in
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( BiolMed Central

AD [1-3] and in AD transgenic mouse models [4—6]. In
AD transgenic mice, cognitive, physiological and struc-
tural impairments appear prior to plaques [7-9] and are
accompanied by intraneuronal AP peptide accumulation,
supporting that accumulation of intraneuronal AP pep-
tides is one of the earliest events in AD pathogenesis [10].

Abnormalities in the endocytic pathway are also among
the earliest pathological features reported in AD, preced-
ing the classical pathological markers of Ap plaques and
NEFTs [11]. Specifically, enlargement of Rab5-positive early
endosomes and Rab7-positive late endosomes were re-
ported in AD [12, 13], as well as progressive accumulation
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of multivesicular bodies (MVBs), lysosomes and autopha-
gic vacuoles [14]. The amyloidogenic cleavage of APP oc-
curs predominantly in endosomes [15-19]. Proteins in the
amyloidogenic pathway (APP, the (-site APP cleaving en-
zyme (BACE1) and the y-secretase that generates the Af
peptides) are transmembrane proteins that traffic through
the secretory pathway as well as the endocytic pathway.
Immuno-electron microscopy revealed that particularly
the limiting membrane of MVBs are the normal location
of AP42 in neurons of the brain and are the sites of Ap ac-
cumulation during AD pathogenesis [20], especially at
synapses [5]. Sorting of EGFR via the MVB pathway was
impaired by endosomal Ap accumulation in cultured AD
transgenic neurons [21]. Translocation into MVBs ap-
peared particularly affected, suggesting AB dependent dys-
function of the late endosomal sorting complexes required
for transport (ESCRT) pathway in AD.

The ESCRTs are a set of proteins conserved from yeast
to mammals that regulate and drive formation of the intra-
luminal vesicles of MVBs. They assemble into distinct sub-
complexes: ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-IIL
Their sequential action directs the sorting of ubiquitinated
transmembrane proteins and the inward budding of intra-
luminal vesicles (ILVs) into the lumen of endosomes,
thereby generating MVBs that then either deliver
membrane-associated cargo to the lysosome for degrad-
ation, release the intraluminal vesicles (then called exo-
somes) via fusion with the plasma membrane or traffic
cargo back to the Golgi apparatus. ESCRT-III subunits,
among them CHMP2B, are inactive monomers in the cyto-
plasm [22] that assemble on endosomal membranes in an
ordered manner to generate the transient ESCRT-III com-
plex. CHMP2B, linked genetically to frontotemporal de-
mentia (FTD) and AD [23, 24], directly interacts with and
recruits the VPS4 AAA—ATPase complex that disassembles
ESCRT-III, and genome-wide association studies for late
onset AD identified an association with VPS4B [25].

Given the cumulative genetic, biological and patho-
logical evidence implicating A in AD, and the early accu-
mulation of AR in MVBs in AD, we set out to test our first
hypothesis (1) that AP can cause the abnormal endosomal
phenotype seen in AD. To determine this, we investigated
the effects of Ap on MVB size and A aggregation in late
endosomes. Since AP accumulates particularly at the outer
limiting membrane of MVBs where ESCRTs reside and
since ESCRT dysfunction leads to endosomal enlargement
we also tested our second hypothesis (2) that AP causes
dysfunction of the ESCRT pathway. This was investigated
by examining changes in ESCRT proteins in primary neu-
rons, as well as modulating the late ESCRT pathway to
examine how this influences Ap accumulation.

Here we provide experimental evidence of AfB-dependent
MVB enlargement as well as AP aggregation within late
endocytic compartments of neurons. Consistent with the
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scenario of MVBs representing the site of initiation of Af
aggregation, the accumulation of neuronal ESCRT compo-
nents was evident in amyloid plaques. Moreover, dysfunc-
tion of ESCRT-III, modelled by dominant negative VPS4A
(dnVPS4A) mimicked the AP accumulation and aggrega-
tion in MVBs as well as the enlarged late endosomal size
seen in AD. These results support a novel scenario where a
vicious cycle of ESCRT-dependent late endosomal dysfunc-
tion causes further AP accumulation as well as AD-
pathogenic tau phosphorylation.

Methods

Cell culture

Primary neuronal cultures were generated from B6.Cg-Tg
(APPswe, PSEN1dE9)85Dbo/Mmjax mice (APP/PS1) AD
transgenic (tg) and wild-type (wt) mouse embryos. The
APP sequence in APP/PS1 encodes a chimeric mouse/hu-
man APP (Mo/HuAPP695swe) that was humanized by
modifying three amino acids, and introducing the Swedish
AD mutation. The PS1 sequence encodes human presenilin
1 lacking exon 9 (dE9) that models AD-associated muta-
tions in PS1. Both APPswe and PS1 are independently con-
trolled by the prion protein promoter. Primary neuronal
cultures were prepared from cortices and hippocampi of
embryonic day 15 embryos as previously described [9]. In
brief, E15 brain tissue was dissociated by trypsinization and
trituration in DMEM with 10% fetal bovine serum (Gibco).
Dissociated neurons were cultured on poly-D-lysine
(Sigma) coated plates or glass coverslips (Bellco Glass Inc.)
and were maintained until 12 and 19 DIV in neurobasal
medium (Gibco), B27 supplement (Gibco), glutamine (Invi-
trogen) and antibiotics (ThermoScientific).

Wild type mouse N2a neuroblastoma cells (N2a) or N2a
cells stably transfected with the 670/671 Swedish mutation
human APP (Swe) [26] or wild-type a-synuclein with HA-
Tag (a-syn) were grown on 10 cm dishes or coverslips.

Electron microscopy

Cells were grown on Thermanox coverslips (Nalgene,
Nunc) and fixed with 2% PFA, 2.5% glutaraldehyde in
0.1 M cacodylate. Cells were then secondarily fixed with 1%
osmium tetroxide followed by incubation with 1% tannic
acid to enhance contrast. Cells were dehydrated using in-
creasing percentages of ethanol before being embedded
onto Epoxy resin (Agar scientific, UK) stubs. Coverslips
were cured overnight at 65 °C. Ultrathin sections were cut
using a diamond knife mounted to a Reichert ultracut S ul-
tramicrotome and sections were collected onto copper
grids. Grids were post-stained with drops of lead citrate.
Sections were viewed on a FEI Tecnai transmission elec-
tron microscope (Eindhoven, The Netherlands) at a work-
ing voltage of 80 kV. BSA-gold was prepared as previously
described [27]. For quantification of MVB diameter, MVBs
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were defined as organelles containing intraluminal vesicles
and monomeric rather than flocculated BSA-gold.

AB1-42 peptides (Sigma) were incubated at 37 °C for
1 h to induce fibril formation in vitro. Grids were
inverted onto the drops of AP1-42, negatively stained
with 2% uranyl acetate, washed with water and dried on
filter paper before being viewed by EM.

Transfection and constructs

Cells were transfected using Lipofectamine 2000 (Invitro-
gen) for N2a cells or Lipofectamine 3000 (Invitrogen) for
primary neurons. N2a cells were transfected in Opti-MEM
while primary neurons were transfected directly in their
growth medium. The plasmids p3xFLAG-CMV-10-
hVPS4A-wt and p3xFLAG-CMV-10-hVPS4A-dn E228Q
were generated as described [28]. The control plasmids
p3xFLAG-CMV-7-BAP Control Plasmid was purchased
from Sigma-Aldrich and pcDNA3-CMV-GFP  from
Addgene. pcDNA3-synapsin-FLAG-wtVPS4 and pcDNA3-
synapsin-FLAG-dnVPS4 were constructed from pcDNA3-
synapsin-FLAG and PCR products from the p3xFLAG-
CMV-10-hVPS4A-wt and p3xFLAG-CMV-10-hVPS4A-dn
respectively. Control plasmid pAAV-synapsin-GFP was
purchased from Addgene.

Antibodies and reagents

The following antibodies were used (see also Additional file
1: Table S1): 369 [29] (Buxbaum et al., 1990) for Western
blot (WB) 1:1000; 6E10 (BioLegend, previously Covance
SIG-39320) IF: 1:500, WB 1:1000; 12F4 (BioLegend, previ-
ously Covance SIG-39142) for immunofluorescence (IF)
1:250; Amyloidp (1-42) (IBL, 18,582); Amyloidp (1-42)
(Invitrogen, 700,254) IF 1:1000; beta-actin (Sigma, A 5316)
WB 1:2000; CD63 (ThermoFisher Scientific, MAI-19281)
WB 1:1000; CHMP2B (Abcam, ab33174) IF 1:250, WB
1:1000; Clavestin-1 + 2 (Bioss, bs-6569R-A647) IF 1:250;
DAPI (Sigma, D9542) IF 1:2000; drebrin (Abcam, ab11068)
IF 1:1000; FLAG (Biolegend, 637,302) IF 1:1000, (Sigma,
F1804) WB 1:1000; Flotillin-1 (BD Biosciences, 610,821) IF
1:400; GM130 (BD Biosciences, 610,822) IF: 1:500; GSK3[3
(Cell Signaling Technology, 12,456) IF 1:400; pGSKa/p (Cell
Signaling Technology, 9331S) WB 1:1000; HA-Tag (Cell
Signaling Technology, 3724) WB 1:1000; Hrs and Hrs-2
(Enzo, ALX-804-382-C050) IF 1:100; LAMP1 (Abcam,
ab24170) IF 1:1000; LAMP1 (Abcam, ab25245) IF: 1:1500;
LC3p (Cell Signaling Technology, 2775) WB 1:1000; Amyl-
oid fibrils OC (Merck Millipore, AB2286) IF 1:1000; P2:1
(ThermoFisher  Scientific, OMA1-03132) IF 1:500;
Phospho-tau pSer396 (ThermoFisher, 44-752G); Rab7
(Abcam, ab50533) IF 1:500; Synaptophysin (Merck Milli-
pore, MAB5258) IF 1:1000; Tsgl01 (Genetex, GTX70255)
IF 1:250, WB 1:1000; VPS4 (SantaCruz, sc-133,122) IF
1:100, WB 1:1000; secondary antibodies conjugated to Alexa
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Fluor-488, -546, -647 (IF 1:500; Invitrogen) or to HRP
(WB 1:2000; R&D Systems, Minneapolis, MN).

Bafilomycin A (Sigma), torin 1 (Tocris) or rapamycin
(Fisher BioReagents) were added to pre-warmed culture
media at appropriate concentrations. Starvation media
for induction of autophagy was 33% Opti-MEM in
Hank’s Balance Salt solution (HBSS). AB1-40 or Ap1-42
peptides (Tocris) were reconstituted in DMSO to
250 pM, sonicated for 10 min and followed by 15 min of
centrifugation at 12 k rpm before adding the supernatant
to the culture media for the depicted times. All experi-
ments used 0.5 pM of AP1-40 or AP1-42, except for EM
and LAMP-1 positive vesicle size experiments that used
5 uM and 1 uM respectively.

Cell immunofluorescence

Cultured neurons at 12 DIV or N2a cells were fixed in 4%
paraformaldehyde (PFA) in phosphate buffered saline
(PBS) with 0.12 M sucrose for 20 min, permeabilized and
blocked in PBS containing 2% normal goat serum (NGS),
1% bovine serum albumin (BSA), and 0.1% saponin at
room temperature (RT) for 1 h, and then immunolabelled
in 2% NGS in PBS overnight at 4 °C. After appropriate
washing, coverslips were mounted with SlowfadeGold
(Invitrogen). Immunofluorescence was examined by con-
focal laser scanning microscopy (Leica TCS SP8 or Zeiss
LSM 510). In multiple label experiments, channels were
imaged sequentially to avoid bleed-through. Images were
taken with Leica Confocal Software or Zeiss ZEN software
and analysed with Image] or Imaris 7.6. LAMP1-positive
vesicles in pyramidal neurons were quantified by measur-
ing the diameter of the five largest LAMPI1-positive vesi-
cles per cell, imaged by confocal microscopy in z-stacks,
(n= >45 LAMPI1-positive vesicles). All fluorescent label-
ling of cells was performed # 2 3; and in the case of pri-
mary neurons from different embryos.

Brain immunofluorescence

Mice were anesthetized with isoflurane and perfused trans-
cardially with saline followed by 4% PFA in 0.1 M PBS
(pH 7.4) at RT. After dissection, brains were postfixed by
immersion in 4% PFA in 0.1 M PBS (pH 7.4) at 4 °C for 2 h
or overnight. After fixation, brains were cut in 40 um thick
sections with a sliding microtome. Sections were kept in
storage buffer composed of 30% sucrose and 30% ethylene
glycol in PBS at —20 °C. Free-floating sections were blocked
for 1 h in RT with serum and triton-X and then incubated
in primary antibodies overnight at 4 °C, followed by appro-
priate fluorescent Alexa secondary antibodies for 1 h at RT.

Western blot

Medium was collected and centrifuged and cells were
washed twice, harvested in ice cold PBS, and centrifuged.
Cell pellets were lysed with 6% sodium dodecyl sulfate
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(SDS) containing 10 pl/ml B-mercaptoethanol, sonicated,
and then heated at 95 °C for 6 min. After centrifugation, su-
pernatants and medium were mixed with loading buffer,
heated at 95 °C for 5 min and loaded into 10-20% Tricine
gels (Invitrogen). Samples were subjected to electrophoresis
and transferred to polyvinylidine difluoride membranes
(Millipore). Membranes were blocked in PBS containing
0.1% Tween-20 (PBST) and 5% milk, and incubated in pri-
mary antibodies overnight and then with HRP-conjugated
secondary antibodies for 1 h diluted in PBS containing 0.1%
Tween-20 (PBST) and 5% milk. The immunoreaction was
visualized by a chemiluminescence system (Pierce or
BioRad). Bands were quantified using Image Lab (Bio-Rad
Laboratories). For visualization of A(, membranes were
boiled in PBS for 5 min prior to blocking. For analysis of
exosomes, WB was performed as above but without B-
mercaptoethanol in the 6% SDS lysis buffer.

For analysis of LC3p cells were lysed in RIPA buffer
(Thermo Fisher Scientific) with protease inhibitor and
phosphatase inhibitor (Thermo Fisher Scientific). Lysates
with NuPAGE LDS sample buffer and NuPAGE redu-
cing agent were loaded on NuPAGE 4-12% BisTris gels
and run with NuPAGE MES SDS buffer (Invitrogen).

For analysis of a-synuclein in medium, total protein was
extracted using a trichloroacetic acid (TCA)/acetone pre-
cipitation protocol. Briefly, freshly collected samples were
cleared by centrifugation at 10000 rpm for 10 min to pel-
let debris and intact cells. The supernatant was transferred
to a new tube and added with % volume of ice-cold 20%
TCA followed by incubation on ice for 3 h. The proteins
were pelleted by centrifugation at 14000 rpm and washed
twice with cold acetone.

For native conditions, cell pellets were lysed on ice in
NativePAGE sample buffer (1X, Life Technologies) con-
taining 1% digitonin (Life Technologies) and Halt pro-
teinase inhibitor cocktail (1X, Thermo Scientific) by
pipetting up and down and incubating on ice for 15 min.
Lysates were centrifuged at 20000 x g for 30 min at 4 °C
and protein concentrations of the supernatants were de-
termined with BCA assay. Equal amounts of protein
were loaded on a 3-12% NativePAGE Novex Bis-Tris gel
(Life Technologies).

Exosome isolation and analysis

Exosomes were purified from cell culture medium by
differential ultracentrifugation as described previously
[30]. Briefly, Swe N2a cells were cultured and trans-
fected for 48 h in exosome-free medium. Collected
medium was depleted of cells and cellular debris by
sequential low speed centrifugation. Exosomes were
then isolated by centrifugation of the collected super-
natant at 100,000xg at 4 °C for 70 min. The resultant
pellet was washed in PBS and centrifuged for 70 min
at 100,000xg at 4 °C.
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Statistical analysis

Statistical analysis was performed with PRISM 6 soft-
ware (Graph-Pad Software, San Diego, CA, USA) by
using unpaired t-test or ANOVA with Tukey’s multiple
comparisons test or ANOVA with Dunnett’s multiple
comparisons test. All data are expressed as the
mean t SD. Differences were considered significant at
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Results

AB-dependent MVB enlargement

Endogenous AB42 is present in both dendrites and axons
of cultured primary APP transgenic neurons and localizes
especially with markers of late endosomes/MVBs [21]. In
order to examine whether increased levels of AR can lead
to the enlarged endosomal phenotype seen in AD, MVB
size was compared between APP/PS1 transgenic and wt
primary mouse neurons. Cells were incubated with BSA-
gold 2 h (h) before fixation to confirm identity of the
endocytic compartments. Remarkably, electron micro-
graphs showed a significantly greater MVB diameter (52%
increase; p < 0.001) in APP/PS1 transgenic compared to
wt neurons at 12 days in vitro (DIV) (Fig. 1a and b) con-
sistent with the larger diameter of endosomes described in
human AD. Since full length APP, B-CTFs, AP and the
presenilin mutation in the APP/PS1 transgenic neurons
potentially all could be the cause of this effect, wt neurons
at 12 DIV were treated with freshly prepared human syn-
thetic AP1-40 or AP1-42 for 48 h, to test if AP was suffi-
cient to induce the endosomal enlargements. The neurons
demonstrated a 69% and 114% increase in the diameter of
MVBs with AP1-40 or AP1-42 treatment, respectively
(p < 0.001; Fig. 1c and d) as measured on EM images com-
pared to controls. Further, an increased size by 165% of
LAMP1-positive late endosomes/lysosomes was already
evident by immunofluorescent labelling at 3 h in pyram-
idal neurons treated with AB1-42 (p < 0.0001, Fig. 1e and
f). LAMP1-changes at different time points of AP1-42
treatment, ranging from 30 s to 48 h, are shown in Add-
itional file 2: Figure S1B. Taken together, our results indi-
cate that enlarged MVBs, one of the earliest pathological
features in AD, can be caused by AP, which however does
not rule out important contributions also of other APP
components such as 3-CTFs.

Fibril-like structures in endocytic organelles of wild-type
neurons treated with AB

Interestingly, fibril-like structures were apparent by EM in
endocytic organelles of wt primary neurons incubated
with synthetic human AP1-42 for 48 h that were not seen
in untreated neurons (Fig. 2a), and were more prominent
in neurons treated with AP1-42 than AP1-40. For com-
parison, Ap1-42 fibrilized in vitro showed similar size and
morphology of fibrils on EM as in the endocytic vesicles
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n > 10 neurons per treatment; **** p < 0.0001

Fig. 1 AR increases MVB diameter in primary neurons. a Electron microscopy reveals that APP/PS1 AD transgenic compared to wt mouse primary
neurons have significantly larger MVBs at 12 DIV. Scale bar 500 nm. b Quantification of A shows an increase of 52% in MVB diameter in Tg
compared to wt neurons, n > 94 MVBs per group; *** p < 0.001. ¢ Exogenously added monomeric AR1-40 or AR1-42 to wt primary neurons at 12
DIV leads to increased MVB diameter at 48 h on EM images. MVBs are marked with an asterisk. Scale bar 500 nm. d Quantification of C, n > 45
MVBs per group; *** p < 0.001. e Shorter time-points of exogenously added monomeric AB1-42 already leads to increased size of LAMP1-positive
vesicles 3 h after treatment in wt mouse neurons at 12 DIV; 3D-rendering with Imaris from confocal z-stack. High magnification image of LAMP1
labelling from a single focal plane to the right. Scale bar 10 pm. f Quantification of E shows significant increase in diameter of LAMP1-positive
vesicles after addition of AB. The diameters of the five largest LAMP1-positive vesicles per pyramidal neuron were measured in the z-stacks;

(Fig. 2b). Loss of endolysosomal impermeability was also
seen with AP1-42 treatment of neurons with BSA-gold
leaking out into the cytoplasm (Fig. 2¢c). To further investi-
gate the fibril-like structures, wt murine neurons were
treated with elevated levels of human Ap1-42 at different
time points and immunolabelled with the conformational
dependent AP antibody OC to label amyloid fibrils and fi-
brillar oligomers [31] and antibody 6E10 to specifically
label the added human Ap. Using the same parameters as
in the EM experiments, neurons treated with AB1-40 only
led to weak OC antibody labelling compared to vehicle
treated cells, while AB1-42 treated neurons showed robust
OC labelling (Additional file 3: Figure S2).

Already at 45 min of treatment with 0.5 pM AP1-42 (Fig.
2d) and up to 24 h of incubation, antibodies OC and 6E10
revealed an almost completely overlapping vesicular pattern
of labelling, indicating that the amyloid fibrils and/or fibril-
lar oligomers consisted of AB1-42, which was particularly
prominent along neuronal processes. Of note, OC labelling
increased in intensity with time of treatment with AP1-42.
Interestingly, at 48 h the OC positive structures were en-
larged and elongated, displaying a part that was human Af
antibody 6E10 positive and an extension that was 6E10
negative (Fig. 2e). Surface labelling of non-permeabilized
cells revealed that the elongated OC labelling at 48 h was
now to a certain extent extracellular, whereas the punctate
OC and 6E10 co-labelling at 24 h was generally intracellular
(Fig. 2f). This suggests that with time, fibrils extend out of
neurites into the extracellular space and/or that organelles
containing the fibrils fuse with the plasma membrane. To
better define the subcellular site of AR aggregation, cells
were double labelled with OC antibody and the late endo-
somal/lysosomal marker LAMP1. At 45 min colocalization
with OC was evident in small LAMPI-positive vesicles in
the processes but not in the larger LAMP1-positive vesicles
in the cell soma (Additional file 4: Figure S3A). Since lyso-
somes normally do not localize to axons and dendrites,
other than their very proximal part, this suggests that Ap42
starts to aggregate in late endosomes/MVBs of neurites. At
48 h, OC and LAMP1 still colocalized mainly in neuronal
processes, but in LAMP1-positive structures that now ap-
peared somewhat enlarged and irregular in their shape.
Elongated OC-positive structures could be seen extending
out from the more punctate LAMP1 labelling (Fig. 2g and

Additional file 4: Figure S3A). The late endosomal marker
Rab7 indicated that at least a subset of the vesicular OC la-
belling at 24 h colocalized with Rab7 positive late endocytic
compartments in neurites (Additional file 4: Figure S3C).
Taken together these data indicate that AP1-42 can be
taken up by neurons in culture and forms amyloidogenic
fibrils and/or fibrillar oligomers in late endocytic compart-
ments particularly within neuronal processes that eventu-
ally appear to extend extracellularly.

AB1-42 induces changes in the native state of ESCRT-III
complex component CHVMIP2B

Given prior evidence supporting that sorting via the MVB
pathway was impaired by A accumulation in cultured AD
transgenic neurons and that AP dependent translocation
into MVBs seemed affected [21], we next investigated pos-
sible dysfunction of the ESCRT pathway in models of AD.
In APP/PS1 transgenic primary neurons AB42 was found
associated with CHMP2B-positive vesicles (Fig. 3a). In
young 3-month-old Tgl9959 mice, a different transgenic
mouse model of B-amyloidosis harbouring the Swedish and
Indiana APP mutations, CHMP2B immunolabelling was
most prominent in the area of hippocampus and entorhinal
cortex that also expressed increased levels of AB/APP
(Additional file 5: Figure S4A-B). Although levels of total
CHMP2B and VPS4 were not significantly changed in wt
compared to APP/PS1 primary neurons lysed in 6% SDS
(Additional file 5: Figure S4C), levels of high molecular
weight complexes of CHMP2B on blue native polyacryl-
amide gel electrophoresis were increased in APP/PS1 neu-
rons treated with AP1-42 for 3 h (Fig. 3b). Other ESCRT
proteins were not resolved on native gels, likely due to
masking of antibody epitopes under native conditions.

ESCRT components localize to amyloid plaques

Since AD transgenic neurons showed an increased diam-
eter of MVBs and treatment with AB1-42 led to promin-
ent fibril-like structures in late endocytic organelles, and
as prior immuno-EM work has indicated early Ap accu-
mulation in dystrophic neurites [10], we next examined
whether aggregating AP42 in endosomes might lead to
the presence of ESCRT components in amyloid plaques.
Indeed, APP/PS1 transgenic mice with plaque pathology
demonstrated that the ESCRT-III associated protein VPS4
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Fig. 2 Fibril-like structures in endocytic organelles of wild-type neurons treated with AB1-42. a Wt primary neurons treated at 12 DIV with

AR for 48 h induced fibril-like structures in endocytic organelles with AB1-42. BSA-gold was added to cells 2 h before fixation to delineate
endocytic organelles (marked with asterisk). Scale bar 500 nm. High magnification image to the right, scale bar 100 nm. b AB1-42 peptides
incubated in vitro at 37 °C for 1 h to induce fibril formation, imaged with EM. Scale bar 100 nm. ¢ BSA-gold (white arrows) was found in the
cytosol in AB1-42 treated neurons, indicating loss of endolysosomal impermeability due to AR1-42. Scale bar 500 nm. d OC antibody labelling
for fibrillar oligomers and/or fibrils is seen in a vesicular pattern in processes after 45 min treatment with 0.5 pM of AB1-42 and colocalizes
with human AR antibody 6E10 confirming that fibrils consist of the added human AR1-42. Scale bar 10 um. e Feeding 0.5 uM of AB1-42 to wt
primary neurons at 12 DIV at 24 h vs 48 h. At 24 h most of the OC labelling was also antibody 6E10 positive. At 48 h the outer aspects of OC
positive structures were 6E10 negative. Scale bar 20 pum. f Weak surface labelling of non-permeabilized neurons shows that OC and 6E10
antibody positive structures were intracellular after 24 h of treatment with AB1-42 (upper panel). At 48 h extracellular OC antibody labelling
was now more visible consistent with penetration of the plasma membrane by the elongated OC positive fibrils (middle panel). Strong OC and
6E10 antibody labelling of permeabilized cells after fixation but before immunolabelling, shows that the vast majority of added human AB1-42
(antibody 6E10) and OC antibody positive fibrils and/or fibrillar oligomers are inside neurons (lower panel). Scale bar 20 pm. g After 48 h of
treatment with 0.5 pM AB1-42, OC antibody labelling was seen extending out from LAMP1-positive structures in the processes. The image
shows OC with the superimposed colocalizing channel for LAMP1 and OC. For the complete image with separate channels see Additional file 3: S2A.

Scale bar 20 um

was markedly increased in plaques (Fig. 3¢ and Additional
file 5: Figure S4D), where it partially colocalized with
Ap42. ESCRT-I component Tsgl01, a marker of MVBs,
also showed increased labelling in plaques (Fig. 3d). In
contrast, labelling of CHMP2B and the earlier ESCRT-0
component Hrs appeared decreased in plaques compared
to surrounding brain parenchyma (Additional file 5: Fig-
ure S4E-F). Brain sections were also co-labelled with an
antibody against clavestin-1 and 2 (Fig. 3d), which are
neuron-specific proteins in the endo-lysosomal pathway
[32]. The strong colocalization between Tsgl01l and
clavesin-1 and 2 in amyloid plaques supports the neuronal
origin of ESCRT components in plaques. Moreover, much
of the strong AP42 labelling outside of plaques in AD
transgenic brain occurred in vesicle-like structures of dys-
trophic neurites that also contained clavesin-1 and 2 and
TsglO1, consistent with accumulation of AP42 within
endosomal compartments of neurons. To confirm these
results in a different AD transgenic mouse model of B-
amyloidosis, Tg19959 mice were examined with the onset
of plaque pathology. In early plaques of 3-month-old
Tg19959 mice TsglO01 (Fig. 3e) and VPS4 (not shown) also
colocalized strongly with Ap42.

Blocking VPS4A increases intracellular accumulation and
decreases secretion of A

In order to model the effect of dysfunctional ESCRT-
dependent MVBs on A accumulation, a dominant nega-
tive, E228Q ATPase-deficient form of VPS4A (dnVPS4A)
was expressed for 24 h in N2a neuroblastoma cells har-
bouring stably transfected human Swedish mutant APP.
N2a cells were used here because of their high transfec-
tion efficiency compared to primary neurons. To assess
that N2a cells react to AB1-42 in a similar manner as pri-
mary neurons, N2a cells were treated with exogenously
added AP1-42 for different time points. N2a cells treated
with AB1-42 also exhibited increased size of LAMP1-
positive vesicles (Additional file 6: Figure S5). The ATPase

VPS4 is a key component of the ESCRT machinery as it is
the only energy-consuming enzyme, promotes disassem-
bly and recycling of ESCRT-III oligomers, and is recruited
to the ESCRT-III complex by direct interaction with
CHMP2B. We found that the expression of dnVPS4A
markedly increased the intracellular pool of AB by 424%
(p < 0.001, Fig. 4a and d) while concurrently decreasing
the amounts of AP secreted into the medium by 87%
(p < 0.0001, Fig. 4c and d). DnVPS4A also increased
higher molecular weight bands between 17 kDa and
34 kDa that might represent AP oligomers within cells
(Fig. 4a) as they were not seen with C-terminal specific
APP antibody 369 (Fig. 4b). In addition, dnVPS4A in-
creased the levels of APP within cells by 149% (p < 0.05)
and secreted APPa in conditioned media by 149%
(p < 0.05). Overexpression of wild type VPS4A (wtVPS4A)
also significantly reduced secretion of AP by 72%
(p < 0.001), although not to the extent of the dominant
negative construct. Such a partially dominant negative ef-
fect of over-expressing wtVPS4 has been described [28].
Confocal immunofluorescence microscopy of Swe N2a
cells transfected with dnVPS4A confirmed the increase
of AP and full-length APP (Fig. 4e). Increased labelling
by immunofluorescent microscopy with the conform-
ational antibody OC in dnVPS4A-transfected cells con-
firmed the increase in AP oligomers and showed that
the fibrillar oligomers and/or fibrils labelled by antibody
OC colocalized with enlarged vesicles labelled positive
for dnVPS4A protein and flotillin-1 (Fig. 4f and g).
Triple labelling revealed that AP42 accumulated in en-
larged vesicles positive for the MVB marker Tsgl01 in
dnVPS4A expressing cells labelled by the FLAG-tag (Fig.
4h). Thus, dysfunctional MVBs accumulate AB42 that,
at least in part, is in an oligomeric and/or fibrillar
form. In contrast to effects on AP and in agreement
with a prior report [28], dnVPS4A increased secretion
of a-synuclein in a-syn N2a cells without altering the
total pool of intracellular a-synuclein (Additional file
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Fig. 3 AR42 increases high molecular weight complexes of CHMP2B and ESCRT proteins accumulate in amyloid plaques. a Immunolabelling of
APP/PST transgenic primary neurons shows AB42 colocalizing with CHMP2B-positive vesicles. Scale bar 10 um, n = 3. b A trend for increased high
molecular weight complexes of CHMP2B, a 24 kDa ESCRT-IIl component, in APP/PS1 transgenic compared to wt neurons is seen on native gel.
Treatment with 0.5 uM of AB1-42 for 3 h further increases these high molecular weight complexes. However only APP/PS1 transgenic neurons
treated with AB1-42 show a statistically significant increase in high molecular weight complexes compared to wt. Equal amounts of total protein
were loaded into the wells, n = 6; *p < 0.05. ¢ VPS4 colocalizes with AB42 in amyloid plagques of 19-month-old APP/PST mice. Scale bar 40 pm,
n=4.d Tsg101 colocalizes with both AB42 and the neuronal-specific endo-lysosomal marker clavesin 1 and 2 in amyloid plaques of 19-month-old
APP/PST mice. Scale bar 40 pm, n = 3. e In early plaques present in the 3-month-old Tg19959 mice Tsg101 also colocalized with AR42. Scale bar

40 um, n =3

7: Figure S6). Since the CMV-FLAG-dnVPS4A in- wt or APP/PS1 primary neurons showed increased la-
duced toxicity in primary neurons, we constructed a  belling of AB42 (Fig. 4i), supporting that dysfunctional
plasmid under the weaker synapsin promoter. Ex- ESCRT-dependent MVB formation leads to increased
pressing dnVPS4A under this synapsin promoter in levels of AP within neurons.



Willén et al. Molecular Neurodegeneration (2017) 12:61 Page 10 of 18

a e
Swe N2a cell lysate
kDa Ctr witVPS4dnVPS4 Ctr wtVPS4 dnVPS4
105
[ S S S . B /PP (5E10)
78
4 e DG G @S [ i

oA : g‘ ” - AB-oligomers

(6E10)
- B-CTFs (6E10)

105
78 f

55 - — — — ——

Merge + DAPI

45
34
17
B-CTFs (369)
S il s a-CTFs (369)
7
Merge + DAPI
C Swe N2a medium
=
Ctr wiVPS4 dnVPS4 Ctr wiVPS4 dnVPS4 .
105
7o D S S - (c10)
4 — —_— AB (6E10)

d P Coloc. OC/
f — 00 dnVPS4
% E 400
?’ o 300
% § 200-
=1 100
= 0

Ctr  wtVPS4 dnVPS4
w dnVPSA4A- Coloc. Tsg101/
FLAG AB42
3 ~ 100 B
83
E O 50
S
(%]

Ctr  wtvPS4 dnVPS4

o 600 Drebrin
% _ s00
5 B 400
S 5 300
T o 200
& < 100
§ [
Ctr wtVPS4 dnVPS4
700
5 600 E Drebrin
g s FLAG
S5
o w
o O
§ o 20
5 < 100
3 o
)
Ctr  wtVPS4 dnVPS4

Fig. 4 (See legend on next page.)




Willén et al. Molecular Neurodegeneration (2017) 12:61 Page 11 of 18

(See figure on previous page.)

Fig. 4 DnVPS4A causes increased accumulation and reduced secretion of AR42. Expression of control plasmid (ctr), wtVPS4A (wtVPS4) or the ATP
hydrolysis deficient mutant dnVPS4A (dnVPS4) in Swe N2a cells (A-H) or wt primary mouse neurons (I) for 24 h. a Representative Western blot of APP,
SDS-stable oligomeric AR species, B-CTFs and monomeric AB in cell lysate probed with antibody 6E10, and B-actin for protein normalization.

b Western blot analysis of full length APP, 3-CTFs and a-CTFs in cell lysate probed with the C-terminal specific APP antibody 369. ¢ Western blot
analysis of secreted aAPP (sAPPa) and AB in cell medium with antibody 6E10. d Densitometric quantification of A and C demonstrates that expression
of dnVPS4, but not wtVPS4, increases intracellular AR compared to ctr. On the other hand, both wtVPS4A and dnVPS4A reduces secreted AB compared to
ctr, although to a greater extent with dnVPS4A. DnVPS4 increases both cellular and secreted APP. Values are normalized against actin and
expressed as percentage of control, n > 3; *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. e Cellular full length APP is increased in
cells transfected with dnVPS4A-FLAG (lower panel) compared to control plasmid Ctr-FLAG (upper panel). Scale bar 25 um. f Antibody OC labelling of
fibrillar oligomers and fibrils is increased in cells transfected with dnVPS4A (arrows) compared to control plasmid. Scale bar 25 um. g Antibody OC
labelling in dnVPS4-transfected cells is associated with enlarged vesicles positive for flotillin-1. Scale bar 15 um. h AB42 accumulation in vesicles positive
for ESCRT protein Tsg101 in dnVPS4A-transfected cells. Scale bar 25 pm. i Wt primary neurons at 12 DIV transfected with synapsin-dnVPS4A-FLAG or

expression of dnVPS4A but not with control plasmid. Scale bar 50 um

control synapsin-GFP plasmid for 24 h, immunolabelled for AB42 and the post-synaptic protein drebrin shows that AB42 labelling is increased with

Increased cellular levels of AB with dysfunctional MVBs is
mimicked by inhibiting lysosomal degradation

The increased intracellular levels of AB with
dnVPS4A could be due to changes in the production
of AP, reduced secretion and/or reduced fusion of
MVBs with the lysosome for degradation. In order to
investigate the turnover of APP and AP, Swe N2a
were treated with the protein synthesis inhibitor cy-
cloheximide (Additional file 8: Figure S7A-B and
Additional file 9: Figure S8D). This revealed a rapid
turnover of APP in cell lysates with a half-life of
about 45 min, while cellular AB had a half-life of
about 4 h. In contrast, the degradation of APP and
AB in conditioned media was slower, not reaching
50% of control levels within 6 h of cycloheximide
treatment. To investigate the role of lysosomal deg-
radation, Swe N2a cells were treated for 24 h with
5 nM bafilomycin Al (BafAl), which inhibits the
vacuolar H+ ATPase. BafAl treatment had the same
effects on AP as dnVPS4A, markedly increasing intra-
cellular levels of AP and reducing the secretion of AP
(Fig. 5a-b and Additional file 9: Figure S8A-D). These
results suggest that dnVPS4A blocks MVBs with A
on route to lysosomes for degradation. Consistently,
when the endo-lysosomal pH gradient was blocked
with BafAl, dnVPS4A transfected cells no longer
showed higher cellular levels of AR than the wtVPS4A
or GFP transfected cells (Fig. 5c). Hence, when the
ability of lysosomes to degrade AP is abolished, block-
ing AP on route to the lysosomes via dnVPS4 does
not lead to further AP accumulation.

To investigate the secretion of Ap via fusion of MVBs
with the plasma membrane and concomitant release of
exosomes, exosomes from dnVPS4A-transfected Swe
N2a cells were isolated and analysed (Fig. 5d). Secretion
of exosomes was not prevented but instead increased by
dnVPS4A in Swe N2a cells, possibly due to upregulation
of ESCRT independent (CD63 dependent) MVB forma-
tion [33-35].

Blocking ESCRT dependent ILV formation increases
pathological tau phosphorylation

A major question in AD is how AP links to tau pathology.
MVBs are necessary for the sequestration of GSK3 [36]
which phosphorylates tau at serine 396 (S396). Both ele-
vated tau phosphorylation at S396 [37] and hyperactive
GSK3 is implicated in AD [38, 39]. Therefore, we exam-
ined the effects of dnVPS4A on tau phosphorylation. Tau
phosphorylation at residue S396 was significantly in-
creased by 56% with dnVPS4A (p < 0.05; Fig. 6a and b),
suggesting increased activation of GSK3p and increased
GSK3p dependent phosphorylation of tau caused by dys-
functional ESCRT dependent MVBs. Immunofluorescence
microscopy revealed increased GSK3p labelling of cells
upon dnVPS4A transfection (Additional file 10: Figure
S9A), although changes in total GSK3p or phosphorylated
GSK3a/p (S21/9) levels were not detected by Western blot
in cell lysates of Swe N2a cells transfected with dnVPS4A
(Additional file 10: Figure S9B). One possible explanation
for this apparent discrepancy is that the active GSK3p in
the cytosol and early endosomes (facing the cytosol) is
easier to visualize with immunofluorescence than the se-
questered GSK3 inside the ILVs of MVBs.

Autophagy induction partially rescues the intracellular
accumulation of AR

Since autophagic organelles are markedly increased in
AD and autophagy is thought to be impaired in the dis-
ease [14], we next examined LC3f-II and p62, markers
of autophagy, in dnVPS4A transfected cells accumulat-
ing intracellular ApB. Expression of dnVPS4A in Swe N2a
cells showed increased levels of LC3f-II, which correlate
with increased numbers of autophagosomes in the cell,
by 35% (p < 0.05, Fig. 7a) and increased levels of p62 by
52% (p < 0.05, Fig. 7b). Inducing autophagy by 1 pM
Rapamycin (p < 0.01, Fig. 7c), 250 nM Torinl or starva-
tion (Fig. 7d) reduced the dnVPS4A-induced increase in
intracellular AB. Thus, in the setting of dysfunctional
MVBs with AB that is inefficiently trafficked to
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lysosomes for degradation and/or inefficiently secreted,

stimulation of autophagy is associated with decreased
cellular Ap.

and impaired secretion of AP were reported in AD trans-
genic neurons with time in culture [9, 40] and plaque-
independent, AB-dependent synapse damage and memory
impairment correlated with this intracellular pool of Af

Discussion but not plaques in AD-transgenic mice [41]. Our working

Over the past years, the view of the role of AP in the
pathogenesis of AD has been changing. Rather than
merely aggregation of extracellular Af, a complex and in-
terrelated biology of intra- and extra-cellular pools of Af
has emerged. Progressive intraneuronal A accumulation

hypothesis is that dystrophic neurites with accumulat-
ing intraneuronal A, initially within MVBs, are a
nidus of plaque formation [10], with an important
contribution of secreted AP originating also from
hyperactive neurons.
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percentage of control transfected cells (n = 3, *p < 0.05, **p < 0.01)

Fig. 7 Induction of autophagy partially rescues dnVPS4A induced intracellular accumulation of AR. a Expression of dnVPS4A increases levels of LC3(3-l,
an indicator of autophagy, by 35% (n = 3, *p < 0.05). Representative blot (above) and quantification (below); values are normalized against actin and
expressed as percentage of ctrGFP. b dnVPS4A increases levels of p62, an indicator of autophagy, by 52% (n = 3, **p < 0.01). Representative blot
(above) and quantification (below); values are normalized against actin and expressed as percentage of ctrGFP. ¢ Chemically induced autophagy by
Rapamycin partially rescues the increase in intracellular AB from dnVPS4A. 6 h after transfection Swe N2a cells were treated with 1 uM Rapamycin and
harvested 24 h post-transfection. Representative blot (above) and quantification (below) demonstrating 35% reduction in intracellular AB by Rapamycin
on dnVPS54 transfected cells. Values are normalized against actin and expressed as percentage of dnVPS4 (n = 6, **p < 0.01). d Induced autophagy by
torin 1 or by starvation significantly reduces intracellular AB to levels in dnVPS4 transfected cells. Values are normalized against actin and expressed as

Here we provide novel molecular insights into endoso-
mal alterations with AD pathogenesis. Enlarged endo-
somes have been observed to be among the earliest
cellular changes in AD and the related AD pathology that
develops in Down syndrome [12]. It has been reported
that the enlarged phenotype in early endosomes and lyso-
somes in AD is independent of AP and instead only
dependent on APP B-CTFs [42, 43]. We now provide evi-
dence that MVB size is increased in AD transgenic neu-
rons, and that this phenotype of increased late endosomal
size can be recapitulated in wt neurons with addition of
exogenous AP. These data support that AP can induce
endosomal enlargement, but do not exclude an important
role also for APP 3-CTFs. Although we only measured the
size of MVBs with EM, it is likely that also other endocytic
compartments including lysosomes and early endosomes
were affected. The large LAMP1-positive vesicles seen
and measured on confocal images (Fig. 1f) with Ap treat-
ment, likely also include lysosomes and autolysosomes.

We show by EM fibrillar-like structures inside abnormal
MVBs/late endocytic/lysosomal compartments in neurons
treated with AB1-42, and immunofluorescent labelling fur-
ther indicates that MVBs/late endocytic compartments
contain aggregated AP1-42. We cannot fully exclude the
possibility that these aggregates begin to form in the cell
culture medium and then are taken up by the cells. How-
ever, the acidic pH environment and high peptide concen-
tration in a limited space promote amyloid aggregation
[44], a milieu that is found inside MVBs. In line with this, it
was shown in SHSY5Y cells that synthetic AB1-42 added to
cell culture medium at 1 pM was taken up and formed ag-
gregates of AP inside these cells, while only monomers
could be found in the cell culture medium even after 5 days
[45]. Overall, these results are consistent with the notion
that aggregation of AP1-42 is promoted inside acidic endo-
cytic compartments. Friedrich et al. (2010) [46] demon-
strated in a macrophage cell line, bundles of AB1-40 fibrils
in MVBs that penetrated the MVB membrane and leaked
into the cytoplasm. We now present the first experimental
evidence of AP42 aggregates developing inside MVBs/late
endocytic/lysosomal compartments of cultured neurons.

We also found evidence of loss of endolysosomal imper-
meability with AB1-42 treatment of neurons, in line with
reports in non-neuronal cells [47]. Further, we show that

AP fibrillar oligomers/fibrils are visible inside neurons in a
vesicular pattern as early as 45 min after addition of AP1-
42 to the cell medium, that are not seen when only labelling
the cell surface. Remarkably, at later time points intracellu-
lar aggregates are larger and extend into elongated struc-
tures that appear to penetrate the plasma membrane or are
potentially even secreted or extruded into the extracellular
space. Of note, the part of the elongated OC antibody posi-
tive structures that developed with time and no longer co-
labeled with the human AP specific antibody, might repre-
sent (1) AP where the N-terminal antibody binding sites be-
come inaccessible to the antibody, (2) endogenous mouse
AP aggregation and/or (3) incorporation of other amyloido-
genic proteins. We demonstrate the ESCRT proteins
VPS4A and Tsgl01 in plaques of two different AD trans-
genic mouse models. Moreover, these ESCRT proteins
strongly colocalized with a neuronal specific marker of the
endo-lysosomal pathway, indicating the neuronal origin of
the ESCRT proteins in plaques. Previously the lysosomal
hydrolases cathepsin D and (-hexosaminidase A were
shown to colocalize with AP in a subgroup of diffuse pla-
ques of AD and DS patients [48] consistent with an endo-
lysosomal origin of aggregated Ap. However, whether these
lysosomal proteins were derived from glial cells or neurons
was not determined in that study.

Expression of VPS4 mutants deficient in ATP hydroly-
sis, such as the dominant negative VPS4 E228Q used in
this study, leads to enlarged vesicles defined as a class E
phenotype, resulting from disruption of ESCRT-III re-
cycling [49-51]. VPS4 acts after the membrane scission
step to recycle ESCRT-III proteins back to monomers,
so that they are available to start a second wave of ILV
formation [52]. One might speculate that AP disturbs
this recycling leading to enlarged endocytic vesicles.

We show that inhibition of the late ESCRT machinery
component VPS4A mimics AD pathogenesis by causing a
marked increase in intracellular accumulation of Ap and a
concomitant decrease in secreted AP, consistent with what
was reported in cultures of AD-transgenic compared to wt
neurons [40]. Choy et al,, 2012, reported that depletion of
Hrs and Tsg101 in HEK293 cells stably expressing APP695
reduced AP secretion [53] and Edgar et al. (2015) found re-
duced AB40 secretion and increased intracellular AB when
depleting APP overexpressing N2a cells of Hrs or Tsgl01
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[54], consistent with a role for the ESCRT machinery in
preventing intracellular A accumulation. However, in con-
trast to reduced AP secretion on depletion of early ESCRTs,
Choy et al. found increased AP40 secretion upon VPS4A
depletion with siRNA [53]. The difference with our demon-
stration of reduced AP secretion upon expression of
dnVPS4 might be explained by the different cell types and
methods of altering VPS4A that were used.

We provide evidence that the reduced secretion of A
with dnVPS4 was not due to reduced exosome secretion,
since total exosome secretion was increased with
dnVPS4A. Multiple mechanisms of ILV formation have
been identified, but the relationship between different pop-
ulations of ILVs and MVBs remains unclear. Both ESCRT-
dependent and ESCRT-independent mechanisms of MVB
biogenesis exist in mammalian cells. A competitive rela-
tionship between ESCRT-dependent and -independent
mechanisms of ILV formation within single MVBs has
been suggested, with upregulation of CD63-dependent ILV
formation from ESCRT depletion [33—35]. It was shown in
HeLa-CIITA-OVA cells that depletion of VPS4B increased
the secretion of CD63 positive exosomes [55], in line with
our results of increased amounts of CD63 positive exo-
somes with dnVPS4A. It is interesting to note that in our
EM data from APP/PS1 neurons and in wt neurons treated
with AB1-42, we saw both enlarged MVBs with many ILVs
as well as enlarged MVBs with few ILVs. One can speculate
that these might represent two different subsets of MVBs;
it is possible that ESCRT-dependent ILV formation is dis-
turbed by AB/APPD, resulting in enlarged and empty MVBs,
and potentially subsequent up-regulation of CD63
dependent ILVs formation resulting in MVBs filled with
many ILVs. Others have reported that formation of ILVs
destined for exosomal release was not ESCRT dependent,
while ESCRTSs were necessary for ILVs destined for degrad-
ation in the lysosome [56].

The intraneuronal pool of AP can have a dual origin,
namely the production of AB from APP inside neurons
and uptake of AB from the extracellular space that is se-
creted by other cells and/or the same neuron. Although
we saw a net increase in intracellular AB levels with the
expression of dnVPS4A supporting impaired degrad-
ation of Ap and APP, we can not rule out that the pro-
duction of AP from APP inside neurons was unaffected.
In the OC antibody positive dnVPS4A-transfected cells,
the enlarged vesicles also colocalized with increased la-
belling of flotillin-1 (Fig. 4g), hence associating with
cholesterol-enriched lipid microdomains. Interestingly,
ATPase-defective mammalian VPS4 was reported to
localize to aberrant late endosomes accumulating choles-
terol, due to impaired cholesterol trafficking [50] and re-
tention of cholesterol in late endosomal/lysosomal
compartments was reported to be associated with alter-
ations in APP processing [57].
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Our data also demonstrate that defective MVBs, mod-
elled by dnVPS4A, leads to increased tau phosphoryl-
ation at serine 396 (§396). This site is phosphorylated by
GSK3p; hence the increased tau phosphorylation could
be due to impaired GSK3f sequestration into MVBs. Im-
munofluorescent labelling of GSK3p was increased with
dnVPS4A (Additional file 10: Figure S9A), although total
levels of GSK3p or GSK3a/p phosphorylated at serine
21/9 were not changed by Western blot. Hence, we can-
not fully conclude that defective sequestration of GSK3f
into MVBs is responsible for the increased levels of tau
phosphorylation that we see with dnVPS4. However,
consistent with our results, Tg APP-V7171 mice with the
London mutation were found to have increased phos-
phorylation of tau at S396 and increased GSK3 activity,
but no change in total levels of GSK3p and GSK3p phos-
phorylated at serine 9 [58].

We show that AP aggregation can initiate inside nerve
cells from vesicular accumulation of AP. Aberrant endo-
somal trafficking has been linked genetically and bio-
logically to a number of neurodegenerative diseases.
Proteins involved in endocytosis are also prominent
among genes linked to AD [11]. Interestingly, CD2AP,
which is genetically linked to late onset AD and has
been reported to affect MVB biogenesis and ILV forma-
tion [59], was recently reported to elevate levels of intra-
cellular AP in dendrites [60]. While the ESCRT-III
protein CHMP2B was first genetically linked to FTD
[23], copy number variation in CHMP2B has since been
reported in a family with familial Alzheimer’s disease
[24] and genome-wide association studies for late onset
AD identified an association with VPS4B [25]. Moreover,
immunoreactivity for CHMP2B is increased in neurons
of hippocampus in another characteristic neuropathol-
ogy of AD, granulovacuolar degeneration (GVD) [61].
CHMP2B-positive GVDs were reported to colocalize to
a greater extent with the late endosomal/lysosomal
marker LAMP1 than to the lysosomal marker cathepsin
D or to the autophagic markers LC3 and p62, suggesting
a late endosomal origin of GVDs or that they accumu-
late at the nexus of autophagic and endocytic pathways
[62]. It is interesting to note that we found CHMP2B
immunoreactivity particularly in hippocampus and med-
ial temporal lobe of 3-month-old Tg19959 mice before
plaque pathology, the two areas that are the first to have
GVDe-affected neurons in AD [63].

Conclusions

Neuropathological studies have pointed to an early and ab-
errant accumulation and aggregation of A within neurons
in AD, in particular in dystrophic neurites. Cell biological
studies that model this aggregation in neurons are valuable
in delineating the molecular mechanisms of AB-related syn-
aptic dysfunction. We propose a model where elevated
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levels of AB42 cause enlarged and defective MVBs, possibly
via effects on ESCRT-III components. Alternatively, MVB
dysfunction, as modelled by the expression of dnVPS4A,
can lead to accumulation of A in enlarged endocytic com-
partments. These results support a scenario where distur-
bances in the MVB pathway caused by AB42, or vice versa,
could turn into a vicious cycle where more AB42 accumu-
lates and oligomeric and fibrillar aggregates form. Our find-
ings that ESCRT components colocalize with AP42 in
amyloid plaques in two different mouse models of AD sup-
port the scenario that aggregated Ap42 in MVBs/late endo-
cytic compartments, potentially together with ESCRT-

components could serve as seeds for plaques.
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Additional file 1: Table S1. List of antibodies. (PDF 35 kb)

Additional file 2: Figure S1. (A) EM image of an enlarged MVB in wt
neurons treated with AB1-42. This image shows an example of an en-
larged MVB with very few ILVs. (B) Confocal analysis of changes in size of
LAMP1-positive structures in AB1-42 treated wt primary neurons with
time. Scale bar 40 pm. (PDF 8949 kb)

Additional file 3: Figure S2. (A) Confocal analysis of wt primary neurons
show that untreated (DMSO) cells have no OC labelling, while cells
incubated with AB1-40 for 48 h have low levels of OC labelling. However,
cells incubated with AB1-42 display very strong OC labelling. (PDF 4679 kb)

Additional file 4: Figure S3. (A) The early relatively weak OC labelling at
45 min of AR1-42 treatment colocalizes with LAMP1 labelling in the neurites,
but not with the large LAMP1-positive structures in the cell soma. Confocal
analysis of wt primary neurons treated with AB1-42 for 45 min. Scale 20 pm.
(B) After 48 h of AB1-42 treatment, OC labelling is stronger and colocalizes
partly with LAMP1-positive structures that appear enlarged and irregular in
their shape. Elongated OC-positive structures extend out from such punc-
tate LAMP1 labelling in the neuronal processes. Scale 20 um. (C) At high
magnification, antibody OC labelling can be seen colocalizing with the late
endocytic marker Rab7 in neuronal processes of wt neurons treated for 24 h
with AB1-42. Scale bar 5 um. (PDF 269 kb)

Additional file 5: Figure S4. ESCRT proteins in primary neurons and
plaques. (A-B) In young 3-month-old Tg19959 mice, CHMP2B immunolabelling
is increased in areas of hippocampus (a) and entorhinal cortex (b) that also
have increased labelling of APP/AR (6E10). Scale bar 40 um, n = 4. (C) Western
blot analysis of APP/PST compared to wt primary neurons at 12 DIV lysed in
6% SDS shows that protein levels of CHMP2B and VPS4 are not significantly
changed, although there is a trend for increased levels of CHMP2B in APP/PS1
neurons, n > 6. Protein levels are expressed as percentage of control and are
corrected against actin. (D) VPS4 colocalizes with AB42 in a vesicular pattern in
19-month-old wt mice (upper panel), n = 3. In 19-month-old APP/PST mice
VPS4 accumulates in and around amyloid plagues (lower panel, white arrows)
Scale bar 40 um, n = 4. (E) Decreased labelling of CHMP2B in plaques (white ar-
rows) in 19-month-old APP/PS1 mice. Some colocalization of CHMP2B is seen
in AB/APP (6E10) positive cells (grey arrows). Scale bar 40 um, n = 3. (F) Label-
ling of early ESCRT-0 component Hrs is decreased in amyloid plaques compared
to surrounding brain parenchyma. Scale bar 40 pm, n = 2. (PDF 13619 kb)

Additional file 6: Figure S5. AR1-42 increases the diameter of LAMP-1
positive vesicles in N2a cells. Confocal images of exogenously added mono-
meric AB1-42 incubated for different time points, ranging from 15 min to
48 h, in N2a cells. 3D-rendering with Imaris from confocal z-stack. Colocaliza-
tion of OC labelling and LAMP1 labelling can be seen from 45 min of AR
treatment. The last image is from a single focal plane showing OC labelling
inside an enlarged LAMP1-positive structure as well as OC labelling that ap-
pears to localize at the cell surface. Scale bar 10 um. (PDF 375 kb)

Additional file 7: Figure $6. DnVPS4A increases secretion but does not
change levels of intracellular a-syn. (A) Western blot analysis of a-syn N2a
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cells transfected with dnVPS4A shows increased levels of extracellular a-
synuclein without altering the total pool of intracellular a-synuclein. (B)
Quantification of A. Values are normalized against actin and expressed as
percentage of control, n = 3; *p < 0.05, **p < 0.01. (C) Overexposed WB
membrane for secreted a-synuclein (same as above) with increased in-
tensity to better visualize the bands. (PDF 1607 kb)

Additional file 8: Figure S7. (A) Western blot analysis of APP and AR in
Swe N2a cells treated with 40 ug/ml cycloheximide (CHX) at different
times in hours (h) before harvest. Cell culture media was replaced with
fresh media 24 h before harvest. For quantification, values are normalized
against actin and expressed as percentage of control, n = 3; *p < 0.05,
**p < 001, ®*p < 0001, ***p < 00001 (ANOVA with Dunnett's multiple
comparisons test, compared to ctr). (B) Confocal images of 6E10 and
Golgi marker GM130 in Swe N2a cells treated with 40 pg/ml CHX for the
depicted times. (PDF 2263 kb)

Additional file 9: Figure S8. (A) Western blot analysis of APP and AR in
Swe N2a cells treated with 5 nM bafilomycin A1 (BafA1) at different time
points (h) before harvest. Cell culture media was replaced with fresh
media 24 h before harvest. (B) Quantification of A. Values are normalized
against actin and expressed as percentage of control, n = 3; *p < 0.05,
**p <001, **p < 0001, ****p < 0.0001 (ANOVA with Dunnett’s multiple
comparisons test, compared to ctr). (C) Confocal images of 6E10 and
LAMP1 labelling in Swe N2a cells treated with 5 nM bafilomycin A1 for
the depicted times. At 24 h there is a build up of both 6E10 labelling and
punctate LAMP1-positive structures. (D) Western blot analysis of APP and
AB in Swe N2a cells treated with 5 nM bafilomycin A1 (BafA1) 24 h be-
fore harvest and 40 pg/ml cycloheximide (CHX) at different time points
(h) before harvest. Cell culture media was replaced with fresh media 24 h
before harvest, before the addition of Baf A1. (PDF 1310 kb)

Additional file 10: Figure S9. (A) 3D images show increased GSK3(3
labelling in dnVPS4-expressing N2a Swe compared to cells transfected
with control plasmid. Rab7 labelling is also increased in dnVPS4 express-
ing cells. Scale bar 15 um. (B) Western blot analysis of cell lysates of Swe
N2a cells transfected with dnVPS4A showing no changes in total GSK3f
or phosphorylated GSK3a/B (serine 21/9). (PDF 5570 kb)
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Table S1

monoclonal

Antibody Target Epitope Species and Dilution Dilution Source Cat. #
type (WB) (IF)
369 Human/mouse full Rabbit 1:1000 Buxbaum et al.
length APP, o/B CTFs, polyclonal 1990 [29]
APP C-terminus
6E10 Human AR, full length Mouse 1:1000 1:500 BioLegend previously
APP, sAPPq, 3 CTF, a.a. 3- | monoclonal Covance SIG-
8 of AB 39320
12F4 Human/mouse ABx-42, Mouse 1:250 BioLegend Previously
C-terminus specific monoclonal Covance SIG-
39142
Amyloidp Rabbit 1:250 IBL 18582
(1-42) polyclonal
Amyloidp Human/mouse ABx-42, Rabbit 1:1000 Invitrogen 700254
(1-42) C-terminus specific polyclonal
B-actin Mouse 1:2000 Sigma A 5316
monoclonal
CD63 Mouse 1:1000 ThermoFisher MAI-19281
monoclonal Scientific
CHMP2B Rabbit 1:1000 1:250 Abcam ab33174
polyclonal
Clavestin- Rabbit 1:250 Bioss bs-6569R-
1+2 polyclonal A647
DAPI 1:1500 Sigma D9542
Drebrin Rabbit 1:1000 Abcam ab11068
polyclonal
FLAG DYKDDDDK Rat 1:1000 1:1000 Biolegend 637302
Flotillin-1 Mouse 1:400 BD Biosciences 610821
monoclonal
GM130 Mouse 1:500 BD Biosciences 610822
monoclonal
GSK3p Rabbit 1:1000 1:400 Cell Signaling 12456
monoclonal Technology
pGSKa/B Rabbit 1:1000 Cell Signaling 93318
polyclonal Technology
HA-Tag Rabbit 1:1000 Cell Signaling 3724
monoclonal Technology
Hrs and Mouse 1:100 Enzo ALX-804-382-
Hrs-2 monoclonal C050
LAMP1 Rabbit 1:1000 Abcam ab24170
polyclonal
LAMP1 Rat 1:1500 Abcam ab25245
monoclonal
LC3B Rabbit 1:1000 Cell Signaling 2775
polyclonal Technology
oC Amyloid fibrils Rabbit 1:1000 Merck Millipore AB2286
polyclonal
P2:1 Human APP, N-terminus, | Mouse 1:500 ThermoFisher OMA1-03132
a.a.104-118 of APP monoclonal Scientific
Phospho- Rabbit 1:1000 ThermoFisher 44-752G
tau polyclonal
pSer396
Rab7 Mouse 1:500 Abcam ab50533
monoclonal
Synapto- Mouse 1:1000 Merck Millipore MAB5258
physin monoclonal
Tsgl01 Mouse 1:250 Genetex GTX70255
monoclonal
VPS4 Mouse 1:1000 1:100 SantaCruz sc-133122
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Pre-plague conformational changes in Alzheimer's
disease-linked AP and APP
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Reducing levels of the aggregation-prone AP peptide that accumulates in the brain with
Alzheimer's disease (AD) has been a major target of experimental therapies. An alternative
approach may be to stabilize the physiological conformation of Ap. To date, the physiological
state of A in brain remains unclear, since the available methods used to process brain tissue
for determination of AP aggregate conformation can in themselves alter the structure and/or
composition of the aggregates. Here, using synchrotron-based Fourier transform infrared
micro-spectroscopy, non-denaturing gel electrophoresis and conformational specific anti-
bodies we show that the physiological conformations of A and amyloid precursor protein
(APP) in brain of transgenic mouse models of AD are altered before formation of amyloid
plaques. Furthermore, focal AP aggregates in brain that precede amyloid plaque formation
localize to synaptic terminals. These changes in the states of Ap and APP that occur prior to
plague formation may provide novel targets for AD therapy.
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tudies on the aggregation state of f-amyloid peptide (AB) in

brain typically have relied on brain tissue being processed

by techniques including homogenization, high-speed
centrifugation and/or enrichment, all of which may themselves
trigger alterations in protein structure and state of assembly of
aggregation-prone proteins. Moreover, assaying whole-brain
homogenate can make it difficult to detect localized pathology,
which may occur in the early stages of the disease, before
gradually progressing through the brain over time. A central
question in AD concerns the mechanism by which AP structure
contributes to neuropathology'. The up to 42/43 amino acid long
AP peptides, cleaved from within the larger amyloid precursor
protein (APP), are generally thought to normally exist in brain as
monomers that then with age abnormally aggregate to insoluble
fibrils in AD brain. Increasingly, soluble oligomers have been
viewed as the neurotoxic form of AP. Various structures of Ap
oligomers are seen as important in AD, including particularly
dimers, trimers, dodecamers and larger amyloid beta-derived
diffusible ligands. However, studies on AP in brain tissue have
generally relied on standard SDS gel electrophoresis or other
methods, which can alter native protein conformations. Thus, at
present, no consensus exists regarding the structures of AP
species in brain associated with disease pathogenesis.

Here, to analyse the early changes in AP structure in brains of
AD transgenic mouse models of 3-amyloidosis, we used the non-
destructive techniques of synchrotron-based two-dimensional
Fourier transform infrared micro-spectroscopy imaging (WFTIR)
and blue native polyacrylamide gel electrophoresis (BN-PAGE)
complemented with 3D confocal immunofluorescence microscopy.

BN-PAGE is a separation method that is sensitive to alterations
in the conformation of a protein and is therefore useful for the
study of protein aggregation. Combined with western blot it
provides higher sensitivity to detect AP than gel filtration or
sucrose density ultra-centrifugation. PFTIR detects vibrations of
main-chain carbonyl groups that occur in the wavenumber range
of 1,600 to 1,700 cm ! (Amide I region)z, allowing for the
detection of specifically B-sheet structures’. Importantly, no tissue
processing is required, and non-volatile tissue components that
could be affected or lost during chemical grocessing remain
in situ and contribute to the infrared spectrum®~, uFTIR permits
for the acquisition of spectra from samples as low as 100 pg
(ref. 5); however, UFTIR is a non-destructive technique, since
mid-IR photons are too low in energy (0.05-0.5eV) to either
break chemical bonds or to cause ionization®’. Using FTIR it was
shown that amyloid fibrils and native B-sheet proteins produce
different Amide 1 bands®, as they differ by the structural
variability of the residues constructing their sheets, the average
number of strands per sheet, and twist angles. Different
morphologies of purified amyloid fibrils and native B-sheet
proteins were confirmed in vitro by cryo-electron microscopy’.
Although in vitro and in vivo environments are of course different
and ideal controls for the FTIR experiments of brain tissue are
challenging, FTIR has been used to specifically detect amyloid
fibrils in tissue sections!®!l. Here we provide evidence of
localized B-sheet elevations in brain tissue of AD transgenic
mice using PFTIR that precede amyloid plaque formation. In
addition, using BN-PAGE we show the loss of a low molecular
weight AB complex and emergence of higher weight AR and
APP complexes in AD transgenic mouse brains that occur
concomitant with this pre-plaque rise in [B-sheet content by
MUFTIR.

Results
Pre-plaque B-sheet transition in transgenic AD models. To
focus on the development of amyloid pathology, we used young

2

AD transgenic Tgl9959 mice harbouring two familial AD
mutations in the amyloid precursor protein (APP), which show
initial amyloid plaques at or just before 3 months of age'?. pFTIR
spectral maps were recorded in chemically unprocessed brain
sections of Tg19959 and wild-type mice at 1, 2 and 3 months of
age (Fig. 1). We verified that the sample preparation used for our
WFTIR imaging of cryo-dried brain tissue did not introduce
artificial B-sheet formation, since change of B-sheet did not occur
with cryo-drying of synthetic AB42 preparations (Supplementary
Fig. 1). The increase in intensity of a band around 1,627 cm ~ ! in
the amide I region of the infrared spectra (red on the pFTIR
maps; Fig. 1a) correlated with the age of Tg19959 mice and is
indicative of increased [-sheet structures already developing
between 1 and 2 months, which is before amyloid plaque
formation as determined by thioflavin S (ThS) staining. To better
resolve the peak positions for P-sheet structures at around
1,627cm ! and the band centred at 1,656cm ! (a frequency
characteristic of o-helical structures), we performed a second
derivative analysis'®!3. The second derivative spectra of wild type
and 1 month-old Tg animals displayed a peak at around
1,640 cm ~ 1, which together with the less intense bands above
1,675cm ™1, can be assigned to the intra-molecular B-sheet
structures of native proteins'®!!. The second derivative spectra of
AD transgenic animals are characterized by a peak at about
1,627 cm ~ !, due to inter-molecular fB-sheet structures. The inter-
molecular B-sheet content increased only in AD transgenic and
not in wild-type mouse brains at these ages (Fig. 1b-g). This type
of intermolecular B-sheet structure has been described as amyloid
aggregates in brain tissue samples analysed by UFTIR (refs 11,14).
However, B-sheet content in brain sections of 1-month-old
Tg19959 mice was similar to those of wild-type mice.
Immunolabelling of post-fixed brain sections adjacent to the
FTIR brain sections with a C-terminal specific AB42 antibody
indicated age-related increases of AP42 in transgenic but not
wild-type mouse brain tissue. Of note, AB42 labelling in 2 month-
old Tg19959 mice was punctate, and therefore not consistent with
pre-fibrillar diffuse plaques, whereas B-sheet structures detected
by WFTIR appear over significantly wider areas of cortex
(Supplementary Fig. 2a), which likely is to some extent due to
the lower spatial resolution of PFTIR. To complement the pnFTIR
data, we used the conformation-specific antibody OC (ref. 15)
and ThS, which are both considered indicators of fibrillar amyloid
structures. However, the adjacent Tg19959 brain sections to those
showing early B-sheet structures by FTIR did not show evidence
of amyloid fibrils with antibody OC or ThS (Supplementary
Figs 3 and 4). The absence of ThS and OC antibody labelling may
be due to the low concentration of fibrils and/or dye speciﬁcitg,
that ThS and OC labelling do not detect all types of fibrils!®!”,
or due to a non-fibrillar nature of the B-sheet structures.

FTIR measurements of a model compound (synthetic
APB1-40 monomers) showed a peak at 1,640cm ! (Fig. 2a),
which corresponds to unstructured AP40 monomers in the
experimental solution (buffered D,0)!8. This signature was not
observed for AP40 oligomers and fibrils, suggesting that
unstructured monomers were not present in the samples.
Instead, AB40 oligomers show a peak at about 1,630 cm
which indicates the presence of B—sheetsls. However, the electron
microscopy, small angle X-ray scattering and ThT spectroscopy
data support the non-fibrillar nature of these AB40 oligomers:
lack of thin (12-15nm), elongated (100-1,000 nm) and branched
structures, which are characteristics of fibrils!® (Fig. 2b-d). These
data corroborate previously published experimental data'® and
although the secondary structure of in vitro-generated AP
oligomers cannot be a true prototype for oligomers that may
form in vivo in the complex environment of the brain, these data
support the hypothesis that the B-structures detected in brain
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Figure 1 | Early B-structural transition in transgenic AD mouse brains. (a) FTIR maps were integrated for the B-sheet spectral region at 1,635-1,620 cm !
to visualize absorption intensities for the B-sheet content in brain sections of Tg19959 (upper panels) and wild type (lower panels) mice at 1, 2 and 3
months, respectively. B-sheet content is shown in red (arrows). Maps are representative; N=3; N represents the number of animals per genotype/age.
Scale bar, 50 um. (b) Averaged and normalized 2nd derivatives of the Amide | absorption band; B-sheet structures in 1-month Tg19959 mice are similar to
those in wild-type mice; averages were taken from 20 to 40 FTIR measurement positions per brain section and 3 brain sections per genotype/age). (¢)
Averaged and normalized 2nd derivatives of FTIR spectra taken from areas with increased B-sheet content in the corresponding pFTIR maps in a. The
corresponding FTIR absorbance spectra with elevated B-sheet content are shown in Supplementary Fig. 2. The red arrow shows an increase in B-sheet
content in Tg19959 mouse brain. Vertical dashed lines indicate the centre of the B-peaks. Horizontal dashed lines indicate (x, y=0). (d) Same as in ¢, but
for 3 month-old Tg19959 mice, with spectra taken from an area with high B-sheet content (indicated by red dotted square on the corresponding uFTIR
map). (e) The overlap of the second derivatives corresponding to Tg19959 mice at different ages more clearly shows the progressive increase in B-content
with age. (f) In comparison the overlap of the second derivatives corresponding to wild-type mice at different ages is similar. FTIR spectra are
representative; FTIR spectra from different animals of the same age and genotype are shown in Supplementary Fig. 2c. (g) Statistical analysis of p-sheet
content measured as the average of the ratio of peak intensities between 1,635 and 1,620 cm (B-sheet) to 1,656 cm =1 (a-helix) in Tg19959 and wild-
type mice as a function of age. Protein aggregation in wild-type mice is taken as 100%. ANOVA (P<0.01) followed by Bonferroni's post-hoc comparisons
test (P<0.01). N=9; N represents the number of brain sections. Data are represented as mean £ s.d.

tissue of Tg19959 mice at 2 months of age may originate from neurons in brain, these results support the conclusion that

non-fibrillar (non-ThT and non-OC positive) B-sheet AP species
formed in brain tissue prior to amyloid plaques.

To model the above findings in brain in a cellular system, we
examined AP aggregation in AD transgenic neurons in culture,
which show AP accumulation with time, similar to what occurs in
brain with ageing?’. pFTIR showed elevation of B-sheet structures
in AD transgenic neurons between 12 and 19 days in vitro,
compared to wild type neurons, respectively (Fig. 3a—c). Although
age of neurons in culture?! is not directly comparable to age of
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B-sheet structures can be formed within neurons.

Early changes in AB/APP complexes in AD transgenic mice. To
analyse changes in the native conformation of AR and APP in
brain tissue BN-PAGE and subsequent western blot using dif-
ferent AP and/or APP specific antibodies was performed. For
molecular weight estimation of native Ap on BN-PAGE we used
synthetic AB1-42, which runs as a mixture of monomers, dimers,
trimers and tetramers. Interestingly, AP in brain of wild-type and
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Figure 2 | Non-fibrillar A$1-40 oligomers with f-sheet quaternary structure. (a) Left panel: normalized FTIR spectra of AB1-40 monomers (M) in 10 mM
Hepes/D,0 pD11, fibrils (F) after 24 h incubation in 10 mM Hepes pD7.4 and AP1-40-Cu(ll)-induced oligomers (AB1-40-Cu(I)O) after 24 h incubation at
37°C, pD7.4. Graphs show the Amide | region. Right panel: Second derivatives show a band centred at around 1,623 cm ~ (blue, F) indicative of the
existence of fibrillar B-structures. A broader band is centred around 1,643 cm " (black, M), which can be assigned to a mixture of unordered and helical
structures. A band centred at 1,630 cm ~ ' (red, O) is indicative of the existence of B-sheet structure. (b) SAXS analysis of the AB1-40 Cu(I)O. In the graph:
blue line shows the best fit for the model (spheres) calculated using GNOM (ref. 4); the blue circles correspond to the experimental data. Inset: pair
distribution function p(r) with a single peak that corresponds to the quasi-globular shape with Dy.x =16.8 £ 0.8 nm. De novo three-dimensional
reconstruction of the scattering entity of AB1-40-Cu(IDO using DAMMIN (ref. 4) after 10 independent DAMMIN reconstructions. A line indicates the
maximum dimension (Dpmay). Scale bar, 200 nm. (¢) Electron microscopy images show that after incubation for 24 h at 37 °C, Ap1-40 (control) formed
amyloid fibrils (right image) while AB1-40-Cu(l1)O formed spherical aggregates. EM images are representative; 6-10 images were acquired for each EM
grid. (d) AB1-40 aggregation was evaluated by ThT fluorescence; the change in ThT fluorescence showed that 25 uM AB1-40 Cu(IO do not form fibrils (red),
whereas a control sample, 25 pM AB1-40 alone, does form fibrils (black). ThT fluorescence was monitored during 24 h of incubation at 37 °C in 10 mM Hepes
pH 7.4. The dashed line indicates a time point of sample collection for EM and FTIR. Kinetics are representative; at least three repeats were done.

1-month-old AD transgenic mice runs as a band closest to the evident as a high molecular weight smear between 100-500 kDa.
20kDa low molecular weight marker on BN-PAGE (Fig. 4a,b; Blotting with antibody 369 against the C-terminus of APP/CTFs
Supplementary Fig. 5a), as well as a higher molecular weight and 22CI1 against the N-terminus of APP suggests that this
smear, which we show below, is however consistent with APP. AP tetramer band that drops at 2 months in AD transgenic
This AP band corresponds to synthetic AB1-42 tetramers running mouse brain does not correspond to other APP fragments
on the same BN-PAGE (Fig. 4 and Supplementary Fig. 5). (Supplementary Fig. 5b). Overall, these results support the con-
Remarkably, at and after 2 months of age there was a drop in the  clusion that under physiological conditions AP in brain initially
intensity of this AP band in AD transgenic mouse brains on exists as a low molecular weight protein complex consistent
BN-PAGE concomitant with an increase in AP aggregation with AP tetramers. With the age-related increase in AP in AD
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Figure 3 | B-sheet aggregation in cultured AD transgenic primary neurons. (a) Bright field image (upper panel) and FTIR map (lower panel) of AD
neurons cultured for 19 DIV on a FTIR sample support. Scale bar, 50 um. (b) Averaged and normalized second derivatives of FTIR spectra taken from APP/
PS1 neurons at 12 and 19 DIV, and wild-type neurons at 19 DIV. Arrows indicate the B-sheet peak, which is evident only in APP/PS1 neurons at 19 DIV.
(c) Statistical analysis of protein aggregation measured as the average of the protein aggregation ratios of 1,628 cm ! (B-structures) to 1,656 cm -1
(a-structures) in AD transgenic and wild-type neurons as a function of days in vitro. B-sheet content in wild-type neurons is taken as 100%. ANOVA
(P<0.01) followed by Bonferroni's post-hoc comparisons test (P<0.01); N represents the number of neurons (50 cells per genotype/age). Data are
represented as mean = s.d. (d) High-resolution confocal microscopy images of immunofluorescently labelled AB42 (green) using antibody 12F4 and the
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transgenic mice, this AP complex is then reduced as AP forms
higher molecular weight aggregates. Strikingly, this change in the
initial state of AP occurs concomitantly with the increase of
B-structured content detected by pFTIR.

We next analysed the molecular weight of APP in brains by
BN-PAGE (Fig. 4c; Supplementary Fig. 5c). Remarkably, the
molecular weight patterns of APP also changed between 1 and
2 months in brains of Tg19959 mice before the appearance
of amyloid plaques. Specifically, on BN-PAGE, APP in the
membrane soluble fraction of Tg19959 mouse brains at 1 month
of age runs similarly to APP in wild-type mouse brains as two
bands, which appear to correspond to APP monomers and
dimers?2. In contrast, at 2 months of age, APP in Tg19959 mouse
brains changes to three bands with molecular weights that
correspond to about 140, 240 and 480 kDa. The appearance of the
additional 480kDa band supports that APP may aggregate as
well. Interestingly, after 2 months of age, Tgl9959 mouse
brains show a smear with a molecular weight corresponding to
240-480kDa on BN-PAGE using AP N-terminus antibody 82E1,
which could suggest an interaction between AP and APP (ref. 23).
Similar high-molecular weight AR was also observed on
BN-PAGE in aged APP23 AD transgenic mice?.

To investigate whether there is an age-dependent interaction
between AP and APP, Tgl19959 mouse brains were immuno-
precipitated with the human-specific APP antibody P2-1 followed
by dot blotting with the AP42 specific antibody 12F4, which
indicated an age-dependent increase in the association of Ap42
with APP (data not shown). To experimentally examine the
interaction of AB42 with APP, transgenic and wild-type mouse
neurons were treated with 1 pM synthetic human AP1-42 for
24h. After treatment, BN-PAGE followed by Western blot with

human AB/CTF antibody 82E1 and AP/APP antibody 6E10
revealed the added human AP as a band at 240KkDa,
corresponding to the molecular weight of APP, only in the APP
overexpressing AD transgenic neurons but not the wild-type
neurons (Supplementary Fig. 6a). Furthermore, A immuno-
labelling of neurons treated with 1 uM synthetic AB1-42 showed a
greater binding of AP1-42 to the cell surface of AD transgenic
than to wild-type neurons (Supplementary Fig. 6b). Taken
together these data support an interaction between AP and
APP, and indicate that AD related protein aggregation is a
complex process during which the physiological states of both Ap
and APP are affected.

AP aggregation and synapse pathology. To further define the
localization of these pre-plaque B-aggregates and to evaluate
potential pathological consequences of early AB-aggregation in
brain, 1, 2 and 3 month-old Tg19959 mouse brain sections were
labelled with antibodies directed against AB42 and synaptophysin
or drebrin, markers of pre- and post-synaptic compartments,
respectively. Three-dimensional confocal microscopy revealed
that AD transgenic mouse brains show progressive APB42
accumulation in synaptic compartments (Fig. 5a; Supplementary
Figs 7 and 8). In particular, post-synaptic AP42 labelling
increased in AD transgenic mouse brains. In 1-month-old
Tg19959 and wild-type mouse brains synaptic AP42 labelling is
much less evident compared to older Tg19959 mice, consistent
with prior immuno-electron microscopy of another AD trans-
genic mouse model?®. The increase of AB42 labelling at two
months of age is concomitant with the FTIR and biochemical
data showing increases in AP aggregation with age in these AD
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Figure 4 | Native Ap and APP complexes in Tg19959 mouse brains change with age. (a) Blue native polyacrylamide gel electrophoresis (BN-PAGE) and
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specific 82E1 antibody, human AP (dotted red box) in the Tg19959 mouse brain appears consistent with AB1-42 tetramers as well as a smear at higher
molecular weights. Synthetic human AB1-42 was used as a molecular weight marker and positive control (dotted black box; underexposed). (b) BN-PAGE
of membrane-associated fractions of mouse brain homogenates at T and 2 months of age and subsequent Western blotting with AB42 specific antibodies
12F4 and MBC42 detect the presence of low molecular weight AB42 bands (dotted red boxes). The low molecular weight AB42 band appears specific,
since no band is observed in brain tissue homogenate from APP knockout mice. Statistical analysis of AB42 in brain homogenate: ANOVA (P<0.01)

followed by Bonferroni's post-hoc comparisons test (P<0.01); grey lines indicate the mean +s.d.; N of 4 represents number of independent experiments.
() Native APP in Tg19959 mouse brains changes with age. BN-PAGE and subsequent blotting with antibody 369 against the C-terminus of APP/CTFs and
22C11 against the N-terminus of APP show alterations in the molecular weight of APP with a 480 kDa band appearing at 2 months of age in Tg19959 mice
(dotted white boxes), which is not seen in WT or 1T month old Tg19959 mice. Total protein concentrations were determined using the BCA assay and further

controlled by a parallel SDS PAGE blotted with B-actin; protein loaded was 100 pg per well in all experiments. Blots are representative, N=3.

transgenic mice. Interestingly, with the increasing synaptic AP in
Tg19959 mouse brains at two months of age, the overlap of AB42
with the presynaptic protein synaptophysin also became more
evident. Moreover, at 3 months of age, when amyloid fibrils
detected by antibody OC are even more evident in synapses of
AD transgenic mouse brains, the pre- and post-synaptic proteins
appear to overlap more; such an increased overlap of the pre- and
post-synaptic markers suggests localized synaptic abnormalities
(Supplementary Fig. 7). The presence of AP in synapses of
wild-type mouse brains, and its early accumulation in synapses in
transgenic mice, supports the conclusion that synapses are the
sites where physiological AP starts to accumulate and aggregate,
thereby mediating synapse dysfunction in pre-plaque AD brain.
Taken together our results demonstrate alterations in the native
states of AP and APP with pre-plaque B-aggregation, which is
concomitant with synaptic alterations in a transgenic mouse
model of B-amyloidosis.

Discussion

Here we provide evidence that the physiological conformation of
AP in brain on BN-PAGE is consistent with synthetic Ap1-42
tetramers. Of note, tetramers were also the preferred state of
freshly prepared AP1-42 run on the native gels (Fig. 4a;

6 \ATURE

Supplementary Fig. 5a). Native gels are less accurate when it
comes to molecular weight, and running the same synthetic
AP1-42 preparations on semi-denaturing and SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) gels showed progressive loss of
the tetramer band, and indicated that this tetramer band runs
closer to a 14 kD molecular weight marker (not shown). We also
noticed that the AP42 specific antibodies detected the band
consistent with AP42 tetramers in brain but not the synthetic
AP1-42 tetramers (Fig. 4b). We previously reported that Ap42
specific antibodies react predominantly to AB1-42 monomers®’.
However, the observations in Fig. 4b suggest that the structure of
the AP band that appears consistent with a tetramer in brain
differs from synthetic AP1-42 tetramers. It is possible that,
for example, associated lipid components and/or N- and/or
C-terminally modified AP peptides contribute to this difference
between this low molecular weight AB complex in brain
compared to synthetic AB42.

Importantly, we demonstrate that the loss of this physiological
state of AP in AD transgenic mouse brain before plaque
formation is concomitant with the appearance of increased
B-sheet content by FTIR; however this is not ThS or OC antibody
positive, pointing to a non-fibrillar character of early B-sheet
formation. Although, the differences between transgenic and wild
type animals in the pFTIR spectra related to B-structures and
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Figure 5 | AB42 disrupts the cytoarchitecture of dendritic terminals in Tg19959 mouse brains with age. (a) High-resolution confocal microscopy
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overview, low magnification images are shown in Supplementary Fig. 8. (b) Statistical analysis of the co-localization of AB42 with pre- and post- synaptic

markers, as well as for the overlap of synaptophysin with drebrin: ANOVA
equal to 100% of co-localization, grey lines indicate the mean+s.d., N=4

age-related increases in AP42 are evident, development of new
antibodies which are both specific to B-structures and to AB will
be helpful to determine whether the B-sheet structures detected
by pFTIR in brain tissue of transgenic animals originate from
AP42. Further, we present evidence consistent with aggregation
of APP concomitant with AR pathogenesis, which may be
contributing to the pre-plaque increase in B-structure. Since the
increase of AP is concomitant with an apparent change in APP
structure, and since in vitro experiments support that A may
bind APP, it is possible that binding of AP may cause changes in
APP structure that interfere with physiological processing of APP.
Dystrophic neurites, associated with amyloid plaques, are known
to accumulate APP, as well as AP42 and the B-site amyloid
precursor protein cleaving enzyme 1, supporting the concept that
such dystrophies are the nidus of amyloid plaque formation?%2°,

It is of considerable interest that the destabilization and loss of
the native state of normally tetrameric transthyretin has been
found to promote subsequent aggregation of transthyretin
into the P-sheet rich pathologic amyloid found in patients
with transthyretin amyloidosis. Moreover, pharmacological
stabilization of the physiological transthyretin tetramers led to
the approval of the first drug that slows down the progression of
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(P<0.01) followed by Bonferroni's post-hoc comparisons test (P<0.01); 1is

an amyloidosis in the clinic?®~28. Growing evidence also suggests
that the native oligomeric structure of o-synuclein associated
with Parkinson’s disease is a tetramer?®. Thus, the current
study supports the concept that the native and physiological
conformations of proteins linked pathologically and genetically to
AD might also be altered in the disease. Stabilization of the
physiological structure might therefore be considered among
novel therapeutic approaches.

Methods

Animals. All mouse experiments were compliant with the requirements of the
Ethical Committee of Lund University. Experimental AD transgenic mouse group:
female Tg19959 mice, which harbour Swedish and Indiana familial AD mutations
(KM670/671NL and V717F) in human APP under the control of the hamster PrP
promoter'2. Control group: female C57/B6SJL wild-type mice. Primary neuronal
cultures were derived from cerebral cortex and hippocampus of Tg (hAPPswe,
PSEN1dE9)85Dbo/Mmjax (APP/PS1; Jackson Labs) or wild-type mice at
embryonic day 15 as described®’. All mice were screened for the presence

of the human APP695 transgene by PCR.

Experimental design. Brain material (sections or homogenates) of female
Tg19959 and wild-type mice at 1, 2 and 3 month of age, N of 3-4 animals per
genotype/age, were collected for the study. Brain sections were used for pFTIR and
immunofluorescence imaging; brain homogenates (cortex) were used for
biochemical studies.
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Experimental procedures. Female Tg19959 and wild-type mice were killed at 1, 2
and 3 month of age. Mice were deeply anaesthetized with 100 mgkg ~! 1:10
ketamine:xylazine administered by intraperitoneal injection. For pFTIR and
biochemical analysis, animals were first perfused transcardially with phosphate-
buffered saline (PBS), and then brains were removed from skulls and deeply frozen
in liquid nitrogen. For immunohistochemistry, brains were fixed by transcardial
perfusion with PBS followed by 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4)
at room temperature (RT) and post-fixed by immersion in 4% PFA in 0.1 M PBS at
4°C overnight.

Ap1-40 and Af1-42 peptides. Synthetic AB1-40 (DAEFRHDSGYEVHHQKLVF
FAEDVGSNKGAIIGLMVGGVV) was purchased from JPT (Germany). Stock
solution of 500 uM synthetic AP1-40 (JPT) was prepared in 10 mM HEPES
(Sigma-Aldrich) with 0.02% NH; at pH 11 (pH of the non-aggregated peptide
stock); aliquots were kept at — 80 °C until use. AP1-40 oligomers were prepared in
the presence of ions of Cu(Il) as described?!, with a minor change: Cu,SO4 was
added in a stoichiometric ratio to AB1-40 stock solution, and then pH was changed
to pH 7.4 to allow AP aggregation.

Small angle x-ray scattering (SAXS) analysis of the AB1-40 Cu(II)-induced
oligomers was done at the beamline X33 EMBL DESY synchrotron (Germany).
SAXS data was acquired for 1 mgml ~! AB1-40-Cu(II)O in 10 mM Hepes pH 7.4
after 24h of incubation at 37 °C before the experiment. The fit for the model
(spheres) was calculated using GNOM (ref. 32). De novo three-dimensional
reconstruction of the scattering entity of AP1-40-Cu(Il)-induced oligomers was
performed using DAMMIN (ref. 32) after 10 independent DAMMIN
reconstructions.

Synthetic AB1-42 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVG
GVVIA) was purchased from Tocris Bioscience (USA). The peptides were
dissolved in cold DMSO (Sigma-Aldrich) at a concentration of 250 pM, divided
into aliquots of 50 ul and kept at at — 80 °C until use. Recombinant Ap1-42
(M-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA), 20 uM in
20 mM phosphate buffer (pH 7.4), was a gift of Prof. Sara Linse (Lund University).
Recombinant AB1-42 was prepared and purified as described®?, and kept on ice
until use (1-2h).

Fibril growth assays were initiated by placing the 96-well plate at 37 °C under
quiescent conditions. The ThT fluorescence was measured through the bottom of
the plate every 60 s with a 440 nm excitation filter and a 480 nm emission filter in a
plate reader (Fluostar Omega BMG Labtech). To monitor fibril formation,
Thioflavin T (ThT) kinetic assays were used. For ThT kinetics, 20 uM AB1-42 was
incubated in the presence 6 UM ThT at 37 °C without agitation in a 96-well plate of
black polystyrene with a clear bottom and PEG coating (Corning 3881). Since ThT
fluorescence intensity at 480 nm is proportional to the mass of amyloid fibrils, the
kinetic evaluation of the aggregation reactions showed that after several hours of
incubation, AB1-42 formed B-sheet fibrils. For pFTIR measurements, in parallel to
the ThT kinetic assays, AB1-42 was incubated without adding ThT in low-bind
Eppendorf tubes at 37 °C under quiescent conditions.

Synchrotron-based pFTIR. Approximately 20 pm thick coronal brain
cryosections were mounted onto clean 1 x 1 mm? CaF, windows (Crystran Ltd.);
to avoid protein degradation sections were stored at — 80 °C until measurements
as described?. Sections were cryo-dried before measurements. Primary neurons
were seeded directly on CaF, spectrophotometric windows and grown for 12 or
19 days. Cultures were washed with PBS, fixed for 20 min with 4% PFA in PBS,
washed with 20 mM phosphate buffer (PB) and stored at — 80 °C until
measurements. Samples with neurons were dried before measurements. Samples of
AP1-42 monomers and fibrils were prepared in the same way as the pFTIR samples
from brain tissues. Approximately 5uL drops of monomeric and fibrillar AB1-42
fractions were placed on CaF, spectrophotometric windows, snap frozen and
cryo-dried before measurements were taken.

WFTIR spectroscopy was performed at beamline D7, MAX-IV Laboratory,
Lund University, Sweden as described>»**. {FTIR spectra were collected from
mouse brain sections of cortex and CA1 hippocampus (as shown in Supplementary
Fig. 2a). The instrument set-up combines a Hyperion 3,000 microscope and a
Bruker IFS66/v FTIR spectrometer. First, tuFTIR maps were recorded in off-line
mode using a conventional thermal light source for ‘overview mapping’ of larger
tissue areas (4-6 mm?) using 50 pm aperture diameter. Since the brightness of
conventional thermal infrared sources is inherently limited near the diffraction
limit, a synchrotron infrared source, which is about 100-1,000 times brighter than
a conventional thermal source, was used. The high flux density of the synchrotron
source allows smaller regions to be probed with an acceptable S/N ratio®. FTIR
spectra were collected from cultured neurons at MAX-IV Laboratory and the
SOLEIL synchrotron (Gif-sur-Yvette, France) using the SMIS beamline
(Supplementary Fig. 2d). The measuring range was 900 — 4,000 cm ~ ! and the
spectra collection was done in transmission mode at 4cm ~ ! resolution, 8 x 8 um?
aperture dimensions, from 500 to 1,000 co-added scans. Background spectra were
collected from a clean area of the same CaF, window.

FTIR spectral analysis. Analysis of FTIR spectra was performed using the OPUS
software (Bruker). After atmospheric compensation, spectra exhibiting strong Mie
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scattering were eliminated. For all spectra, a linear baseline correction was applied
from 1,200 to 2,000 cm ~ !, After background subtraction and vector normalization,
derivation of the spectra to the second order was used to increase the number of
discriminative features to eliminate the baseline contribution. Derivation of the
spectra was achieved using a Savitsky — Golay algorithm with a nine-point filter
and a polynomial order of two. The B-aggregation level of proteins was studied by
calculating the peak intensity ratio between 1,620 and 1,640 cm ~ !, corresponding
to B-sheet structures and the maximum corresponding mainly to a-helical content
at 1,656 cm ~ L. An increase in the 1,620-1,640 cm ~ ! component is considered a
signature of amyloid fibrils!®!>143¢, We were not able to detect changes in the
range of 1,690 cm ~ ! that were previously described to differentiate antiparallel and
parallel AB in a study on purified AP using FTIR (ref. 37), likely due to the greater
complexity of the tissue samples.

Immunohistochemistry. PFA fixed mouse brains were cut into 40 um thick
sections on a Leica SM 2010R freezing microtome. Sections were kept in storage
buffer composed of 30% sucrose and 30% ethylene glycol in PBS at — 20 °C until
use. Dual and triple immunolabelling combined with ThS of free-floating sections
were done as described in ref. 38 using optimal working dilutions recommended by
the manufacturer. Amyloid fibrils were visualized with rabbit polyclonal antibody
OC (Merck Millipore, AB2286); the free AB42 C-terminus was recognized by
antibody 12F4 (BioLegend, Covance SIG-39142, 1/1,000); antibody 22C11 (Merck
Millipore, MAB 348) was used for the human/mouse APP N-terminus. For
pre-synaptic and post-synaptic labelling mouse monoclonal synaptophysin
antibody (Merck Millipore, MAB5258) and rabbit polyclonal drebrin antibody
(Abcam, AB11068) were used respectively. All primary antibodies are summarized
in Supplementary Table 1. For dual and triple label ThS staining, sections were
incubated in 0.001% ThS in 70% ethanol for 20 min, and then rinsed sequentially
with 70, 95 and 100% ethanol after immunofluorescent labelling as described>®.

Confocal microscopy. Images were obtained using a Leica TCS SP8 confocal
microscope (Leica Microsystems) equipped with Diode 405/405nm and Argon
(405, 488, 552 and 638 nm) lasers with an HP PL APO 63x/NA1.2 water immersion
objective. Autoquant (MediaCybernetics) was used for image deconvolution.
Two-dimensional images obtained by confocal microscopy were quantified and
reconstructed into 3D volumetric data sets using Imaris (Bitplane). Semi-opaque
iso-surfaces were defined individually for each channel from the deconvolved data
and rendered as semi-opaque, solid surfaces.

Biochemical analysis of mouse brain tissue. Forebrains were homogenized in
five volumes of buffer composed of 20 mM Tris-HCI, 50 mM NaCl pH 7.8 and
HaltTM protease inhibitor cocktail (Thermo Fisher Scientific). After 30 min
incubation on ice, a first fraction was collected as a TBS dispersible fraction.

A TBS-T membrane-bound fraction was collected after the TBS insoluble pellet
was re-suspended in 1% Triton, 20 mM Tris-HCI, 50 mM NaCl at pH 7.4,
incubated 30 min on ice and centrifuged. To avoid artificial protein aggregation or
segregation, brain hom0§enates were centrifuged at low speed, at 10,000 g, at 4°C
for 30 min as described?”. Protein amounts were determined using BCA protein
assay (ThermoFisher Scientific). The protein load was also controlled by a parallel
SDS-PAGE blotted with B-actin (Sigma A5316, 1/5,000). Samples were used
immediately for BN- or SDS-PAGE and co-immunoprecipitation assays. For
BN-PAGE, only freshly prepared samples of 100 pig total protein in 4 x Native
PAGE sample buffer (Invitrogen) were electrophoretically resolved in a precast
native 4-16% Bis-Tris gel (Invitrogen) according to the manufacturer’s protocol.
Native-Mark unstained protein standards (Invitrogen) were used as molecular
weight markers. Before protein transfer, the gels were washed with running buffer
containing 1% SDS for 20 min. The protein load was also controlled by a parallel
SDS-PAGE blotted with B-actin (Sigma A5316, 1/5,000). For SDS-PAGE, brain
homogenates (50 pg of total protein) were electrophoretically resolved in a precast
NuPAGE 4-12% Bis-Tris gel system (Invitrogen). Proteins were transferred from
BN and SDS gels onto polyvinylidene difluoride (PVDF) membranes (iBlotR,
NovexR, Life Technologies). Unstained molecular weight markers were visualized
using Ponceau S (SigmaAldrich) and digitally marked due to faint bands on the
blue membranes. Membranes were boiled in PBS, pH 7.4 in a microwave oven for
5min, and washed in PBS-TweenTM (Medicago). To block unspecific binding,
membranes were incubated in 5% non-fat dry milk (Sigma) diluted in PBS-Tween
for 1h at RT. For immunodetection, membranes were incubated for 24 h at 4°C
with primary antibodies against AB/APP: 6E10 and 4G8 (BioLegend, Covance
#S1G-39300 and #SIG-39220 respectively, 1/1,000), human/mouse APP
N-terminus: 22C11 (Merck Millipore, MAB 348, 1/1,000), human APP: P2-1
(Thermo Fisher Scientific, 1/1,000), and human/mouse APP C-terminus antibody
369 (Supplementary Table, 1/1,000). The AB N-terminus was recognized by
AP/APP monoclonal antibody 82E1 (IBL International #18582, 1/1,000), and the
AP42 C-terminus was recognized by AB42 end-specific antibody from Life
Technologies (#700254, 1/1,000) and 12F4 (BioLegend, Covance, SIG-39142,
1/1,000); MBCAP42 (1/1,000); Chemicon (#AB5078, 1/1,000); primary antibodies
are summarized in Supplementary Table 1. Blots were developed with enhanced
chemilumi ence (Sup IR West Femto) detection system (Thermo Fisher
Scientific). Synthetic AP1-42 (Tocris Bioscience) was used as positive and/or
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negative control. All BN-PAGE blots were developed with standard
chemiluminescence exposure times of 2-5 min, up to maximum exposure times of
1h to detect even minor amounts of AB. All western blots were performed at least
three times; only for the confirmation of the A band in Fig. 3b, three additional
AP antibodies were used to confirm the 3 blots done with antibody 82E1 and to
show that this Ap includes AB42. For quantification, 4 gels blotted with AB42
antibodies were pooled together.

Statistical analysis. One-way ANOVA followed by Bonferroni’s post-hoc
comparison tests were performed in all statistical analysis. Since no significant
differences were found in the wild-type brains, the data from all the wild types were
pooled and used in the statistical calculations. Statistics with a value of P<0.01
were considered significant.

Data availability. The data that support the findings of this study are available
from the corresponding authors on reasonable request.
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Supplementary Figure 1. Sample preparation used for uFTIR does not induce artificial
B-aggregation. (a) Thioflavin T (ThT) kinetic assays of 20 yM AB1-42 fibril formation in the
presence 6 yM ThT at 37°C. Since ThT fluorescence intensity at 480 nm is proportional to
the mass of amyloid fibrils, the increase of ThT fluorescence shows that after several hours
of incubation, AB1-42 formed B-sheet fibrils. The ThT fluorescence experiments were
repeated three times. In parallel to the ThT kinetic assays, AB1-42 was incubated without
adding ThT in low-bind Eppendorf tubes at 37°C under quiescent conditions. For uFTIR, 5 pL
drops of samples of monomeric and fibrillar fractions were placed on CaF;
spectrophotometric windows, and then all samples were snap frozen and cryo-dried.
Monomeric AB1-42 was collected at 4°C, before the temperature switch. Fibrillar AR1-42
were collected after ThT fluorescence reached a plateau indicating the presence of mature
fibrils in the suspension as indicated by red arrows. (b) Normalised representative uFTIR
absorbance spectra taken from monomeric and fibrillar AB1-42 samples. Background spectra
were collected from a clean area of the same CaF. window. (c) As shown by second
derivatives of FTIR spectra, a characteristic peak for 3-sheet structures was evident only for
fibrillar AB1-42 (grey bar) but not for monomers of AB1-42, supporting that the sample
preparation for uFTIR does not introduce artificial B-sheet formation. Experiments were
repeated for 3 independent sample preparations.
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Supplementary Figure 2. FTIR absorbance spectra of Tg19959 and wild-type mouse
brain sections. (a) An overview of a brain tissue slice placed on a CaF, window (upper
panel). Brain tissue was snap frozen, cryostat sectioned, mounted on CaF., windows, and
stored at -80°C until use. Dashed squares show the positions of uFTIR measurements. Scale



bar is 700 um. Lower panel: Baseline corrected and normalized FTIR absorbance spectra of
mouse brain tissue recorded with an aperture of 8x8 um?; the instrument resolution was set
at 4 cm™; 250 - 1000 co-added scans per spectrum (5 to 10 spectra per age) (b) Baseline
corrected and normalized FTIR absorbance spectra of Tg19959 and wild-type mice. A
shoulder corresponding to B-sheet structures is indicated by a grey bar. (c) Normalised 2nd
derivatives of FTIR spectra from brain tissue, spectra of one colour corresponds to one
animal. (d) Left panels: an overview of a neuron grown on a CaF, window (left panels).
Neurons were fixed and stored at -80°C until use. Middle panels: uFTIR maps integrated for
the B-sheet spectral region at 1640-1620 cm™ show absorption intensities for the B-sheet
content in AD transgenic neurones at different times in culture, 3-sheet content appears as
red spots. Scale bar is 100 ym. Right panels: Normalised 2nd derivatives of FTIR spectra
taken from APP/PS1 neurons at 12 and 19 DIV, and wild-type neurons at 19 DIV (panels 3
and 5).
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Supplementary Figure 3. AB42 and amyloid B-aggregation in brain tissue of Tg19959
mice. (a) AB42 in brain tissue with age as revealed by an AB42 specific antibody (Invitrogen
700254). (b) Amyloid fibrils in Tg19959 brain tissue revealed by OC antibody. OC positive
amyloid plaques are visible in Tg19959 mouse brain tissue at the age of 3 months. Wild-type
mouse brain was set as a threshold. Neuronal cells are visualised using antibody 22C11
against the N-terminus of APP. Images are representative, N=3 per genotype/age. Scale bar
is 10 ym.
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Supplementary Figure 4. Amyloid-B fibrillization in brain tissue of Tg19959 mice.
Adjacent sections of the brain tissue sections used for FTIR measurements were double-
labelled with OC and ThS. Double labelling visualised amyloid plaques in Tg19959 mouse
brain tissue only at the age of 3 months. Scale bar is 50 pm. Wild-type mouse brain was set
as a threshold. Images are representative, N=3 per genotype/age.
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Supplementary Figure 5. Un-cropped versions of BN-PAGE western blots shown in Fig
4. (a) BN-PAGE and subsequent Western blot of membrane-associated TBST fractions of
wild-type and Tg19959 mouse brain homogenates at 1 and 2 months of age. AB detected by
human specific 82E1 antibody as shown in underexposed (1) and overexposed (2) versions.
Synthetic human AB1-42 peptide was used as a size marker and positive control. (b) No
cross-reactivity is evident as revealed by a WB with only secondary antibodies. (c) Un-
cropped blots showing that the LMW AR band does not correspond to any APP fragments as
revealed by antibodies against the APP N- (22C11) and C- (369) termini (red box). (d) As
expected, SDS-PAGE shows increasing amounts of Ap (arrowhead) in protein extracts from
Tg19959 mouse brains as revealed by antibody 6E10. Statistical analysis of monomeric AB
in brain homogenates is with ANOVA (P < 0.01) followed by Bonferroni's post-hoc
comparisons test (P < 0.01); mean = SD. (N = 4 per genotype/age).
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Supplementary Figure 6. Role of APP in AB binding. (a) Wild-type and APP/PS1 primary
neurons were treated with 1 yM of AB1-42 for 24 hours. The added AB1-42 was detected by
BN-PAGE followed by Western blot with human-specific AB antibody 82E1 and human-
specific AB/APP antibody 6E10; bands which are consistent with the molecular weight of
APP are shown in the red boxes, N=3 embryos. (b) Immunofluorescent confocal microscopy
images of wild-type and APP/PS1 primary neurons treated with 1 yM AB1-42 for 1 hour.
Untreated neurons were set as a threshold. AB1-42 was detected by antibody 82E1 (red).
Neuronal membranes were stained with the dye Cholera toxin subunit B1 (CTB) specific to
GM1 gangliosides abundantly present in the cell membrane (green); scale bar is 1 uM.
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Supplementary Figure 7. AB42 alters the cytoarchitecture of synaptic terminals in
Tg19959 mouse brains with age. AB42 in brain tissue slides was labelled with an A42
specific antibody (Invitrogen 700254) and is shown in red; at 3 months an amyloid plaque is
clearly evident, while punctate AB42 increases are detectable already at 2 months. The
middle panels show the pre- synaptic marker synaptophysin (magenta), the post-synaptic
marker drebrin (green) and AB42 (red). The white puncta in the far right panel shows co-
localization of drebrin and synaptophysin, which is evident in 2 and 3 month-old Tg19959
mice. Around the plaque in the 3-month-old Tg19959 mouse, the locations of these even
more enlarged puncta (compared to at 2 months) are consistent with that of dystrophic
neurites. Images are representative, N=3 per age/genotype. Scale bar is 10 pm.
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Supplementary Figure 8. Amyloid aggregation in dendritic terminals of Tg19959
mouse brains. Double labelling with OC and the post—synaptic marker drebrin (green)
revealed amyloid fibrils (OC, red) co-localized (yellow) with the post-synaptic protein drebrin
(green) at the age of 3 months. Wild-type mouse brain was used to set the threshold. Images
are representative, N=3. Scale bars: left panel: 1.5 pum, middle panel: 10 um, right panel:
2um.



Supplementary Table 1. List of primary antibodies

Antibody Target Species Dilution Dilution Source Cat. #
Epitope and type (WB) (IF)
Human/mouse Rabbit 1:1000 Buxbaum et
full length APP, olyclonal al. (1990)!
369 o/BAPP, o/ CTF, PO/ ( )
APP C-terminus
Human A, full Mouse 1:1000 BioLegend | Previously
6E10 length APP, monoclonal Covance
a/BAPP, a/ CTF, catalog#
aa. 3-8of AR S1G-39320
Human APP, N- Mouse 1:1000 Merck ab348
terminus, a.a. | monoclonal Millipore
22C11 66-81 of APP P
pP2-1 Human APP, N- Mouse 1:1000 ThermoFisher | OMA1-
terminus, monoclonal 03132
a.a.104-118 of
APP
Human AB1-x, Mouse 1:1000 1:200 IBL 10323
82E1 N-terminus monoclonal International
specific, a.a. 1-4
of AB
Human/mouse Mouse 1:1000 1:200 BioLegend | Previously
12F4 ABx-42, monoclonal Covance
C-ter_mlnus catalog#
specific SIG-39142
Human/mouse Mouse 1:1000 Kindly
MBC AB42 |ABx-42, monoclonal provided by
C-terminus Dr. Haruyasu
specific Yamaguchi?
Human/mouse Rabbit 1:200 Invitrogen 700254
AB42 ABx-42, polyclonal
C-terminus
specific
ocC Amyloid fibrils Rabbit 1:1000 Merck ab2286
polyclonal Millipore
Synaptophysin | Synaptophysin 1:1000 BioLegend | MAB5258
Drebrin Drebrin Rabbit 1:1000 Abcam ab11068
polyclonal
Cholera toxin |Ganglioside GM1 | Alexa Fluor 1:1000 Molecular C-34775
Subunit B 488 probes
conjugate
Map2 Map?2 Chicken 1:1500 Abcam ab5392
polyclonal
Supplementary References
1. Buxbaum, J. D. et al. Processing of Alzheimer beta/A4 amyloid precursor protein: modulation

by agents that regulate protein phosphorylation. Proc Natl Acad Sci USA 87, 6003-6006 (1990).

2. Takahashi, R. H. et al. Intraneuronal Alzheimer AB42 accumulates in multivesicular bodies
and is associated with synaptic pathology. Am. J. Pathol. 161, 1869-1879 (2002).
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