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Summary

Parkinson’s (PD) and Alzheimer’s disease (AD) are the two most common neurodegen-
erative diseases and of growing importance for the rapidly aging population of indus-
trialized countries. A common feature of both diseases is the progressive accumulation
of proteins in insoluble aggregates, which are considered to play a fundamental role in
the pathogeneses ultimately resulting in marked neuronal loss. The histopathological
hallmark features of PD are called Lewy bodies (LBs) and Lewy neurites (LNs), both
consisting predominantly of aggregated a-synuclein (aSyn), while neuropathological di-
agnosis of AD relies on the presence of neurofibrillary tangles and senile plaques com-
prised of hyperphosphorylated tau-protein or amyloid-b (Ab), respectively. However,
the implicated pathological mechanisms and pathways contributing to these diseases are
still not fully understood and numerous studies emphasize the need for early diagnosis
before major neuron-loss occurs. Cerebrospinal fluid (CSF) is in close contact with the
central nervous system and therefore a valuable source of biochemical markers reflecting
pathological changes in the brain and spinal cord. For AD, three core CSF biomarkers
(Ab, total-tau & phospho-tau) have been identified and extensively validated over the
last years, while established biochemical markers are virtually absent for the diagnosis
of PD.

The aim of the thesis was to investigate proteome alteration in the presence of different
types of protein aggregates and ultimately to identify novel biochemical markers of
disease. Therefore, transgenic mouse models of a-synucleinopathy or b-amyloidosis,
the hallmark neuropathological aspects of PD or AD, were used. These mice express
mutated human genes initially identified in patients suffering from familial forms of PD
or AD.

The first set of experiments focused on the identification of proteins altered in the
CSF of these models. This was done in an unbiased mass spectrometry-based shotgun
approach, which led to the quantification of 636 and 665 CSF proteins in aged A30P-
aSyn and APPPS1 cohorts, respectively. Both datasets contained transgene-related
CSF protein changes that have already been associated with PD or AD, such as amy-
loid precursor protein (APP)-derived peptides, TREM2, ApoE or neurofilament light
(NfL), but also yielded novel insights in protein alterations, such as LAG-3, CART and
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lysosomal proteins. Next, both datasets generated from A30P-aSyn and APPPS1 CSF
were compared and revealed a marked overlap of proteins deregulated in both models.

The second part of the thesis focused on NfL, which plays a key role in axonal sta-
bilization and gained attention as biomarker of axonal injury in multiple neurological
disorders. A validated immunoassay was used for the quantification of NfL in CSF and
plasma of A30P-aSyn, APPPS1 and a third mouse line expressing an A53T mutation in
aSyn. Markedly elevated levels were found in CSF and plasma of the mice at the same
age as the respective brain lesions became apparent. This demonstrates that CSF and
blood NfL increases are not specific for aggregated aSyn or b-amyloid and emphasizes
its potential as marker of axonal damage upon neurodegeneration.

In conclusion, hundreds of proteins were quantified in the CSF of mouse models for
a-synucleinopathy and b-amyloidosis. The datasets at hand provide novel and unbiased
insights in pathological processes on molecular level and reveal common and distinct
features of the respective pathology. The high proportion of hits related to PD, AD
and other neurodegenerative diseases, as evaluated in human-based studies, substan-
tiates the confidence in the high quality of the datasets and the translational value
of the mouse models. Taken together, these findings provide a rich resource for the
identification of novel biomarkers and their value concerning differential diagnosis.
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1 Introduction

1.1 Aging and neurodegeneration

From a biological point of view, aging reflects the process in which a variety of stres-
sors are no longer adequately counteracted by the body’s protective functions (Whalley
et al., 2004). For the brain, aging also means damage from oxidative stress, mito-
chondrial dysfunction, inflammatory processes and accumulation of potentially injuri-
ous proteins. All of those can lead to irreversible changes, such as altered metabolic
pathways, destabilization of neuronal membranes and cell death (Hipkiss, 2006; Leuner
et al., 2007; Morgan et al., 2007; Tosato et al., 2007). Therefore it is not surprising
that age is a major risk factor for a variety of neurodegenerative diseases, ranging from
Alzheimer’s disease to Parkinson’s disease and amyotrophic lateral sclerosis.

According to a study from the United Nations Population Fund (UNFPA), 11% of the
world’s population is aged 60 and older. By the year 2050, the share is estimated to
reach 22% (UNFPA, 2012). This will inevitably lead to a boost of people suffering from
age-associated neurodegenerative diseases if no countermeasures are taken. Therefore
it is of utmost importance to investigate and understand the molecular and cellular
mechanisms causing dementia, so that patients can be identified in early stage of disease
and successful treatments can be established.

1.2 Parkinson’s disease

Parkinson’s is a progressive multi-system neurodegenerative disease, affecting mostly
the elderly population. The disease was named after James Parkinson, who, in 1817,
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1 Introduction

published “An Essay on the Shaking Palsy”, describing six individuals suffering from a
disease he called “paralysis agitans”. He described it as “Involuntary tremulous motion,

with lessened muscular power, in parts not in action and even when supported; with a

propensity to bend the trunk forwards, and to pass from a walking to a running pace:

the senses and intellects being uninjured ” (Parkinson, 1817). Nowadays we know that
“the senses and intellects” can be affected and that besides mentioned motor symp-
toms, non-locomotor symptoms can become apparent. Those symptoms may include
cognitive, sensory and behavioral deterioration, culminating in dementia, depression,
visual hallucinations, anxiety and sleep disturbances (Sveinbjornsdottir, 2016).

The incidence and prevalence of PD are on the rise, in concurrence with the aging
population in industrialized countries (Pringsheim et al., 2014). PD is estimated to
affect 0,3% of the general population, or 1% of people over the age of 60, making
it the second most-common neurodegenerative disease after Alzheimer’s (de Lau and
Breteler, 2006). The average age of onset is between 50 and 70 years, while prevalence
further increases with age, reaching 3,5% in 85-89 year old europeans (De Rijk et al.,
1997; de Lau and Breteler, 2006; Clarke and Moore, 2007). In 2015, approximately 6.2
million people were suffering from this incurable disease worldwide (Vos et al., 2016).

Idiopathic –or sporadic– PD is the most common form of parkinsonism, lacking an
identifiable external cause, such as a family history of the disorder. Sporadic PD is
affected by numerous factors influencing age of onset and course of disease. Hereditary
PD, on the contrary, has dominant genetic causes and is therefore often also referred to
as familial form of PD (FPD) accounting for 5 - 10% of all PD cases (Thomas and Flint
Beal, 2007; Lesage and Brice, 2009). Over the last years, genetic analyses have identified
a set of mutations causing FPD, such as point-mutations, duplications and triplications
of the a-synuclein (SNCA) gene. In addition, mutations in the gene coding for leucine-
rich repeat kinase 2 (LRRK2), or loss-of-function mutations in Parkin, PINK1, DJ-1
and ATP13A2 can cause FPD (Lesage and Brice, 2009; Ferreira and Massano, 2017).

Neuropathology of Parkinson’s disease

Parkinson’s Disease is typically characterized by a pronounced loss of dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc) and the development of distinctive
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1 Introduction

eosinophilic, proteinaceous inclusion bodies, named Lewy bodies (LBs) and dystrophic
Lewy neurites (LNs) (Gibb and Lees, 1988; Fearnley and Lees, 1991). LBs are con-
sidered a pathologically characteristic feature of PD and other synucleinopathies, such
as dementia with Lewy bodies (DLB) and multiple system atrophy (MSA) (Goedert
et al., 2013). The composition of LBs, which were first described by Fritz Heinrich
Lewy in 1912, were later identified as a mix of filamentous aSyn, neurofilaments and
ubiquitin (Spillantini et al., 1997). Although neuronal loss is pronounced in the SNpc,
deposition of aSyn can also be observed in other parts of the central nervous system,
including the amygdala and cortical areas (Braak et al., 2003; Braak and Del Tredici,
2009). Spreading typically happens along interconnected neuronal pathways, starting
in the anterior olfactory nucleus and the dorsal motor nuclei of the vagal and glos-
sopharyngeal nerves in the brainstem, spreading through the medulla oblongata and
the amygdala, before reaching the SNpc. In later stages of disease, pathology spreads
to the temporal mesocortex and finally reaches the neocortex (Braak et al., 2003). The
loss of dopaminergic neurons in the SNpc leads to striatal dopamine deficiency, which
accounts for most sensory-motor symptoms (Pires et al., 2017). To date it is still not
completely clear which molecular pathways lead to this pathological picture, but both
environmental and genetic factors appear to play major roles in disease susceptibility
(Thomas and Flint Beal, 2007; Shulman et al., 2011).

Despite intensive research, a cure for PD remains to be found, while current treatment
aims at improving and delaying motor symptoms through pharmacologic agents, such
as levodopa and dopamine agonists (Pires et al., 2017). Considering the longstanding
presymptomatic phase required to reach the full extent of disease, the need for early
diagnosis and treatment aiming at initial pathological processes is substantial.

a-synuclein genetics in PD

As the main component of Lewy bodies, aSyn plays a pivotal role in PD. Mutations, du-
plications and triplications of the SNCA gene locus have been identified to cause rare
familial forms of PD (Lesage and Brice, 2009). While duplications and triplications
increase the amount of produced a-synuclein causing a dosage-dependent disease phe-
notype (Ikeuchi et al., 2008), point mutations are more complex, altering propensities
of aSyn to oligomerize and form inclusions (Lázaro et al., 2014). Six mutations falling
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1 Introduction

into this category have been found over the last years: A30P, E46K, H50Q, G51D,
A53T & A53E, as depicted in figure 1 (Polymeropoulos et al., 1997; Krüger et al., 1998;
Zarranz et al., 2004; Lesage and Brice, 2009; Proukakis et al., 2013; Appel-Cresswell
et al., 2013; Pasanen et al., 2014).

Figure 1 – The structure of a-synuclein and mutations linked to familial Parkinson’s disease
The human a-synuclein protein consists of 140 amino acids and is encoded by the SNCA gene. Residues
1-60 form the amphipathic region, containing four 11-residue repeats, composed of hexameric KTKEGV
domains (red), which have structural alpha helix propensity. Residues 61-95 form the central region
which includes the hydrophobic non-amyloid-b component (NAC) region able to form b-sheet structures.
The highly acidic tail, spanning from AA 96 to 140 likely has auto-inhibitory functions, maintaining the
natively unfolded structure of aSyn. All mutations linked to familial PD are located in the N-terminal
region (marked in black), while phosphorylation sites (marked in blue) are situated towards the C-term
(modified from Breydo et al., 2012 and Lázaro et al., 2014).

1.3 Alzheimer’s disease

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease characterized by
advancing dementia and deficits in cognitive abilities. Patients typically present with a
progressive loss of episodic memory, difficulties in word finding, disorientation in time
and place, but individuals can also suffer from emotional changes, depression, anxiety,
apathy and delusions (Burns and Iliffe, 2009; Alzheimer’s Association, 2013). The dis-
ease was first identified by Alois Alzheimer in 1901, who followed the case of the 51-year
old Auguste Deter (Alzheimer, 1907). Suffering from severe dementia, she described her
condition as “I have lost myself, so to say” when she was asked to write her name. Af-
ter Auguste Deter died in 1906, Alzheimer examined her brain histologically and found
two types of microscopic lesions he referred to as “senile plaques” and “neurofibrillary
tangles” (Fig. 2, Illustrations 2-5). These lesions were later characterized as proteina-
ceous deposits and considered to be hallmark pathological features of AD, which still
remain a valid and definite diagnosis for AD (Glenner and Wong, 1984b; Goedert and
Spillantini, 2006; Scheltens et al., 2016).
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Figure 2 – Historic illustrations of plaques from the brain of Auguste Deter
Illustrations 2-5 show histologically stained plaques from the brain of Auguste Deter. Drawn and published
by Gaetano Perusini in 1909.

While initially considered a rather rare disease, AD became the most common form of
dementia due to an increasing life-expectancy over the last century. In 2015, 46.8 million
people were estimated to suffer from AD, which also affects millions of relatives and
caregivers. The economic burden of dementia, whereof AD has the largest contribution,
is supposed to reach a trillion US dollars by 2018 (Prince et al., 2015). With age being
a major risk-factor, AD is therefore often seen as a disease of the elderly. However,
early onset forms of the disease exist in 4-5% of patients with an onset before 65 years
of age (Mendez, 2012).

Neuropathology of Alzheimer’s disease

Senile plaques and intracellular neurofibrillary tangles (NFTs), as initially described by
Alois Alzheimer, remained an obscure observation of unknown composition for many
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1 Introduction

decades. In the 1960, technical advance in form of electron microscopy helped to shed
first light on the characteristics of both structures. NFTs appeared to have a paired
helical filamentous structure, whereas the core of senile plaques was composed of amy-
loid structures (Terry, 1963; Kidd, 1963; Wiśniewski et al., 1976). Years later, a 39-42
amino acid peptide named amyloid-b (Ab) was identified as the main component of
senile- or amyloid-plaques, whereas the microtubule associated protein tau (MAPT,
Tau) was identified as the primary constituent of the paired helical structures form-
ing NFTs (Grundke-Iqbal et al., 1986a; Kosik et al., 1986; Goedert et al., 1988). Tau
was later found to be hyperphosphorylated in NFTs, while phosphorylation impairs its
binding to microtubules (Grundke-Iqbal et al., 1986b). It has been suggested that the
progressive trait of AD is due to increasing numbers of brain region-specific Ab aggre-
gates and NTFs (Braak and Braak, 1991; Thal et al., 2002; Jucker and Walker, 2013).
Both of these lesions follow a defined propagation pattern throughout the course of dis-
ease, which can be used for post-mortem staging (Braak and Braak, 1991, 1995), but
also sparked the idea of proteinaceous seeds with prion-like properties in AD and other
neurodegenerative diseases (reviewed in Jucker and Walker, 2013; Nussbaum et al., 2013
and Walker and Jucker, 2015).

APP processing, amyloid-b peptide and genetic causes

Ab peptide, the main constituent of amyloid plaques found in the brains of AD patients,
is an approximately 4.3 kDa fragment proteolytically cleaved from the amyloid precursor
protein (APP). APP is a single-pass trans-membrane protein that can have various
isoforms generated by alternative splicing: APP751 and APP770 are expressed in non-
neuronal tissues, while APP695 is abundantly produced and metabolized in neurons
(Masters et al., 1985; Kang et al., 1987; Tanaka et al., 1988; Lee et al., 2008). The
gene encoding for APP is located on chromosome 21, which also leads to a genetic
predisposition and high prevalence of AD in people with Down’s syndrome (Kang et al.,
1987; Robakis et al., 1987; Schupf and Sergievsky, 2002). Therefore it is not surprising
that the first isolation of Ab from brain tissue succeeded from brains of deceased trisomy
21 patients (Glenner and Wong, 1984a). The Ab peptide is derived from cerebral
APP695 through sequential secretase cleavage and consists of 36-43 amino acids (Sisodia,
1992; O’Brien and Wong, 2011; Hamley, 2012). Depending on the secretases mediating
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1 Introduction

proteolytic cleavage, APP can either be processed in the “non-amyloidogenic” pathway
or the “amyloidogenic” pathway.

In the non-amyloidogenic pathway (see Fig. 3 A), an a-secretase (ADAM10) cleaves
APP within the sequence of Ab and thereby prevents the production of (pathogenic) Ab.
This results in the generation of extracellular soluble APPa (APPsa) and a membrane-
spanning c-terminal fragment (CTF-a) (Esch et al., 1990; Sisodia et al., 1990; Sisodia,
1992). Subsequent cleavage of CTF-a by g-secretase results in the release of a soluble
peptide, named P3 and the left-over APP intracellular domain (AICD).

The g-secretase, a multi-subunit protease complex, consists of four proteins: Nicas-
trin, APH-1 (anterior pharynx-defective 1), PEN-2 (presenilin enhancer 2) and PSEN1
(presenilin-1). Mutations in the PSEN1 subunit have been shown to increase Ab42 pro-
duction in transgenic mouse models (further elucidated in section 1.4; Duff et al., 1996).
This is easily explained by the role of g-secretase in the amyloidogenic pathway (see
Fig. 3 B), where APP is sequentially cleaved by b-secretase (BACE1) and g-secretase,
resulting in the production of Ab. As the initial step of the amyloidogenic pathway,
APP is cleaved by BACE1 at a cleavage site in the extracellular domain, 99 amino acids
from the C-terminus (Vassar, 1999). This generates soluble APPsb which is released
from the cell and the hydrophobic membrane-spanning 99 amino acid c-terminal frag-
ment (CTF-b or C99) (Selkoe, 1991). CTF-b is then cleaved by g-secretase into AICD
and a Ab peptide (Vassar, 1999; Haass et al., 2012). Depending on the exact cleav-
age site of the g-secretase and progressive cleavage steps, various Ab peptides (ranging
from 37 to 43 amino acids) can be generated from the initially released Ab48 and Ab49
peptides (Takami et al., 2009). In healthy subjects, the 40 amino acid peptide of APP
(Ab40) is the most abundant Ab species, whereas the more hydrophobic and presumably
pathogenic Ab42 is less abundant with an Ab42:Ab40 ratio of approximately 1:9 (Vigo-
Pelfrey et al., 1993; Yan and Wang, 2006; De Strooper and Annaert, 2010; Pauwels
et al., 2012). Ab42, in comparison to Ab40, is more susceptible to aggregate and form
Ab fibrils that may further aggregate into oligomers and form amyloid-plaques (Jarrett
et al., 1993; Yan and Wang, 2006; Thinakaran and Koo, 2008; O’Brien and Wong, 2011).
This goes in line with the frequent observation of an increased Ab42:Ab40 ratio in the
brains of AD patients, where this shift leads to altered aggregation kinetics and an
enhanced toxicity of Ab (Pauwels et al., 2012). Whether Ab has a normal physiological
function is not well understood and knockout-studies in mice have demonstrated that
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1 Introduction

neither APP nor Ab are necessary for physiological functions (Hiltunen et al., 2009).

Figure 3 – Sequential cleavage of APP occurs by two pathways
(A) Non-amyloidogenic processing of APP involves sequential cleavage by a-secretase and g-secretase.
Ab production is abolished by a-secretase cleavage in the Ab region (blue). Instead a truncated peptide
(p3) is released. (B) Amyloidogenic processing of APP involves b-secretase and g-secretase cleavage,
resulting in the release of Ab, which then tends to form oligomeric fibrils accumulating in plaques. Both
pathways produce soluble extracellular domains (sAPPa and sAPPb) and identical intracellular C-terminal
fragments (AICD) (figure adapted from Thinakaran and Koo, 2008).

In 1991, John Hardy and David Allsop formulated the amyloid cascade hypothesis,
trying to explain the underlying pathology inevitably leading to neuronal death and
the clinical phenotype known as Alzheimer’s disease. In short: Amyloid deposition is
a consequence of surplus Ab which is the result of Ab overproduction (e.g. trisomy 21)
and/or diminished clearance (e.g. ineffective breakdown of Ab). This is then followed
by abnormal phosphorylation of tau protein and the formation of NFTs, ultimately
resulting in neuroinflammation, neuronal death and the manifestation of disease (Hardy
and Allsop, 1991; Hardy and Higgins, 1992).

The amyloid cascade hypothesis is further supported by pathogenic mutations in APP
leading to familial forms of AD (FAD, Fig. 4). Such mutations are often autosomal
dominantly inhehenrited in specific families, where first signs of dementia usually oc-
cur rather early in life (http://www.alzforum.org/early-onset-familial-ad, last accessed
July 4th, 2017). In these families, three major genes have been identified that can
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cause FAD when mutated: APP (51 mutations, 121 families), Presenilin-1 (PSEN1, 219
mutations, 480 families) and Presenilin-2 (PSEN2, 16 mutations, 34 families) (http://-
www.molgen.ua.ac.be/ADmutations/ last accessed may 25th, 2017).

In APP, most pathogenic mutations cluster near the g-secretase cleavage site (Fig. 4),
except the “Swedish” and some other mutations that are located adjacent to the b-
secretase cleavage site (O’Brien and Wong, 2011; Haass et al., 2012). Mutations in
the presenilin gene generally have the same effect as APP mutations and lead to an
increased production of Ab42 (De Strooper, 2007; Shen and Kelleher, 2007). However,
the substitution of alanine-to-threonine at codon 673 (A673T) confers protection against
development of AD by making APP a less favorable substrate for cleavage by BACE1,
therefore reducing production of Ab (Jonsson et al., 2012; Maloney et al., 2014).

In contrast to FAD, the causes of late-onset sporadic AD (SAD), accounting for more
than 95% of all AD cases, are largely unknown (Goedert and Spillantini, 2006). Nu-
merous studies have been conducted and led to the identification of several risk-factors,
such as age, diabetes, depression, hyptertension, traumatic brain injuries and genetic
disposition (Burns and Iliffe, 2009). The genetic component of SAD is mainly conferred
by mutations in TREM2 or variations in apolipoprotein E (APOE) alleles. Mutations in
TREM2 have been associated with a 3 to 5 fold increased risk to develop AD (Guerreiro
et al., 2013; Jonsson et al., 2013), whereas the APOE-E4 allele, present in 10%–20%
of various populations (Singh et al., 2006), triples the risk to develop AD when ex-
pressed heterozygously, while homozygous expression increases the risk by a factor of
15 (O’Brien and Wong, 2011).

Despite very distinct causes, the underlying pathology of familial AD, including amy-
loid deposition, the buildup of NFTs and neuroinflammation, is strikingly similar to
sporadic AD. Their similarity is further supporting the amyloid cascade hypothesis, as
Ab deposition is the primary event in sporadic AD (Shepherd et al., 2009).
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Figure 4 – Mutations in APP associated with familial Alzheimer’s disease
Various APP mutations are known to cause early-onset or familial forms of AD. Known mutations and
their respective amino-acid modification are indicated in the scheme. Mostly clustered in close proximity
of secretase cleavage sites, these mutations thereby influence APP processing. Said mutations can be
found both in- and outside the Ab sequence (highlighted in blue) and are usually named after the origin of
identified families. Mutations in the genes coding for Presenilin 1 and 2 (PSEN1, PSEN2) alter g-secretase
activity and therefore increase the production of the highly amyloidogenic Ab42 isoform (modified from
Van Dam and De Deyn, 2006).

1.4 From familial cases to mouse models of PD and

AD

Over the last years, transgenic mouse models have been used in various studies to gain
better understanding of the characteristics and underlying mechanisms of neurodegen-
erative disorders, including PD and AD. Such genetically altered mice may never reflect
the full extent of human pathology, but have proven to hold great translational value in
the search for biomarkers suitable for diagnosis in pre-clinical stages of disease (Antony
et al., 2011; Maia et al., 2015; Bacioglu et al., 2016).

For PD, the first identified mutations causing familial PD were located in the gene
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encoding aSyn (Polymeropoulos et al., 1997; Krüger et al., 1998), which gave rise to
the generation of numerous mouse-lines overexpressing aSyn under several promotors
and with various mutations (Fernagut and Chesselet, 2004), such as mice expressing
either A30P or A53T mutated human aSyn (Krüger et al., 1998; Polymeropoulos et al.,
1997). Yet it must be mentioned that mutated aSyn is only found in a small subset
of PD patients. However, a common feature of aSyn transgenic models and human
pathology is the advancing accumulation of aSyn in LBs, which is a hallmark feature
of PD and other synucleinopathies (Forno, 1996; Antony et al., 2011; Goedert et al.,
2013).

The first generated mouse line mimicking familial PD was the Thy1-hA30P-aSyn line,
carrying a A30P mutation in aSyn, expressed under a neuron-specific murine Thy-1
promoter (Krüger et al., 1998; Kahle et al., 2000). In homozygous mutants, as used
here, the level of mutated aSyn in the brain is two-fold over levels of endogenous murine
aSyn (Kahle et al., 2000). A Lewy-like deposition of aSyn inclusions can predominantly
be found in the substantia nigra and the spinal cord. Progressive motor impairments,
such as spastic hind-limb paralysis and hunchback posture usually occur between 16
and 20 months of age, which is delayed by approximately one year when the transgene
is expressed heterozygously (Neumann et al., 2002).

Another mouse line expressing a mutated human aSyn gene is the Thy1-hA53T-aSyn
model. The A53T aSyn mutation was initially described in families suffering from FPD
(Polymeropoulos et al., 1997; van der Putten et al., 2000). These mice show a very early
onset of symptoms usually between 2 to 6 months of age with a marked deterioration
of motor functions, even with heterozygous transgene expression. The features of the
induced a-synucleinopathy are strikingly similar to those observed in human brains with
Lewy pathology and neuronal degeneration with a particular vulnerability of motor
neurons and the brain stem (van der Putten et al., 2000).

Similar to the AD models, transgenic generation of mice mimicking the hallmark
pathologies of AD was also inspired by genetic profiling in families suffering from early-
onset FAD. Three main genes promoting early-onset FAD were identified. Besides mu-
tations in the genes coding for presenilin 1 & 2 (PSEN1, PSEN2) (Sherrington et al.,
1995; Levy-Lahad et al., 1995), numerous mutations were found in the APP gene (Van
Broeckhoven et al., 1990; Goate et al., 1991). As depicted in Figure 4, most pathogenic
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APP mutations happen to be next to b and g-secretase cleavage sites and have the
same effect as mutations in presenilin 1 & 2, which alter APP processing and thereby
increase production of Ab42 (De Strooper, 2007; Shen and Kelleher, 2007).

The APPPS1 mouse line is co-expressing two mutated human genes: APP and Presenilin-
1. The APP harbors the “Swedish” mutation, where lysine and methionine at codon 670
and 671 are substituted with a asparagine and leucine (KM670/671NL). In the trans-
genic presenilin-1 gene, leucine is substituted with proline at codon 166. The model was
developed by Radde et al. in 2006 and is commonly used as models of b-amyloidosis,
as they show age-related deposition of Ab in the brain (Radde et al., 2006). The line
has also proven to be useful in biomarker research , despite the absence of neurofibril-
lary tangles and only modest overall neuron loss (Jucker, 2010; Maia et al., 2013, 2015;
Bacioglu et al., 2016).

Figure 5 – Mouse models of neurodegenerative diseases used for CSF proteome analysis
A30P-aSyn and A53T-aSyn are single-transgenic models, expressing the gene for human aSyn with
an alanine-to-proline substitution at codon 30, or an alanine-to-threonine substitution at position 53.
APPPS1 co-expresses the “Swedish” mutated gene for human APP and a mutated gene for Presenilin 1
with a leucine-to-proline substitution at codon 166.

1.5 Biomarkers of PD and AD

Chronic neurodegenerative disorders, such as AD and PD, typically have slow progres-
sion and partly overlapping symptomatology. Tissue sampling for direct visualization
is impossible in a clinical setting, urging methods for accurate – and, ideally, also
early – diagnosis, before widespread neuronal death occurs. Thus it is a major aim of
biomarker research to provide clinicians with biochemical or imaging tools suited for
timely diagnosis and tracking of disease progression (Olsson et al., 2011; Blennow et al.,
2016).

Over the last years, neuroimaging has proven to be useful for the diagnosis of AD
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and is routinely done with positron emission tomography (PET), a cost-intensive nu-
clear imaging technique showing in-vivo ligand binding and metabolic processes. The
imaging-agents used in AD PET scans typically aim at fibrillar Ab and aggregated tau
protein (Klunk et al., 2004; Mintun et al., 2006; Villemagne et al., 2015; Brier et al.,
2016). For the diagnosis of PD, such scans have proven challenging, albeit they can be
used to assess dopaminergic function in the basal ganglia and exclude other diseases
(Brooks, 2010; Loane and Politis, 2011).

Cerebrospinal fluid (CSF) is an ultrafiltrate of blood, produced in the ventricles and
around the blood vessels of the central nervous system (CNS). It circulates and en-
compasses brain and spinal cord, draining into blood with a turnover time of approxi-
mately 8 h in human (Hühmer et al., 2006). Due to its close contact with the central
nervous system, it is a valuable source for biochemical markers, reflecting pathologi-
cal changes in brain and spinal cord (Halbgebauer et al., 2016). For AD, three core
CSF biomarkers have been identified and extensively validated in various studies. These
core-biomarkers include total tau (T-tau), phosphorylated tau (P-tau) and Ab42, which
reflect key elements of AD pathophysiology (Hampel et al., 2004). Reduced CSF lev-
els of Ab42 are thought to be a result of amyloid deposition, where Ab42 binds and
thereby reduces its diffusion to the CSF (Strozyk et al., 2003). Increased amounts of
T-tau reflect cortical neuronal loss, while a reduced CSF P-tau levels coincide with
cortical tangle formation (Hesse et al., 2001; Buerger et al., 2006; Tapiola et al., 2009).
Those biomarkers have high diagnostic accuracy for AD, with sensitivity and specificity
reaching 85–90% (Blennow et al., 2010). In addition various other proteins have been
proposed as biomarkers for AD, such as TREM2 and neuron-specific enolase (NSE),
but did not reach sensitivity and specificity of the mentioned core biomarkers (Blennow
et al., 1994; Kleinberger et al., 2014; Schmidt et al., 2014; Suárez-Calvet et al., 2016).

To date there are no validated biochemical markers for PD and diagnosis is still reliant
on clinical criteria, when the disease is already advanced. For successful therapy, diag-
nosis needs to happen as early as possible. Biochemical markers are key for a timely
detection of PD and a prerequisite for the development of novel disease-modifying treat-
ment strategies, which are currently not available (Halbgebauer et al., 2016).

In analogy to the core biomarkers of AD, various studies have investigated the diagnos-
tic and prognostic value of a-synuclein, the major component of Lewy bodies and Lewy
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neurites (Tokuda et al., 2010; Wennström et al., 2013; Parnetti et al., 2014b). These
studies investigated the different a-synuclein species – total, oligomeric and phosphory-
lated – , but data from these published studies are partly conflicting. CSF total aSyn
is usually reported as decreased, while oligomeric aSyn is often found to be increased
in PD patients (Tokuda et al., 2010; Wennström et al., 2013; Parnetti et al., 2014b,a;
Blennow et al., 2016). However, the prognostic value of CSF aSyn is questionable since
no correlation has been found between total or oligomeric CSF aSyn and disease pro-
gression (Parnetti et al., 2011; Compta et al., 2014). Other CSF biomarkers, mainly in
the context of oxidative stress, neuroinflammatory processes and neuronal injury, have
also been considered by the field. Amongst the particularly promising candidates are:
DJ-1, neurofilament light (NfL), synaptic proteins and lysosomal enzymes, due to their
importance in aSyn degradation (Webb et al., 2003; Lee et al., 2004; Magdalinou et al.,
2014; Parnetti et al., 2014a; Blennow et al., 2016).

1.6 The proteome

The term “proteome” describes the entire set of proteins expressed in an organism,
organ, cell, tissue or bodily fluid at a given time and condition. The science of global
protein composition and modifications in complex biological samples is usually referred
to as “proteomics”. Protein abundance, protein-protein interactions and the localization
of proteins are of particular interest when it comes to understanding molecular processes
and mechanisms in disease and models of disease.

Mass spectrometry in proteomics and label-free quantification

Mass spectrometry-based approaches represent the ideal tool to address the technically
challenging tasks of proteomic research in a fast, antibody-independent and unbiased
way. These approaches can roughly be split into bottom-up (shotgun) and top-down
strategies. While top-down proteomics typically aim at fragmentation and measure-
ment of isolated and undigested proteins to identify and quantify unique proteoforms
through the analysis of intact proteins (Durbin et al., 2016), bottom-up approaches
involve proteolytic digestion and can be used for analysis of complex mixtures from
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crude protein extracts (Aebersold and Mann, 2003). After initial protein extraction
and digestion, bottom-up experiments require separation of peptides by liquid chro-
matography and measurement by mass spectrometry. Mass spectrometers are capable
of detecting the mass-to-charge ratio (m/z) of charged molecules with high precision
and accuracy, which can later be used to calculate the mass of a respective molecule.

An established apparatus often used in proteomic research is the combination of a nano-
LC system, an ion source and an Orbitrap mass spectrometer. In this array, peptides
are gradually eluted from the LC column and ionized subsequently by electrospray ion-
ization (ESI). The charged peptides are then transferred through the ion optics, the
quadrupole mass filter, gathered in the c-trap and injected into the orbitrap mass-
analyzer (Fig. 6). The Orbitrap mass-analyzer contains a spindle-shaped electrode,
forcing peptides to oscillate in their characteristic axial oscillation frequency which is
proportional to the square root of m/z (w=

q
k

m/z ). This allows very precise measure-
ment of peptides m/z with a deviation of ± 0.001 Da (Makarov, 2000). In the so-called
MS or MS1 mode, the signal intensity allows to quantify the proportion of peptides
in the sample. MS signal intensity correlates with concentration and can therefore be
used for quantification (Bantscheff et al., 2007). To determine the amino acid sequence
and thus identify the peptides and proteins, charged peptides of a specific m/z are
sequentially collected in the c-trap, forwarded into the HCD cell and fragmented by
collision with an inert gas (CID, collision induced dissociation). Resulting fragments
are then analyzed in the orbitrap mass-analyzer to gain spectra from fragments of dif-
ferent size. Discrepancies in the fragment masses can then be matched to the specific
molecular masses of amino acids. This procedure, and spectra generated from it, are
usually referred to as MS/MS or MS2. In the last step, acquired MS1 and MS2 spectra
are matched to peptide and protein databases, resulting in a list of proteins identified
by their respective peptides (Michalski et al., 2012).
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Figure 6 – Schematic design of a Q-Exactive mass spectrometer
The Q-Exactive is a state-of-the-art MS device, capable of detecting the mass-to-charge ratio of ionized
peptides in the Orbitrap operated at MS1 and MS2 mode. This allows the quantification and identification
of peptides which can later be assigned to proteins. Figure adapted from www.thermofischer.com
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2 Material & Methods

2.1 Mice

A variety of transgenic mouse models were used to analyze differences in CSF proteome
composition and for validation of the measurements (see also Fig. 5):

[A30P]aSYN (Thy1-hA30P-aS) mice (Kahle et al., 2000; Neumann et al., 2002), over-
expressing human A30P-mutated a-synuclein under the control of a murine Thy1-
promoter, were kindly provided by Prof. P. J. Kahle (University of Tübingen). In
this model of a-synucleinopathies, a severe and lethal motor phenotype rapidly devel-
ops in aged homozygous mice (18±2 months), but not in heterozygous animals of the
same age.

[A53T]aSYN (Thy1-hA53T-aS) mice (van der Putten et al., 2000) also express human
a-synuclein under the same murine Thy1-promoter, but with an A53T mutation in
a-synuclein. This model was kindly provided by Dr. D.R. Shimshek (Novartis). Het-
erozygous mice develop severe and fatal motor-symptoms very rapidly at young age
(8±1 months).

The aSyn-transgenic mice were routinely monitored, occurrence and severity of motor
symptoms was assessed based on a score sheet. In addition, the body weight was tracked
constantly as clinical parameter to define humane endpoints.

As a model for beta-amyloidosis, we used APPPS1 (Thy1-hKM670/671NL-APP; Thy1-
hL166P-PS1) mice (Radde et al., 2006), which co-express KM670/671NL mutated hu-
man APP and L166P mutated human PS1 under the control of the same neuron-specific
murine Thy1 promoter element used in both a-Syn-transgenic models.
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For validation of MS results, Lag3 knockout (KO) mice (B6.129S2-Lag3tm1Doi/J)
(Miyazaki et al., 1996), were purchased from Jackson Laboratories (Bar Harbor, ME,
USA), kept and bred in the animal facility of the Hertie institute prior to sample collec-
tion. Those mice are deprived of Lag3 expression by a null-mutation of the endogenous
Lag3 gene.

All mice were maintained on a C57BL/6 background and kept under specific pathogen-
free conditions in a 12 h light/dark cycle. The experimental procedures were carried out
in accordance with the veterinary office regulations of Baden-Württemberg (Germany)
and approved by the local Animal Care and Use Committees.

2.2 CSF and blood sampling from mice

CSF and blood were collected from anesthetized transgenic A30P-aSyn, APPPS1, Lag3-
KO mice and age-matched non-tg wildtype (WT) littermates. The CSF collection was
done according to standards set by the Alzheimer’s Association external quality control
program for human CSF biomarkers (Mattsson et al., 2011). In order to minimize
effects by circadian proteome fluctuations, CSF sampling was always performed between
1 and 7 PM. Mice were deeply anesthetized with a mixture of ketamine (100 mg/kg
bodyweight) and xylazine (10 mg/kg bodyweight) and placed on a heat pad to ensure
a stable body temperature during CSF sampling.

After incision of the overlying skin and retraction of posterior neck muscles, the Dura
mater, covering the Cisterna magna, was carefully cleaned with cotton swabs soaked
with PBS or ethanol. In case of bleedings in the surrounding tissues, hemostyptic gauze
(Tabotamp, Ethicon) was used to keep the Dura mater spared from blood contamination
(Fig. 7). Next, the Dura mater was air-dried and subsequently lanced with a 30G
needle (BD Biosciences). CSF was collected with a 20 µL gel loader tip (Eppendorf,
shortened), transferred into polypropylene tubes (Eppendorf) and placed on ice. CSF
was always collected immediately after puncturing of the Dura and up to three minutes
later. Typically, a total volume of 15-25 µL was collected per mouse. The samples
were then centrifuged for 10 min at 2000 RCF, assessed macroscopically for blood
contamination, aliquoted and stored at -80°C until further usage. Samples affected by
blood contamination were discarded.
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Figure 7 – CSF preparation in mice
After incision of the skin, retraction of neck muscles and cleaning, the Dura mater can be punctured and
CSF can be collected. (A) Dorsal view on a mouse Cisterna magna shortly before CSF collection and
(B) sagittal illustration of the CSF collection procedure, note the shallow depth of tip-insertion to avoid
tissue and vessel ruptures.

Next, blood was collected from the right cardiac chamber with a syringe containing
EDTA to prevent coagulation. To obtain serum, samples were centrifuged at 2000 RCF
for 10 min, aliquoted and stored at -80°C until use.

Sampling of A30P-aSyn mice, and respective control animals, was done in young (3 months
of age), presymptomatic/medium aged (11 months) and symptomatic/aged animals
(19±1 months) of both sexes, while CSF and blood of APPPS1 mice were collected
from young (3 months of age) and aged (18 months) males and age-matched litter-
mates.

2.3 Brain sampling from mice

After CSF and blood sampling, heart and vessels were perfused to flush remaining blood
from brain- and other arteries. For this purpose, the left cardiac chamber was punctured
with a needle and slowly flushed with 12 mL of sterile PBS (4°C, Lonza, Switzerland).
The brain was then removed, split into hemispheres and subsequently frozen in liquid
nitrogen, or fixed by incubation in PFA (4%, in PBS, 48h) and cryoprotected in sucrose
(30% in PBS).
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2.4 CSF proteome analysis

Figure 8 – Workflow and methods utilized for the analysis of individual A30P-aSyn, APPPS1
and WT CSF proteomes
CSF was collected from the Cisterna magna of anesthetized mice; proteins were digested with Lys-C
and Trypsin, before wash and desalting steps on C18 STAGE-Tips. Resulting peptides were eluted from
the STAGE-Tip before subsequent loading and elution from a nano-LC system. Peptides were ionized by
electrospray-ionization before injection into an Q-Exactive Orbitrap mass spectrometer. Resulting spectra
were loaded in MaxQuant and searched against a Uniprot database.

Sample processing

Denaturation Per mouse, 5 µL of CSF were diluted in 45 µL of denaturation buffer
(6 M urea, 2 Thiourea in 10 mM HEPES pH 8.0). 5 µL of a 10 mM Dithiothreitol
(DTT) solution was added and the sample incubated for 30 min to reduce disulfide
bonds on proteins. Cysteines were alkylated by adding 5 µL of 55 mM Iodoacetamide
(IAA) solution and incubation for 20 min in the dark. Excess of IAA was removed by
addition of 5 µL 10 mM DTT and 30 min of incubation. All incubation steps were
conducted at room temperature.

Enzymatic digestion The samples were pre-digested by the endopeptidase LysC and
incubated for 3 h, prior to dilution in 100 µL of 50 mM ammonium bi-carbonate (ABC)
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and digestion with Trypsin over night. After digestion, samples were desalted, washed
using in-house prepared C18 (3M, USA) STAGE-Tips (Rappsilber et al., 2003), dried
by vacuum centrifugation and re-dissolved in 20 µL of 0.1% formic acid.

LC-MS/MS analysis

For the sake of reducing sample complexity, 8 µL of previously digested and re-dissolved
CSF samples were separated in a nano-LC system coupled online via a nanospray flex
ion source or via an Easy-spray system (all from Proxeon - Thermo Scientific, US) to a
Q-Exactive mass spectrometer (Thermo Scientific, US). The scan resolution in full scan
mode was set to 70’000 (m/z range: 300-1400). The top 10 precursor ions (determined
by intensity, exceeding an intensity of 2x104), were further fragmented by collision
induced dissociation with nitrogen gas. Spectra of resulting fragments were acquired at
a resolution of 17’500. Precursor ions chosen for dissociation were included in a dynamic
exclusion list for 60 seconds and blocked from repeated peptide fragmentation.

Data analysis & statistics

The spectra generated by MS were analyzed in the MaxQuant software-suite version
1.5.3.12 (Cox et al., 2014). This program searches and matches the generated spec-
tra to a reviewed canonical FASTA database containing 16725 entries for mouse (Mus

musculus) proteins; downloaded from UniProt (downloaded: August 26th 2015). The
database was furthermore supplemented with a list of typical contaminants and the
transgenic proteins of the mouse models used. Trypsin was defined as protease to as-
sure correct in silico digestion of the proteins. A maximum of two missed cleavages were
allowed for the database search. Peptide masses were pre-calibrated within a window of
20 ppm, by activating “first-search”, leading to a more precise main search. Main search
mass tolerance was set to 4.5 ppm for peptides and peptide fragment mass tolerance
was set to 20 ppm. Acetylation of the protein N-term and oxidation of methionine
were chosen as variable modifications. The false-discovery rate (FDR) for protein and
peptide identification was set to  1%, using a target-decoy approach searching an
integrated forward/reverse database. For label-free quantification (LFQ) of proteins,
ratio counts of at least two unique peptides were required and quantification was done
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solely on unique peptides. For the APPPS1 dataset, samples were measured in two
separate LC-MS/MS sessions and batches were normalized in order to combine them.
Therefore we normalized LFQ intensities of each protein group and sample to the re-
spective mean LFQ intensities of aged (18 months) control animals. Normalization of
the LFQ algorithm was disabled to account for age dependent CSF protein concentra-
tion differences, thus preventing global effects on quantification. The Perseus software
package (Cox and Mann, 2012; Tyanova et al., 2016) version 1.5.2.6 was used to import
and further analyze the data from MaxQuant. Correlation of technical or biological
replicates were used to estimate the quality of each single measurement and helped to
identify LS-MS/MS runs with technical issues, which were manually reviewed for proper
LC-elution and excluded from further analysis otherwise. LFQ intensities of technical
replicated were averaged, when possible, otherwise the LFQ intensity of a single tech-
nical replicate was used for the following steps. Potential contaminants, reverse hits
or only hits only identified by site were filtered from the dataset and excluded from
analysis. Next, LFQ intensities were log2 transformed and two-sided student’s t-tests
were carried out for each protein group to evaluate statistically significant regulated
proteins. This was done for control mice and transgenic mice of the same age group. A
p-value of 5% was set as initial significance threshold, while a permutation-based FDR
estimation (250 randomizations, S0 = 0.1) was performed in addition to compensate for
false positive hits generated by the large number of t-tests. For more reliable results, a
minimum of three valid LFQ intensities per protein and experimental group was reuired
for statistical tests.

Ontological enrichment analysis

In order to identify subsets of altered proteins in our filtered datasets, various enrich-
ment analyses were conducted. Ingenuity Pathway Analysis IPA® (Quiagen, Germany)
and DAVID 6.8 (http://david.ncifcrf.gov) (Huang et al., 2009a,b) provided deep insight
into the datasets changed protein composition. For IPA, a p-value < 5% and a log2
fold-change > ± 0.5 were set as thresholds. For DAVID analysis, significantly enriched
proteins were searched for Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) annotations, while all reliably quantified proteins (quantified in
� 3 animals in each transgenic and WT groups) were set as background. The following
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GO databases were searched: “CC_DIRECT”, “BP_DIRECT” and “MF_DIRECT”.
Thresholds for functional annotation were set to a minimum count of 2 and an EASE
score of 0.1 (a modified Fisher Exact p-value; smaller , more enriched).

2.5 SDS-PAGE and immunoblotting

Samples were analyzed on 4-12% NuPAGE Bis-Tris mini gels, using NuPAGE LDS
sample buffer (Invitrogen, USA). For immunoblotting, samples were transferred onto
nitrocellulose membranes, followed by blocking in 3% BSA and 5% skim milk, then
probed over night in monoclonal mouse antibody raised against murine LAG3 (4-10-C9
MABF954; Merck Millipore). Proteins were visualized using horseradish peroxidase-
conjugated secondary antibodies and the SuperSignal West Dura chemiluminescence
system (Thermo) exposed on Amersham Hyperfilm ECL (GE Life Sciences). Quantifi-
cation of bands was done in ImageJ software v1.50i (Schneider et al., 2012). Statistical
analysis was performed using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA,
USA). Groups were compared using Bonferroni’s post hoc test. Statistical significance
level was set as follows: * if p < 0.05, ** if p < 0.01, *** if p < 0.001.

2.6 Electrochemiluminescence immunoassay for NfL

NfL levels were measured in duplicates using an electrochemiluminescence (ECL) im-
munoassay with some modifications (capture monoclonal antibody: 47:3; biotinylated
detector monoclonal antibody: 2:1, Uman-Diagnostics AB, Sweden) (Gaiottino et al.,
2013). Murine CSF (5 µL) and plasma were pre-diluted (1:14 & 1:2) in sample buffer
(TBS containing 1% BSA, 0.1% Tween 20). For brain NfL measurements, fresh frozen
brain hemispheres were homogenized to 10% (w/v) in homogenization buffer (50 mM
Tris [pH 8.0], 150 mM NaCl, 5 mM EDTA, Pierce protease and phosphatase inhibitor
cocktail) and subsequently centrifuged (25’000 x g; 4°C, 1 hr). Supernatant was diluted
1:1’000 in sample buffer. NfL specificity of the assay was confirmed with samples from
NfL-deficient mice. CSF and blood samples were measured on the same plate. Sam-
ples with coefficients of variation (CVs) > 20% between duplicates were re-analyzed.
All measurements were performed blinded. Statistical analysis was done in GraphPad
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Prism 6.0 (GraphPad Software, San Diego, CA, USA). Differences between age groups
or transgenics and WT of the same age group were compared using Bonferroni’s post
hoc test for multiple comparisons. Statistical significance level was set as follows: * if
p < 0.05, ** if p < 0.01, *** if p < 0.001.
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3.1 Shotgun proteomics in the search for CSF

biomarkers

Mouse models of disease, such as a-synucleinopathies and b-amyloidosis, provide the
chance to discover protein alterations solely caused by underlying core pathologies
and associated processes. These mice hold great translational value for the search of
biomarkers, not only because they are spared from concomitant diseases, but can also
be kept in controlled environments, unaffected from medication and other treatment.
These advantages result in a clear reflection of disease associated events and facilitate
identification of common and pathology-specific protein alterations.

3.2 CSF proteome complexity

CSF proteome is a complex mixture of proteins

The number of spectra, identified peptides and protein groups allows an initial estima-
tion of the respective dataset quality. This was done separately for both LC-MS/MS
experiments:

A30P-aSyn In total, the label free LC-ESI-MS/MS shotgun analysis yielded over 2.6
million MS/MS spectra from 42 mouse CSF samples. Those spectra led to the detec-
tion of 11609 peptide sequences originating from 1333 protein groups. After filtering
out potential contaminants, reverse hits and hits only assigned by site, 1261 protein
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groups were identified and quantified in the CSF of 3, 11 and 18 months old A30P-
aSyn transgenic and age-matched control mice (Tab. 1). Those 1261 proteins were
used for further analysis. This corresponds to an average of 598 ± 87 (mean ± SD)
protein groups per mouse, quantified in just 2 µL of CSF.

APPPS1 Close to four million MS/MS spectra were generated from APPPS1 and
corresponding control samples, the 31 CSF samples were measured in duplicates, which
resulted in 11591 peptides that were assigned to 1256 protein groups (Tab. 1). After
filtering, 1168 protein groups were left for analysis. On average 568 ± 106 (mean ±
SD) protein groups were quantified per mouse.

Table 1 – CSF proteomes by numbers

A30P aSyn APPPS1
MS/MS Spectra submitted 2 604 601 3 964 242
MS/MS Spectra identified (% of submitted) 166 267 (6,4%) 223 322 (5,6%)
Peptides identified 11609 11591
Protein Groups identified 1333 1256
Protein Groups identified without C,R,S 1261 1168
Proteins quant. in � 3 mice in TG and WT at 18 mo 636 665

at 11 mo 526 -
at 3 mo 545 580

CSF proteome mainly consists of secreted and

membrane-associated proteins

We sought to obtain a general overview of the proteome composition represented in the
CSF of mice analyzed. With the CSF being in close proximity to the brain and blood
vessels, cell degeneration or blood contamination may obscure biomarker changes and
affect further analysis. Therefore, we used the subcellular location, assigned by UniProt
SL-terms, as a proxy to untangle the origin of proteins detected in the CSF.

Consistently in both models and the respective controls, “Secreted”, “Membrane” and
“Cytoplasm” were the most frequently assigned SL-terms, with “Secreted” being repre-
sented in 31 - 37% of all proteins. Devoid of any quantitative data, the actual proportion
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Table 2 – Representation of UniProt terms “subcellular location”

A30P aSyn dataset APPPS1 dataset
A30P aSyn [%] WT [%] APPPS1 [%] WT [%]

Cytoplasm 30,4 32,0 28,7 29,0
Membrane 31,5 31,0 29,7 29,9

Nucleus 13,0 13,5 11,1 12,8
Mitochondrion 3,9 3,7 2,8 3,8

Secreted 32,6 31,4 36,8 35,2
Unknown 16,0 17,5 15,6 16,5

of secreted protein in CSF is assumed to be higher. The protein annotation “Mitochon-
drium” makes up the smallest share (2,8 - 3,9%) of all SL-terms considered (Tab. 2).
A low fraction of mitochondrion and nucleus affiliated proteins demonstrate minor, if
any, effects of tissue, cell and blood contamination. Since proteins often have complex
functions and can be found in multiple compartments, SL terms are not exclusive and
values add up to more than 100%.

3.3 CSF proteome of aSyn transgenic mice

(A30P-aSyn)

After surveying overall CSF proteome composition, we looked for proteins distinctly
shifted from their corresponding level in non-transgenic age-matched controls. As a
prerequisite for statistical testing, respective protein groups had to be quantified in at
least three biological replicates in A30P-aSyn and control animals.

In young animals of 3 months, CSF proteome composition of transgenic animals is quite
akin to controls, whereas peroxiredoxin-2 is closest to reach significance. While ongoing
formation of a-synuclein lesions in presymptomatic mice has little influence on most
protein levels, CSF concentration of cocaine- and amphetamine-regulated transcript
protein (CART) -or derived peptides- is 2-fold higher than in age-matched controls
(p = 0,0001, Fig. 10 B ). In 18 month old A30P-aSyn mice however, levels were back
to baseline and control levels.

In symptomatic animals, at approximately 18 months of age, a total of 220 protein
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groups passed the stringent significance cutoff (Fig. 9). Amongst the most altered
CSF proteins were complement C4, serotransferrin, triggering receptor expressed on
myeloid cells 2 (TREM2), gamma-enolase (ENO2), chitinase-3-like protein 1 (YKL-
40), lymphocyte activation gene 3 protein (LAG3), clusterin (Clu), granulin (Grn),
apolipoprotein E (ApoE) and neurofilament medium polypeptide (NfM) (Figs. 9, 10
C-G & Tab. 3). NfM is the most significantly altered protein with levels approximately
1500-fold those found in control animals. All of those proteins had elevated levels in
A30P-aSyn, while only six out of the 220 proteins had reduced levels compared to
controls (Fig. 9 & Tab. 4). Both tables 3 & 4 are ranked according to p-value of
A30P-aSyn versus controls at 18 months.

Another noteworthy trend is a general increase in various cathepsins and components
of the complement system (Fig. 16). Proteins not detected in any of the groups to be
compared, likely due to restrictions with the lower detection limit, cannot be integrated
in this analysis. This concerns a small subset of proteins including NfL, which had
considerably high LFQ-intensities in symptomatic A30P-aSyn, but was not quantified
in non-transgenic littermates (Fig. 10 H-L).
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Figure 9 – CSF proteome changes in A30P-aSyn compared to age-matched controls at 18,
11 and 3 months of age
The figure illustrates both, fold change difference of A30P-aSyn to WT and the p-value of pairwise
comparisons for each protein. Fold change difference is depicted on a log 2, p-value on a negative log 10
scale. Each dot represents a protein quantified in at least three A30P-aSyn and three control replicates
per group. The cutoff for significance is indicated by a red curve, depicting the significance cutoff of
permutation based FDR correction. Most differentially expressed proteins are labeled with their respective
gene name. Comparisons of transgenic versus control mice are based on 5 to 10 animals for each age group.
Proteins below detection limit and proteins not quantified in at least three biological replicates of both
groups compared, can not be considered in this figure.

We then chose a subset of proteins from the dataset and examined them in more detail,
including fluctuations across different age groups (Fig. 10). As a proof of concept, we
quantified levels of aSyn-derived peptides and detected it almost exclusively in trans-
genic mice, with a marked 18 to 26-fold increase in symptomatic animals. Due to
high similarity of endogenous murine and human transgenic a-Syn (94% AA sequence
homology), the analysis did not differentiate between transgenic and endogenous a-Syn.

While TREM2 was not detected in young A30P-aSyn mice and is only slightly above
control levels at 11 months, it is considerably elevated at 18 months, exceeding WT-
levels by a factor of 12 (Fig. 10 C). A consistent and almost 4-fold increase of TREM2
is also detectable during “normal” aging in control animals. Levels of serpin A3N dou-
bled during normal aging, while its amount in 18 mo aSyn-transgenic mice was 32-times

29



3 Results

higher than in 3 month old A30P-aSyn and 20-times more than in 18 mo controls. Quan-
tification of LAG3 revealed quadrupling concentrations in control CSF during normal
aging and a 12-fold increase during aging in A30P-aSyn, resulting in an approximately
3.5 fold difference in the oldest age group (Fig. 10 E). In contrast to the previously
described proteins, aging has hardly any effect on granulins, albeit granulin builds up
considerably in CSF from symptomatic aSyn mice. In general, variance in CSF NfM
amounts is quite prominent in young and intermediate age, but surprisingly consistent
at 18 months, while the average levels are increased by a factor of approximately 1500
in transgenic animals. For NfL, LFQ intensities are missing in all groups, expect for
symptomatic A30P-aSyn. Albeit this prevents any relative quantification, high LFQ in-
tensities indicate large amounts of NfL. As another member of the neurofilament group,
a-internexin shows a similar LFQ intensity-pattern, namely high LFQ intensities in aged
aSyn transgenic animals. In the other age groups identification and quantification of
peptides, allegedly originating from a-internexin, are exclusively based on “match be-
tween runs”, a computational algorithm increasing the number of quantifiable peptides.
Unfortunately, the algorithm can result in incorrect identification and quantification.
The same is true for depicted intensities of syntaxin-B1 in the 11-month groups. Fur-
thermore, tau and the synaptic proteins syntaxin and SNAP-25 were elevated in CSF
of symptomatic A30P-aSyn (Fig. 10 J-L).

Next, to pinpoint enriched subsets of altered proteins, we performed enrichment anal-
ysis searching Gene Ontology (GO) databases and KEGG annotations. Therefore 220
significantly altered proteins were submitted to DAVID, of which 198 were included in
the analysis. The results are shown in table 5 (described in 2.4 & 3.3). “Extracellular
region” was the most commonly found GO-CC (GO Cellular Component) term, associ-
ated with 125 out of 198 proteins included in the analysis. “Innate immune response”,
“inflammatory response” and “proteolysis”, amongst others, were found to be enriched
biological processes (GO-BP), while “Lysosome” was the most altered pathway accord-
ing to KEGG annotations, reflecting markedly increased levels of 16 lysosomal proteins
in the CSF of symptomatic A30P-aSyn mice.

We furthermore analyzed the whole dataset by IPA. It found “Autophagy”, “Atheroscle-
rosis Signaling” and an increased “LXR/RXR Activation” to be the top three dereg-
ulated pathways in symptomatic A30P-aSyn mice, amongst “Acute Phase Response
Signaling”, “Complement System” and others (Fig. 11 on top). In CSF from presymp-
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Figure 10 – Selected proteins in CSF of A30P-aSyn
Proteins quantified in CSF from A30P-aSyn mice and controls at 3, 11 and 18 months of age demonstrate
varying protein levels during aging in transgenics and controls. (A) Due to high homology of murine and
human transgenic aSyn distinction was not possible. (B) CART exhibits a distinct peak in A30P-aSyn
mice at 11 months, while TREM2, Serpin A3N, LAG3, Granulin and NfM have their highest levels in
symptomatic mice (C-G). (H-L) NfL, Tau, SNAP-25, Syntaxin-B1 and a-Internexin were exclusively or
predominantly quantified in symptomatic A30P-aSyn, with levels below detection limits or unreliable
quantification by spectral matching in the other groups. LFQ intensities are log2 transformed, n = 5-10
mice/group, Means ± SD are shown.

tomatic mice, only three pathways had a p-value slightly smaller than 5%, while a
surprisingly high number of pathways were altered in young mice at 3 months of age
(Fig. 11 mid and lower part). A small set of proteins (Apo-A1, Apo-A2, Apo-A4,
Apo-E, RBP4, Serpin A1) were represented in most of the pathways listed, highlighting
to these unexpected pathways.
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3.4 CSF proteome of APP transgenic mice

(APPPS1)

In analogy to the previously described CSF proteome analysis of A30P-aSyn mice,
we searched the CSF of APPPS1 mice for markers of cerebral protein deposition and
downstream pathological events. As mentioned earlier, a requirement for the analysis
was protein quantification in at least three mice per group to be compared.

As shown in figure 12 (right panel), statistical testing found no markedly altered proteins
in young animals. In aged mice however, eight proteins differed significantly in APPPS1
and WT mice and passed the strict FDR-corrected significance cutoff (Fig. 12, left
panel). All of those eight proteins, including NF-M, TREM2 and LAG3, had increased
CSF levels in transgenic mice. A list of the 25 most altered protein groups, including
the eight significant hits, is given in table 6 (significant hits are highlighted in italics).
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Figure 12 – CSF proteome changes in APPPS1 compared to age-matched controls at 18 and
3 months of age
Each dot represents a single protein quantified in APPPS1 and control animals. Log2-transformed fold
difference of mean APPPS1 to WT is plotted to the negative log 10 p-value of the pairwise comparison.
Significance cutoff (red line) is based on permutation based FDR corrected t-tests and factors in p-value
and fold change. Most differentially expressed proteins were labeled with the respective gene name.
Comparisons of transgenic versus control mice are based on 7 to 8 males per age group. Proteins below
detection limit or not quantified in at least three biological replicates of both groups are not displayed in
this graph.

As expected, we detected transgenic human APP harboring the “Swedish” mutation in
APPPS1 mice exclusively (Fig. 13 A), while presenilin-1 was not quantified in any of
the samples. We also observed stable levels of murine APP independent of age and
transgene (Fig. 13 B). Notably, TREM2, serpin A3N, LAG3, granulin and NfM (Fig.
13 C-G) show the same, but less pronounced profile described in A30P-aSyn mice. All
of said proteins have substantially increased concentrations in aged APPPS1 mice, with
NfM showing the strongest effect with a more than 10-fold increase. Lysozyme C-2 has
the smallest p-value of all proteins quantified in aged APPPS1 and WT mice, increased
by a factor of 3.2 (Fig. 13 H).
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Figure 13 – Selected proteins in CSF of APPPS1
Proteins quantified in CSF of APPPS1 mice and controls at 3 and 18 months of age show increased
protein concentrations in aged APPPS1, age-dependent increase is often also apparent in controls. (A,B)
As expected, transgenic human APP with Swedish mutation was exclusively found in APPPS1 mice, while
endogenous murine APP is stably found independent of age and transgene. (C-H) TREM2, Serpin A3N,
LAG3, NfM and Lysozyme C2 levels were considerably elevated in APPPS1 at 18 months of age, while
Granulin was quantified in insufficient numbers to allow definitive conclusions. LFQ intensities are log2
transformed and normalized separately for each of both batches (see 2.4), n = 7-8 mice/group, Means ±
SD are shown.

Similar to the other dataset, eight significant hits were submitted to the DAVID func-
tional annotation tool, searching previously mentioned GO and KEGG databases. Un-
fortunately, four out of the eight proteins were not represented in any of the enriched
annotation clusters, which left cathepsins B, C, Z and TREM2 for the analysis. This led
to the identification of cathepsin- and lysosome-associated GO-Terms (not shown). To
make the analysis more conclusive, we also uploaded the top 25 proteins and repeated
the analysis. However, this did not change the outcome considerably. A considerable
proportion of cathepsins led to a set of very similar terms that can be summarized as
lysosomal and peptidase affiliated processes.

IPA did not find enriched pathways in young mice, but found an enrichment of “Au-
tophagy”, “Phagosome Maturation” and “Macropinocytosis Signaling” associated pro-
teins in aged APPPS1 (Fig. 14).
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3.5 Shared and specific characteristics of aSyn and

APP transgenic mouse CSF

Combining results from both experiments revealed pathology-related changes in the
composition of the CSF proteome and facilitated discrimination of general neurode-
generation and neuroinflammation markers. We compared significance and direction of
protein changes between A30P-aSyn and APPPS1 datasets (Fig. 15). Interestingly we
found a correlative trend of up/up and down/down among the 550 proteins overlapping
from both datasets, indicating a more general and unspecific disease profile (Pearson
correlation, p < 0.0001). Among those were 24 proteins with p < 0.05 in both datasets,
representing CSF proteins altered in due to secondary events, such as neurodegeneration
or inflammation, but does not allow the two datasets -and respective pathologies- to be
distinguished (Fig. 15, green box). Aside from those, we also found 208 and 4 proteins
reflecting aSyn- or APPPS1-related CSF protein changes respectively (Fig. 15, yellow
and blue boxes). TREM2 was considerably altered in both models of b-amyloidosis and
synucleinopathies. The same can also be concluded for NfM, LAG3, various cathep-
sins, serpin A3N and complement C4B. Intriguingly, granulins had a considerably low
p-value in A30P-aSyn mice, but not in APPPS1 mice (see also Figs. 10 G & 13 G).
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Figure 15 – Specificity of CSF proteome alterations
Proteome changes in aSyn and APPPS1 were compared in order to assess pathology-specific proteins.
-log10 p-values (higher value = more significant) were transformed to negative values when the proteins
fold change was negative. Proteins with p1 & p2 < 0.05 (approximately 1.3 on -log10 scale) in both
datasets reflect general effects present in both models of neurodegenerative diseases (green), while p1 <
0.05 and p2 > 0.05 of either of both datasets point protein alterations specific for either of the pathologies.
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Figure 16 – Proteins of the complement system enriched in A30P-aSyn CSF
Distinct increase in proteins from the complement system was observed in symptomatic A30-aSyn. In
aged APPPS1 mice only minor increases were observed.
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Another interesting outcome of matching both datasets is depicted in Figure 16. The
fold-change of complement-system associated proteins is shown for both models. A
noticeable 2-4 fold increase over the levels of controls was found for complements C1q
to C4-B in aged A30P-aSyn, but not in APPPS1.

3.6 LAG3 immunoblotting

As already highlighted by LC-MS measurements, LAG3 was clearly increased in aged
transgenics in both models under investigation (Figs. 10 E & 13 E). Its supposed con-
tribution in cell-to-cell transport of preformed a-synuclein fibrils made it a particularly
interesting target for validation of our MS datasets. For that purpose, we used antibody-
based western blot techniques (described in 2.5) and detected bands corresponding to
a molecular weight of 52-55 kDa, which were absent in CSF from a homozygous Lag3-
knockout mouse (Fig. 17). We therefore concluded that this signal stems from a 54 kDa
fragment of LAG3, termed soluble-LAG3 (sLAG3), which contains all extracellular do-
mains, but lacks the transmembrane and cytoplasmic domains. Quantification of the
signals detected in A30P-aSyn and corresponding controls (Fig. 17 A) revealed the
strongest difference in end-stage symptomatic A30P-aSyn, exceeding the average signal
detected in aged controls by a factor of 4. The difference to young mice of the same
genotype is even more obvious. A similar, but less pronounced trend is also present
in APPPS1 mice and controls (Fig. 17 B), where the intensities in aged APPPS1 are
doubled compared to controls of the same age. Consistently for both models, levels of
LAG3 tripled also during normal aging of control animals.
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Figure 17 – Levels of (soluble) LAG3 in CSF, determined by western blot
This antibody based method was used to validate LC-MS/MS based results and discriminate soluble LAG3
(54 kDa) from full length LAG3. Quantification of signals from A30P-aSyn (A) and APPPS1 (B) confirm
the quantitative outcome of the LC-MS/MS analysis. Differences between age groups, or transgenics and
WT of the same age group, were compared using Bonferroni’s post hoc test.

3.7 Neurofilament Light

This section is taken and/or adopted from the published manuscript (Bacioglu et al.,

2016).

In recent times, NfL has been increasingly discussed as CSF and blood biomarker
for the progression of neurodegenerative disorders. After analysis of the LC-MS/MS
proteome data, we aimed at an absolute measurement of CSF and serum NfL levels
in the examined mouse models and in an additional a-synuclein transgenic mouse line
expressing human A53T-mutated aSyn. This much more aggressive transgenic model
shows severe motor-symptoms already at 8-10 months of age.

In all three examined mouse models increased CSF NfL levels were already observed
in the intermediate age groups and plasma NfL levels reflected only 1/30–1/40 of CSF
levels (Fig. 18). Measurements of NfL in both, CSF and plasma, from A30P-aSyn mice
revealed a very robust age-related increase in magnitude similar to that of 6-8 month old
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A53T-aS mice. In the A53T-aSyn mice, a significant, more than 10-fold increase over
WT controls was already observed in non-symptomatic 2-4 month-old mice. Thereafter
NfL levels increased dramatically; in 8-10 month-old symptomatic mice NfL levels were
approximately 1.000-fold higher than in non-transgenic age-matched controls. Plasma
NfL did not yet exhibit a significant increase at 2–4 months of age, but a greater
than 100-fold increase was found in the A53T-aSyn mice at the symptomatic stage.
Consistently, such findings were also observed in APPPS1 mice with significantly higher
CSF NfL levels over non-tg controls at both 3 and 12 months of age. At 18 months
of age, the increase in APPPS1 mice was 10-fold over the age-matched WT controls.
Plasma NfL also increased compared to non-tg mice at 18 months of age (Figure 18).
However, the absolute NfL increase in APPPS1 was less than that observed in the A30P-
aSyn mice, which goes in line with the LC-MS/MS results, where NfL was exclusively
quantified in aged A30P-aSyn, the group with the highest amount of NfL (Fig. 10 H).
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Figure 18 – Increase of NfL in CSF and plasma of a-Syn and APP transgenic mice
(A) CSF NfL and (B) plasma NfL levels in A30P-aSyn, A53T-aSyn, APPPS1 and WT control mice
at different ages. Differences between age groups or transgenics and WT of the same age group were
compared using Bonferroni’s post hoc test for multiple comparisons. Note the markedly elevated levels of
NfL in aged A30P-aSyn compared to APPPS1 mice of the same age. n = 4-6 mice per group, means ±
SEM are shown. Figure adapted from Bacioglu et al., 2016.
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Table 3 – Top 25 increased proteins in CSF of A30P-aSyn mice

log2 fold

change aSyn

/Control

-log10 p-value

aSyn vs

Control

Protein group Gene Protein

ID

18

mo

11

mo

3

mo

18

mo

11

mo

3

mo

Neurofilament medium Nefm P08553 10,6 0,1 8,8 0,0

Serine protease inhibitor A3N Serpina3n Q91WP6 4,4 0,5 0,5 8,6 0,7 1,3

Granulins Grn P28798 2,6 0,2 0,3 8,4 1,3 0,4

Complement C4 C4b P01029 2,5 0,5 0,5 7,5 2,2 1,6

Alpha-2-macroglobulin-P A2mp Q6GQT1 2,3 0,4 0,3 7,1 1,4 0,6

Triggering receptor expressed

on myeloid cells 2

Trem2 Q99NH8 3,7 0,9 6,8 1,1

Cathepsin B Ctsb P10605 2,7 0,4 0,4 6,8 1,8 1,2

YKL-40 / Chitinase-3-like

protein 1

Chi3l1 Q61362 1,9 0,2 0,1 6,3 0,5 0,1

Apolipoprotein E Apoe P08226 2,8 0,7 0,8 6,1 1,4 2,3

Complement C3 C3 P01027 2,0 0,3 0,4 6,0 0,5 0,9

Cathepsin Z Ctsz Q9WUU7 1,7 0,4 0,2 6,0 1,2 0,5

Apolipoprotein D Apod P51910 2,8 0,5 0,6 6,0 1,5 0,9

Gamma-enolase Eno2 P17183 3,6 0,7 -0,2 5,5 0,5 0,1

Lymphocyte antigen 86 Ly86 O88188 2,1 0,4 0,5 5,5 1,3 0,8

Beta-2-microglobulin B2m P01887 1,9 0,3 0,5 5,5 1,1 1,2

Nidogen-2 Nid2 O88322 1,6 0,3 0,7 5,4 0,6 2,2

Complement C1q subunit A C1qa P98086 2,1 0,2 0,2 5,4 0,5 0,4

Vitamin K-dependent protein

S

Pros1 Q08761 1,5 0,5 0,4 5,3 1,5 1,0

EGF-containing fibulin-like

extracellular matrix protein 2

Efemp2 Q9WVJ9 1,4 0,3 0,4 5,2 0,8 1,0

Lymphocyte activation gene

3 protein

Lag3 Q61790 1,8 0,1 0,2 5,2 0,3 0,2

Complement C1q

subcomponent subunit B

C1qb P14106 2,0 0,6 0,0 5,1 1,7 0,0

Olfactomedin-like protein 3 Olfml3 Q8BK62 1,8 0,6 0,0 5,1 1,1 0,0

Platelet-activating factor

acetylhydrolase

Pla2g7 Q60963 1,8 0,4 0,7 5,0 1,4 1,6

Plexin domain-containing

protein 2

Plxdc2 Q9DC11 1,3 0,2 0,3 4,9 0,3 0,5

Lysosomal

alpha-mannosidase

Man2b1 O09159 1,3 0,5 0,3 4,9 1,8 1,1
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Table 4 – Significantly decreased proteins in CSF of A30P-aSyn
log2 fold

change

aSyn/Control

-log10 p-value

aSyn vs

Control

Protein group Gene Protein

ID

18

mo

11

mo

3

mo

18

mo

11

mo

3

mo

Myosin light chain 1/3,

skeletal muscle isoform

Myl1 P05977 -1,6 -0,8 2,1 0,6

Cysteine-rich protein 1 Crip1 P63254 -1,4 -0,6 -0,3 1,9 1 0,4

Glycogen phosphorylase,

muscle form

Pygm Q9WUB3 -1,9 0,7 0,9 1,5 0,3 0,5

Carbonic anhydrase 3 Ca3 P16015 -1,6 0,6 -0,5 1,5 0,8 0,8

Parvalbumin alpha Pvalb P32848 -2 -0,7 -1,2 1,5 1,2 2,2

Creatine kinase M-type Ckm P07310 -1,9 0,7 -0,2 1,3 1,3 0,2
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Table 5 – Enrichment analysis of 220 significantly altered proteins in CSF from 18 month
old A30P-aSyn. Each category is ranked by EASE Score

Category Term Count % of

proteins

EASE Score

Cellular

Component

extracellular region 125 56,8 0,000012

lysosome 27 12,3 0,000044

blood microparticle 37 16,8 0,00013

extracellular exosome 158 71,8 0,00066

extracellular space 110 50 0,00073

basement membrane 17 7,7 0,0061

extracellular matrix 39 17,7 0,018

basal lamina 7 3,2 0,086

Biological

Process

innate immune response 24 10,9 0,011

proteolysis involved in cellular protein

catabolic process

9 4,1 0,024

extracellular matrix organization 14 6,4 0,039

tissue regeneration 5 2,3 0,053

proteolysis 23 10,5 0,055

immune system process 20 9,1 0,062

lipid metabolic process 12 5,5 0,073

inflammatory response 14 6,4 0,078

Molecular

Function

hydrolase activity 48 21,8 0,020

cysteine-type peptidase activity 8 3,6 0,027

hydrolase activity, acting on glycosyl

bonds

9 4,1 0,027

peptidase activity 24 10,9 0,045

serine-type carboxypeptidase activity 5 2,3 0,056

KEGG

Pathway

Lysosome 16 7,3 0,0066

Phagosome 9 4,1 0,03

Tuberculosis 9 4,1 0,03

ECM-receptor interaction 11 5 0,046

PI3K-Akt signaling pathway 17 7,7 0,071

Pertussis 10 4,5 0,08
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3 Results

Figure 11 – Pathways altered in the CSF of A30P-aSyn
Pathways changed in the CSF of A30P-aSyn mice at different ages. Up- or downregulation of the respective
protein subset is color-coded according to z-score.
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Table 6 – Top 25 altered proteins in CSF of APPPS1 mice
log2 fold change

in APPPS1 /

Controls

-log10 p-value

APPPS1 vs

Control

Protein name Gene Protein ID 18 mo 3 mo 18 mo 3 mo

Lysozyme C-2 Lyz2 P08905 1,7 0,6 5,8 1,3

Neurofilament medium

polypeptide

Nefm P08553 3,7 5,5

Cathepsin B Ctsb P10605 1,5 0,3 4,5 0,3

Lymphocyte activation gene 3

protein

Lag3 Q61790 1,6 0,0 4,4 0,0

Cathepsin Z Ctsz Q9WUU7 1,3 0,3 4,0 0,5

Serine protease inhibitor A3N Serpina3n Q91WP6 1,8 0,0 3,9 0,0

Cathepsin C; Dipeptidyl

peptidase 1

Ctsc P97821 2,2 -0,6 3,7 2,0

Triggering receptor expressed on

myeloid cells 2

Trem2 Q99NH8 2,2 3,2

Lysosomal alpha-mannosidase Man2b1 O09159 1,0 0,0 2,8 0,0

Lymphocyte antigen 86 Ly86 O88188 1,5 0,1 2,8 0,1

Complement C4 C4b P01029 1,2 0,0 2,7 0,0

Cathepsin L1 Ctsl P06797 0,8 0,1 2,5 0,2

Cathepsin S Ctss O70370 1,0 0,3 2,5 0,5

Monocyte differentiation

antigen CD14

Cd14 P10810 1,3 0,2 2,5 0,1

Cathepsin A; Lysosomal

protective protein

Ctsa P16675 1,5 -0,1 2,2 0,1

Ubiquitin Uba52;[...] P62984[...] 0,6 0,3 2,2 0,5

Iduronate 2-sulfatase Ids Q08890 0,9 -0,3 2,0 0,4

Unique cartilage

matrix-associated protein

Ucma Q14BU0 0,4 0,4 2,0 0,8

Adenylyl cyclase-associated

protein 1

Cap1 P40124 0,9 1,8

Protein S100-B S100b P50114 1,3 0,8 1,7 0,4

Superoxide dismutase [Cu-Zn] Sod1 P08228 0,7 0,2 1,6 0,3

N-acetylglucosamine-6-sulfatase Gns Q8BFR4 0,6 0,1 1,6 0,2

Cathepsin D Ctsd P18242 1,1 0,4 1,6 0,3

Alpha-2-macroglobulin-P A2mp Q6GQT1 0,7 0,2 1,5 0,3

Neuromodulin Gap43 P06837 1,8 0,1 1,5 0,2
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3 Results

Figure 14 – Pathway altered in the CSF of APPPS1 at 18 months of age
Pathways changed in the CSF of APPPS1 mice at 18 months of age show a strong involvement of “Au-
tophagy” and “Phagosome Maturation” due to a strong deregulation of cathepsins. No enrichment clusters
were found at 3 months of age.
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Although this year marks the 200th anniversary of James Parkinson’s first description
of “the shaking palsy” and the 110th year after Alois Alzheimer’s initial report on Au-
guste Deter, researchers have yet not fully understood the underlying pathomechanisms
and prevention strategies remain to be found. Overlapping symptomatology and slow
progression of those and other neurodegenerative diseases further contribute to diag-
nostic difficulties and emphasize the need for specific biochemical markers (Blennow
et al., 2016). New approaches for the treatment of PD and AD would greatly profit
from novel and more reliable biomarkers that can facilitate diagnosis in early stages of
disease and tracking of its progression.

In AD research, the quest for respective biomarkers started only in 1995, when the first
enzyme-linked immunosorbent assays (ELISA) for Ab42, phosphorylated tau (P-tau)
and total tau (T-tau) protein were published (Blennow et al., 1995; Motter et al., 1995),
whereby a new field of research was born. Currently Ab42, P-tau and T-tau, due to
their interplay with the pathophysiological lesions, are still considered the most reliable
biomarkers for AD. Regarding PD, such biochemical markers remain to be found and
validated (Blennow et al., 2016).

Over the last years, numerous studies tried to identify novel biomarkers fulfilling the
criteria for clinical diagnosis. However, those studies typically focused on single can-
didates or small subsets of proteins and peptides, while the variety of sampling and
analysis procedures often led to conflicting results (Andersen et al., 2017). With the
technological progress of mass spectrometry-based proteomics, antibody-independent
methods were available and led to the development of the first fully validated single
reaction monitoring (SRM) mass spectrometry method for targeted quantification of
Ab42 (Leinenbach et al., 2014). Progress of MS-instrumentation also gave rise to a
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broader approach, the so-called shotgun proteomics, where complex mixtures of pro-
teins can be analyzed in an un-biased manner and result in quantification of several
hundreds or thousands of proteins, making it an ideal tool for the discovery of novel
biomarkers.

4.1 CSF proteome alterations

Mice are the most commonly used animal model in clinical research of neurological
diseases (Chesselet and Carmichael, 2012). As a result of a mutated human trans-
gene, the models used here recapitulate many aspects of disease. The resemblance to
transgenic protein deposition and core-biomarker changes in familial cases of PD and
AD is remarkable (Maia et al., 2013, 2015), which makes these mice suitable tools for
the investigation of protein dynamics in CSF and thereby search for altered molecular
processes and novel biomarkers of disease.

Hence the goals of this thesis were two-fold: First we wanted to quantify the CSF
proteome in an unbiased way to unveil alterations in proteins and biological processes
as a result of proteopathic lesions. Second, we sought to highlight both, common and
specific, -a-synucleinopathy or b-amyloidosis derived- changes and emphasize novel po-
tential biomarkers. Regarding the first goal, 1261 and 1168 proteins were identified in as
little as 2 µL CSF per technical replicate from A30P-aSyn and APPPS1 mice. This un-
derlines the remarkable sensitivity achieved by the label-free LC-ESI-MS/MS approach
for mouse CSF. The resulting datasets unveiled 220 protein groups in A30P-aSyn and
8 protein groups in APPPS1 with significantly altered levels at 18 months of age, when
protein deposition is clearly recognizable in both models. As anticipated, significant
changes were missing in the CSF proteome of 3 month old mice, which demonstrates
that the mere presence of the transgenic protein does not inevitably lead to substan-
tial proteome alterations. Concerning the second goal, our approach revealed a myriad
of proteins associated with neuroinflammation, the autophagy-lysosomal system and
other processes, but also shed light on proteins that may serve as novel biomarkers.
This emphasizes the value of aSyn and APP transgenic mouse models in the search for
new disease markers.
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4.2 CSF core biomarkers

a-synuclein The diagnostic value of aSyn has been investigated in many studies and
led to often conflicting results, while most studies report CSF total aSyn as being de-
creased in PD patients when compared to controls (Blennow et al., 2016). Intriguingly,
when compared to levels of young or presymptomatic mice, we measured 18-26 fold
increased levels of aSyn in the CSF of late-stage A30P-aSyn transgenic mice. At such
an advanced stage of disease, symptoms typically occur as a result of the death of
dopaminergic neurons in the substantia nigra (Parkkinen et al., 2008; Blennow et al.,
2016), which in turn leads to a release of intracellular oligomeric aSyn. Due to tryptic
digestion, which is essential for a shotgun mass-spec based approach, the experimen-
tal setup can not differentiate between the various aSyn species, such as monomers or
oligomers. We must therefore assume that oligomeric aSyn gets digested by trypsin
and thereby boosts the amount of aSyn peptides quantified by MS. The aSyn peptides
detected in 11mo WT animals either originate from carry-over of prior LC runs, are
artifacts of the match between runs algorithm, or simply reflect murine aSyn. Murine
aSyn was not discriminated from A30P-human aSyn due to a high degree of homology.

APP We were able to distinguish between the endogenous murine APP and the trans-
genic APP with the Swedish mutation (APPswe) expressed in APPPS1 mice. As a
proof of concept, we detected relatively stable levels of the murine APP over age, but
also similar expression levels in the control animals. The analysis also revealed that
APPswe-derived peptides were exclusively quantified in CSF from APPPS1 mice and
that the levels were not influenced by the age of the transgenic mice.

Tau Although the microtubule-associated protein tau is considered a core biomarker
for AD, we did not quantify it in the model of b-amyloidosis. Also one would not
necessarily expect to find substantial levels of tau in a model of b-amyloidosis, spared
from considerable tau-pathology and NFTs . Nevertheless, we exclusively quantified
tau protein in three of the symptomatic A30P-aSyn mice. Tau is known to bind aSyn
and positive correlation between CSF aSyn and tau levels has been observed (Jensen
et al., 1999; Slaets et al., 2014), which might explain its CSF abundance in aged aSyn-
overexpressing mice.
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4.3 Inflammatory proteins

Microglial activation and neuroinflammation are increasingly recognized to play critical
roles in the pathogenesis of PD, AD and other neurodegenerative diseases (Amor et al.,
2010; Tansey and Goldberg, 2010; Heneka et al., 2015). Whether the activation of
microglia is beneficial or adverse for the course of disease is still an open question
(reviewed in greater detail in Frank-Cannon et al., 2009). In the work presented here
we show that neuroinflammation is also reflected in the CSF proteome composition of
transgenic mouse models.

Serpin A3N We found a remarkable increase in serine protease inhibitor A3N (Serpin
A3N), the murine orthologue of human a1-antichymotrypsin (ACT) (Horvath et al.,
2005) in both models at 18 months of age. ACT is a well established marker of in-
flammation; co-localized with amyloid-b in senile plaques (Abraham et al., 1988) and
elevated levels were reported in CSF and plasma of AD patients (Licastro et al., 1995;
Porcellini et al., 2008). Genetic association studies have come to conflicting results
concerning the connection of ACT gene polymorphism and susceptibility for PD, but
the age of disease onset seems to be influenced by ACT (Yamamoto et al., 1997; Wang
et al., 2001). These findings, together with our results, propose an unspecific and
inflammation-derived role for Serpin A3N, as a consequence of proteopathic deposition.

Granulin / Progranulin Strikingly, granulins (GRN) were increased in the A30P-
aSyn dataset, but not in APPPS1 CSF. Granulins are cleaved from its precursor protein
progranulin (PGRN) and typically involved in cellular processes such as wound healing
and inflammation (He et al., 2003). In humans, PGRN mutations are a major inher-
ited cause of frontotemporal dementia (FTD), and mutation-caused PGRN deficiency
promotes neuroinflammation (Baker et al., 2006; Cruts et al., 2006; Martens et al.,
2012). Intriguingly, mutations in PGRN were described in some rare cases of AD and
PD (Brouwers et al., 2007, 2008; Kelley et al., 2010). PGRN is also connected to the
dopaminergic system in mice, having a protective function for dopaminergic neurons,
while PGRN deficiency promotes deregulated microglial activation and contributes to
increased neuronal loss (Martens et al., 2012; Van Kampen et al., 2014). Further ex-
periments are needed to identify the molecular mechanism underlying CSF granulin
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increase observed in our mouse model of a-synucleinopathy, while it is likely linked to
the dopaminergic system.

Complement system We also found increased levels of complement related proteins
in A30P-aSyn CSF. The complement system is part of both, innate and adaptive im-
mune system, while its inappropriate activation can contribute to disease (Mackay et al.,
2001). Furthermore, Magdalinou and colleagues recently found marked increases of
complement C9 and complement factor H in the CSF of PD patients (Magdalinou
et al., 2017). However, they did not report an increase in other complement compo-
nents, which are altered in A30P-aSyn, but not in APPPS1.

TREM2 While triggering receptor expressed on myeloid cells 2 (TREM2) has been
intensively investigated as biomarker for AD (Guerreiro et al., 2013; Kleinberger et al.,
2014; Suárez-Calvet et al., 2016), others highlight its role in inflammation and mi-
croglial activation (Hickman and El Khoury, 2014). TREM2 has been shown to be
upregulated on amyloid-plaque-associated microglia in depositing APP23 mice, another
APP-transgenic model for b-amyloidosis (Frank et al., 2008). We found considerably
elevated levels of TREM2 in the CSF of both models and thereby characterize TREM2
as a general CSF marker for neuroinflammation or -degeneration, rather than a specific
marker for amyloid-deposition.

4.4 LAG3

Mao et al. recently described lymphocyte activation gene 3 protein (LAG3) as a protein
facilitating binding and transmission of preformed a-synuclein fibrils (PFF) on neurons.
They also demonstrated a high specificity of LAG3 binding to aSyn-PFF (Mao et al.,
2016). Intriguingly, our study shows increased levels of LAG3 not only in aSyn mice,
but also in APPPS1 mice, devoid of any a-synucleinopathy. We therefore assume an
aSyn-independent mechanism causing an increase of LAG3-derived peptides in CSF.
LAG3 can be cleaved by a-secretases ADAM10 and ADAM17, resulting in a 16-kDa
transmembrane and a 54-kDa fragment containing all extracellular domains while the
54-kDa fragment is released as soluble LAG3 (sLAG3) upon T-cell activation (Lammich
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et al., 1999; Li et al., 2004). This matches the molecular weight of the signal detected
in murine CSF on western blot. The quantitative results of both LC-ESI-MS/MS
experiments were validated by western blot analysis of LAG3, hence demonstrating a
high correlation of sLAG3 levels determined by immunoblotting and mass spectrometry.

4.5 Lysosomal proteins

Impairment of the autophagy-lysosomal pathway is increasingly regarded as a major
pathogenic event in neurodegenerative diseases, including PD (Dehay et al., 2013). Our
analysis revealed a high fraction of lysosomal proteins enriched in A30P-aSyn CSF,
including 3-fold increased levels of phospholipase D3 (PLD3). However, in APPPS1
we did not measure such an increase, while others demonstrated inverse correlations
of PLD3 expression with APP expression or Ab-production in vitro (Cruchaga et al.,
2014a). Furthermore, mutations in Pld3 confer risk to AD and an in-vitro knockdown
leads to an increase of extracellular Ab42 and Ab40, while PLD3 was furthermore found
to accumulate in senile plaques (Cruchaga et al., 2014b; Satoh et al., 2014). Fazzari and
colleagues recently challenged PLD3 implication in APP metabolism or plaque-burden
and emphasized its localization and implication in the lysosomal system suggesting
alternative functions for PLD3 in neurodegeneration (Fazzari et al., 2017).

Lysosomal malfunction accompanies aSyn aggregation and is increasingly recognized as
key part in pathogenesis of many neurodegenerative diseases, including PD (Meredith
et al., 2002; Pan et al., 2008). Cathepsins, lysosomal alpha-mannosidase (Man2b1) and
N-acetylglucosamine-6-sulfatase (Gns) are examples of lysosomal proteins deregulated
in CSF of both models used in this study. Considering the marked increase of PLD3
in A30P-aSyn CSF and the rather unspecific elevation of other lysosomal proteins, our
data support the concept of a disturbed lysosomal system as a result of proteopathic
lesions.

4.6 CART

Motivated by the idea to find biomarkers that would cover the urgent need for early
biomarkers of PD, we also analyzed presymptomatic A30P-aSyn mice, which have aSyn
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deposition predominantly in the brainstem and spinal cord, but lack noticeable motor-
symptoms, thereby mimicking PD patients in early stages of disease. Peptides derived
from cocaine- and amphetamine-regulated transcript protein (CART) were elevated in
CSF of presymptomatic aSyn mice, while being reduced to WT levels in symptomatic
mice. CART is involved in various physiological processes mediated by dopamine, while
administration of CART was shown to ameliorate dopaminergic neuronal loss in models
of PD (Mao et al., 2013; Subhedar et al., 2014; Upadhya et al., 2016). While CSF CART
levels were reduced by 30% in cases of dementia with Lewy bodies (DLB) (Schultz et al.,
2009), we report the amount of CART to be doubled in the CSF of A30P-aSyn mice
at 11 months of age. The exact mechanism influencing CART-level fluctuations in the
CSF remains to be identified.

4.7 Synaptic proteins

Synaptic dysfunction represents a major event in PD, which is likely a consequence of
abnormal aSyn aggregation. In a healthy physiological state, aSyn is a natively un-
folded monomer involved in maintenance of neurotransmitter homeostasis by regulat-
ing vesicle fusion, clustering and trafficking via SNARE complexes, thereby proposing
synapses as the primarily affected site in case of aSyn pathology (Calo et al., 2016;
Blennow et al., 2016). SNARE-complexes are formed from synaptobrevin, syntaxin
and SNAP-25 (Chandra et al., 2005; Burre et al., 2010). In this study we were able
to quantify SNAP-25 and syntaxin-1B, the isoform of syntaxin necessary for the reg-
ulation of synaptic vesicle exocytosis (Mishima et al., 2014). However, SNAP-25 and
syntaxin-1B were detected almost exclusively in the CSF of aged A30P-aSyn, while
the few quantification events in younger mice are based on error-prone “match between
runs” identification. It is also a valid assumption that the levels of both proteins were
below detection limit in controls and younger A30P-aSyn mice. A recent study also
reported a disease specific overall increase of SNAP-25 in CSF of PD patients related to
cognitive and motor symptom severity (Bereczki et al., 2017). We can therefore assume
that synaptic dysfunction is also occurring in our mouse models of a-synucleinopathy
and that synaptic proteins, such as SNAP-25 and syntaxin-1B may potentially serve
as future diagnostic biomarkers or predictive factors for the progression to dementia in
PD (Blennow et al., 2016).
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4.8 Neurofilament light

As the proteome dataset demonstrated, neurofilaments, such as a-internexin, neurofil-
aments light (NfL), medium (NfM) and heavy (NfH), are markedly increased in symp-
tomatic A30P-aSyn and aged APPPS1 mice. From the group of neurofilaments, we
chose NfL to confirm the increase not only in CSF, but also in plasma. We additionally
used a third mouse-model, expressing the A53T-mutated form of human a-synuclein,
to emphasize the link between aSyn deposits and NfL levels in CSF and blood.

We used a validated NfL assay (Gaiottino et al., 2013) adapted for murine samples
and small volumes and therewith confirmed increased NfL levels in CSF and in blood
of mouse models for b-amyloidosis and a-synucleinopathies. In all three models, the
increase occurred at the same age as the respective brain lesions became apparent.
Elevated CSF and blood NfL levels were recently also found in patients with a-synuclein-
opathies, tauopathies and b-amyloidosis (Zetterberg et al., 2015; Rohrer et al., 2016),
which not only makes NfL an easily accessible blood biomarker, but also endorses the
translational value of our mouse models. The study further demonstrated that neither
CSF nor blood NfL increases are specific for aggregated aSyn, tau or b-amyloid. In
turn, this means that the observed NfL boost stems from a downstream, or secondary,
event in neurodegeneration. As neurofilaments play a key role in axonal stabilization
and function as integral components of synapses, an increase in NfL blood or CSF
levels is thought to reflect NfL release upon neuronal injury, axonal degeneration and
synapse loss (Lee and Cleveland, 1996; Petzold, 2005; Yuan et al., 2015), all of which
have been observed in aSyn and amyloid-b transgenic mice (van der Putten et al.,
2000; Phinney et al., 2003; Wirths et al., 2006). The more pronounced increase of
NfL in aSyn transgenic models, compared to APPPS1 mice, may be caused by a faster
and more pronounced protein deposition and accumulation predominantly in brainstem
and spinal cord. Both areas harbor thick-caliber myelinated motor neurons, rich in NfL
(Petzold, 2005; Yuan et al., 2012). Consistently, CSF NfL levels of patients suffering
from amyotrophic lateral sclerosis (ALS), a motor neuron-specific disease, are notably
higher than in AD patients (Gaiottino et al., 2013). Albeit the exact mechanism by
which NfL gets released into the CSF remains obscure, we can assume that the NfL-
stock in blood is derived from the CSF. This is not only because neurofilaments are
synthesized in the central nervous system, which is in closer contact to CSF than blood,
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but also by the observation, that all three models show a more prominent and earlier
NfL increase in CSF than in blood.

Despite the focus on NfL, the proteome dataset demonstrates that other neurofilament
subunits may also be suited as CSF and blood marker of proteopathic neurodegenerative
diseases. NfM, for example, was also found to be elevated in plasma and CSF of ALS
and FTD patients (Pijnenburg et al., 2007; Häggmark et al., 2014). Nevertheless, NfL
has proven to be an easily accessible blood biomarker that can be used to track CNS
neurodegeneration and may serve as progression and treatment response marker for
human neurodegenerative diseases.

4.9 Comparison to human CSF proteome studies

Another part of this work was the comparison of the murine CSF proteome datasets to
published studies with similar proteomic approaches in human patients and neurologi-
cally healthy controls.

For PD, only few such studies have been conducted within the last years (Abdi et al.,
2006; Zhang et al., 2008; Constantinescu et al., 2010; Ishigami et al., 2012; Lehnert
et al., 2012; Magdalinou et al., 2017) and singling out promising candidate markers
has generally proven to be difficult (Magdalinou et al., 2017). For the comparison, we
focused on the most recent and technically most similar work published recently by
Magdalinou and colleagues. The comparison of the A30P-aSyn dataset and their 27
significant hits demonstrates the high degree of similarity of our findings with results
obtained from patients suffering from PD and atypical parkinsonian syndromes (APS).
Of 27 hits, 25 could be translated to respective murine proteins of which 21 were
also quantified in our mouse dataset. Intriguingly, four out of six hits being increased
in PD and APS patients were also significantly elevated in the CSF of A30P-aSyn
mice: Serine protease inhibitor A3N (Serpin A3N), chitinase-3-like protein 1 (YKL-
40), complement factor H and zinc-alpha-2-glycoprotein. The remaining 15 proteins
identified were unaffected in our mouse model. However, the same general cellular
processes were found in patients and mice, namely inflammation markers and synaptic
proteins.
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Much of the CSF proteome work on AD has focused on the core biomarkers, T-tau,
P-tau and Ab42, while unbiased shotgun approaches are less common. The most com-
prehensive shotgun study of the last years is probably the work of Khoonsari et al.,
2016. Despite similar instruments and analysis in MaxQuant, the overlap with the
APPPS1 dataset is rather poor. Of 85 differentially altered proteins in the Khoonsari
dataset, 61 were converted to the murine homologous proteins and matched to our
dataset. Amongst those, only lysozyme C-2 and serpin A3N were significantly altered
in both studies. However, in contrast to our results, they reported reduced levels of
these proteins. Nevertheless, this is not very surprising, as one must note that AD
patients included in the study were already at a late stage of disease, whereas APPPS1
mice model Ab deposition, an early event in the cascade of AD pathology. Surprisingly,
neither neurofilaments nor TREM2 were amongst the significant hits described in the
human study.

4.10 Pathology specific and unspecific protein

changes

In order to highlight specific CSF proteome alterations resulting from aSyn proteopathic
lesions and discriminate these changes from general neurodegenerative processes, which
would also occur in models of b-amyloidosis, we compared the CSF proteome from
A30P-aSyn and APPPS1 mice (see 3.5). Amongst 24 unspecific proteins (with p-values
< 5%) we found a clear representation of inflammatory and microglia-related proteins.
While we identified 208 A30P-aSyn specific proteins, we only found 4 proteins specific
for APPPS1. The difference in numbers might be due to differences in the severity of
pathology at 18 months of age. While APPPS1 mice aged 18 months are in a generally
good condition, A30P-aSyn mice exhibit motor-symptoms and worse overall health
condition.

In conclusion, we were able to quantify hundreds of proteins in CSF from aSyn and
APPPS1 transgenic mouse models, granting deep insight in PD- and AD-associated
CSF protein changes. The sheer number of proteins identified overlapping with PD and
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AD literature, emphasizes the value and utility of transgenic mouse models especially
in the context of CSF biomarkers and highlights the strong implication of neuroinflam-
matory processes and the lysosomal system in a-synucleinopathies. The datasets at
hand will be a helpful reference for future CSF biomarker research in PD and AD.
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