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Abstract 
The term dementia encompass a number of conditions arising as a consequence of tissue 
degeneration in the brain. This degeneration is caused by molecular events occurring on a 
cellular level including inflammation, defective waste disposal and accumulation of insoluble 
proteins and peptides. Many of these molecular events are in turn also reflected in the com-
position of the cerebrospinal fluid (CSF) which circulates within and around the brain. This 
thesis summarise five studies conducted with the aim to explore and profile CSF proteins in 
the context of dementia and other neurodegenerative disorders. Protein profiles were ob-
tained by so-called suspension bead arrays (SBAs), created by coupling antibodies to color-
coded microspheres, allowing detection of more than 350 CSF proteins simultaneously. The 
majority of the explored proteins are referred to as brain-enriched, entailing that the corre-
sponding genes are highly expressed in brain tissue in comparison to other tissues. 

 

In Paper I, the SBA technology was utilised to profile about 280 proteins in CSF from 
several neurodegenerative disorders, i.e. Alzheimer’s disease (AD), dementia with Lewy Bod-
ies and Parkinson’s disease. Distinct differences in the CSF proteome were identified de-
pending on site of collection (ventricular or lumbar) and time point (post mortem or ante mor-
tem). Disease-associated profiles for the two synaptic proteins neuromodulin (GAP43) and 
neurogranin (NRGN) could be confirmed, in which both proteins displayed higher levels in 
AD compared to controls. High levels of the two proteins were furthermore observed in 
patients at preclinical stages of AD in two independent cohorts. To verify the identified 
protein profiles, parallel reaction monitoring (PRM) assays were developed for 17 proteins 
in Paper II, including GAP43. Eight proteins displayed concordance to data generated with 
SBAs and among these were GAP43, cholecystokinin, neurofilament medium chain (NF-
M), leucine-rich alpha-2-glycoprotein and vascular cell adhesion protein 1. 

 

In Paper III, the SBA technology was again applied to characterise early dementia-related 
changes in the CSF proteome by comparing samples from individuals with mild cognitive 
impairment (MCI), controls and AD patients in two independent cohorts. The MCI individ-
uals were moreover stratified based on CSF concentration of the core AD biomarkers Aβ42 
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and tau. The six proteins amphiphysin, aquaporin 4, cAMP regulated phosphoprotein 21, β-
synuclein, GAP43 and NF-M did all show significant differences between sample groups in 
both cohorts. Further exploration of how the pathological processes preceding dementia 
affect the CSF proteome, was done by analysis of 104 brain-enriched proteins in CSF from 
asymptomatic 70 year-olds in Paper IV. Protein profiles were correlated to Aβ42, t-tau and 
p-tau CSF concentration, revealing a large number of proteins displaying significant correla-
tions to tau levels. Upon dividing the asymptomatic individuals based on Aβ42 CSF pathol-
ogy, some proteins showed significantly different associations in the two groups. Most of 
these proteins yielding interesting profiles, were plasma membrane proteins or proteins con-
nected to synaptic vesicle transport. 

 

While AD is the most common form of dementia, accounting for more than 60 % of all 
cases worldwide, frontotemporal dementia (FTD) is the most frequently occurring form of 
young-onset dementia. In Paper V, CSF protein profiles were explored in the context of 
FTD. Patients with behavioural variant FTD and primary progressive aphasia, were com-
pared to unaffected individuals with a high risk of developing FTD. Proteomic differences 
between patients with FTD and the unaffected individuals were observed already at a global 
level, and particularly for the six proteins NF-M, neurosecretory protein VGF, neuronal pen-
traxin receptor, prodynorphin, transmembrane protein 132D and tenascin-R. 

 

The disease-associated profiles identified in the presented studies provide a basis for future 
research within dementia proteomics. Whether the proteins identified will have the possibil-
ity to aid in clinical diagnosis, prognosis or characterisation of dementia, remains to be eval-
uated. Given the fortunate situation, especially in Sweden, with access to large and well char-
acterised CSF collections, there are ample opportunities for future proteomic studies to elu-
cidate the true potential of these proteins. 
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Sammanfattning
Demens är ett samlingsnamn som inbegriper en rad symptom orsakade av skador på hjärn-
vävnaden, så kallad neurodegeneration. Dessa skador kan uppstå på grund av exempelvis 
inflammation eller som en följd av rubbningar i molekylära processer i hjärnans celler. Ge-
mensamt för dessa cellulära störningar är att de kan orsaka extracellulär ansamling av svår-
lösliga proteiner och peptider. Proteiner och andra molekyler som uppkommer under cellu-
lära obalans, kan detekteras i den vätska som omger hjärnan – cerebrospinalvätskan (CSF). 
Den här avhandlingen innefattar fem studier med syfte att undersöka och profilera proteiner 
i CSF från individer med demens eller andra neurodegenerativa sjukdomar. Genom att an-
vända en särskild typ av antikroppsarrayer (SBA, suspension bead array) i vilka antikropparna 
är kovalent bundna till mikroskopiska färg-kodade kulor, kan fler än 350 CSF-proteiner ana-
lyseras parallellt i ett och samma prov. Majoriteten av de proteiner som analyserats i denna 
avhandling definieras som hjärn-specifika då generna som kodar för dem uttrycks i högre 
grad i hjärnvävnad jämfört med andra vävnader. 

 

I Artikel I användes SBA-teknologin för att analysera 280 hjärn-specifika proteiner i CSF 
från individer med Alzheimers sjukdom (AD), Lewykroppsdemens och Parkinsons sjukdom. 
Tydliga skillnader i CSF-proteomet kunde identifieras mellan individer beroende på var (lum-
balt eller ventrikulärt) och vid vilken tidpunkt (post mortem eller ante mortem) provtagningen 
skett. För de två proteinerna neuromodulin (GAP43) och neurogranin (NRGN) verifierades 
tidigare observerade profiler, vilka visat förhöjda proteinnivåer i patienter med AD jämfört 
med kontrollindivider. Vidare observerades dessa höga proteinnivåer även i prekliniska AD-
patienter i två oberoende patientkohorter. För att verifiera de påvisade proteinprofilerna ut-
vecklades i Artikel II ett masspektrometriflöde (PRM, parallel reaction monitoring) för 17 
av de analyserade proteinerna, däribland GAP43. Med detta flöde konstaterades starka kor-
relationer mellan data genererat med SBA-teknologi och PRM för åtta proteiner, bland andra 
GAP43, cholecystokinin, neurofilament medium (NF-M), leucine-rich alpha-2-glycoprotein 
och vascular cell adhesion protein 1. 
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I Artikel III användes återigen SBA-teknologin, nu för att jämföra individer med mild kog-
nitiv svikt (MCI), AD och kontrollindivider med avsikten att karaktärisera tidiga demensre-
laterade förändringar i CSF-proteomet. Individerna med MCI stratifierades därtill med avse-
ende på nivåer av de etablerade biomarkörena för AD, Aβ42 och tau. Signifikanta skillnader 
mellan de undersökta grupperna kunde identifieras för de sex proteinerna amphiphysin, 
aquaporin 4, cAMP regulated phosphoprotein 21, β-synuclein, GAP43 och NF-M. För att 
ytterligare undersöka hur de patofysiologiska processerna som föregår demenssjukdomar 
påverkar CSF-proteomet, analyserades även 104 hjärn-specifika proteiner i CSF från asym-
tomatiska 70-åringar i Artikel IV. Ett stort antal av de analyserade proteinerna visade signi-
fikanta korrelationer med koncentrationerna av AD-biomarkörerna Aβ42, total-tau och 
phospho-tau. De asymtomatiska individerna delades därefter upp i två grupper utifrån de 
uppmätta Aβ42 nivåerna och flera proteiner uppvisade signifikant skilda associationer till de 
tre biomarkörerna. Bland dessa proteiner identifierades två proteingrupper, membranprote-
iner och proteiner involverade i transport av synaptiska vesiklar. 

 

I Artikel V undersöktes CSF-proteomet i relation till frontallobsdemens (FTD), vilken är 
den vanligast förekommande demensformen hos individer under 65 års ålder. Patienter med 
beteendevarianten av FTD och primär progressiv afasi jämfördes i denna studie med symp-
tomfria individer som hade hög risk att själva utveckla FTD. Skillnader mellan patienter med 
FTD och symptomfria individer kunde observeras på en global proteinnivå, och framförallt 
för de proteinerna NF-M, neurosecretory protein VGF, neuronal pentraxin receptor, prody-
norphin, transmembrane protein 132D and tenascin-R. 

 

Om de proteiner som identifierats i denna avhandling kan användas för att förbättra de-
mensdiagnostik och prognostisering, eller för ytterligare karakterisering av demenssjukdo-
mar återstår att se. De observerade proteinprofilerna har emellertid bidragit till att utöka 
kunskapen om hur CSF-proteomet påverkas i, och under utvecklingen av, våra två vanligaste 
demenssjukdomar. Denna kunskap kan förhoppningsvis ligga till grund för framtida forsk-
ning inom demensproteomik. 
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Popular Science Summary
Our brain is to a large extent what makes us who we are. It holds our personality, enables us 
to move, plan our actions and experience emotions. The memories we gather throughout 
our lives are stored within the intricate web of neurons in our brains. As we age, molecular 
processes in our brains can become defective and harmful to our brain cells. These harmful 
processes also have an effect on the levels of different proteins in our brain. In damaged 
brain cells, certain proteins can accumulate and even form insoluble aggregates, while others 
might leak out to the extracellular space. Some of these proteins can eventually end up in the 
cerebrospinal fluid (CSF), the liquid circulating within and around the brain. Depending on 
the extent of the harmful processes, cells can ultimately die, resulting in the degeneration of 
brain tissue. As this occurs, the brain will gradually cease to function properly and symptoms 
of dementia appear. By measuring proteins in CSF we can gather indications about the mo-
lecular status of the brain and attempt to determine if a patient has, or is on the verge of 
developing, dementia. Two such proteins, already used in the clinic, are Aβ42 and tau. Their 
concentrations can, with quite high certainty, indicate whether an individual is suffering from 
Alzheimer’s disease (AD) which is the most common form of dementia.  

 

The word proteomics refers to large-scale studies of proteins, often done on body fluids such 
as CSF. There are several proteomic technologies used to measure protein levels. One such 
method takes advantage of a certain type of naturally occurring binding molecules – anti-
bodies. Antibodies are a part of our immune system and are produced by immune cells to 
protect us from infections. They are special compared to other protein molecules because 
of their ability to recognise and very specifically bind to molecular targets. In our research 
we have utilised antibodies to study how the levels of proteins in CSF are affected in indi-
viduals with dementia. 

 

First, we measured and compared proteins in CSF from individuals with AD dementia and 
two other neurodegenerative disorders. We found several proteins with higher levels in CSF 
from individuals with AD compared to controls. To verify our results, we also wanted to 
measure a few of these proteins using a completely different method that recognise proteins 
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based on their mass. With this method we could confirm our results for eight out of seven-
teen measured proteins. Thereafter, we again used antibodies to compare CSF proteins in 
individuals at early stages of dementia (suffering from so-called mild cognitive impairment, 
MCI) to AD patients and controls. We could identify six proteins that were elevated in MCI 
and AD patients compared to the control individuals. To further explore early dementia-
related changes in CSF composition, we also analysed proteins in cognitively healthy 70-year 
olds. We compared the measured protein levels to the concentration of the established de-
mentia markers Aβ42 and tau and identified a number of proteins potentially involved in the 
cellular processes of dementia. Lastly, we measured proteins in the most frequently occurring 
form of dementia in individuals below the age of 65 years – frontotemporal dementia (FTD). 
When comparing CSF proteins from individuals with FTD to healthy individuals with an 
increased risk of developing FTD, we found six interesting proteins. 

 

For a protein to be used as an indicator of disease, much research must be conducted to 
confirm its suitability. It remains to be seen whether any of the proteins we have identified 
throughout these studies have the potential to be used in the clinic. However, by exploring 
them further, we could gain more knowledge about the cellular processes involved in de-
mentia. And irrespective of their future clinical value, they can act as a foundation for future 
dementia research. 
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Part One: Dementia
The brain is one of the most complex organs in the human body and it has fascinated scien-
tists throughout the centuries. From the time of the ancient Egyptians, when symptoms of 
head trauma were documented using hieroglyphs to the detailed eighteenth century illustra-
tions of its gross anatomical organization. Today, more than 30 000 scientific articles are 
published in the field of Neuroscience each year (1) and this thesis is but one of many aiming 
to extend our knowledge about the human brain and more specifically, how it is affected 
during dementia. 

What is dementia? 
The word dementia is an umbrella term encompassing a number of conditions caused by 
degeneration of the brain. Depending on the type of dementia the symptoms range from 
memory loss and difficulties in finding the correct words, to personality changes and hallu-
cinations. Dementia caused by a stroke or brain trauma is often static, whereas dementia 
symptoms triggered by for instance drug abuse can be reversive (2). The majority of demen-
tias however, are caused by progressive neurodegeneration. At disease onset milder symp-
toms are observed but eventually individuals completely lose the ability to care for them-
selves (3). The brain is not only responsible for our thoughts and memories. It controls 
bodily functions such as breathing, circulation and digestion, which is why the damage oc-
curring to it during progressive dementia is ultimately fatal. After a dementia diagnosis, the 
typical life expectancy is between 8-10 years (4), but the prognosis is very dependent on the 
type of dementia and varies greatly among individuals. With an ageing population the num-
ber of diagnosed individuals will increase and the total number of affected individuals is 
believed to surpass 130 million worldwide in 2050 (5,6) – a number greater than the popu-
lation of Japan. Although many of these individuals will be able to care for themselves during 
a number of years, all will eventually need support beyond the capacity of their families and 
friends. Without proper care, a person with late stage dementia can be a danger to both 
themselves and others. In 2015, the global cost for treatment and care of dementia patients 
was approximated to more than 600 billion US dollars (4,7). 
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Looking beyond hard statistics it should naturally be recognized that dementia has an enor-
mous emotional cost and effect on individuals, families and societies. The psychological 
trauma associated with receiving a dementia diagnosis does not only affect the individual but 
has a widespread impact on the people surrounding the individual. Human suffering caused 
during such circumstances can of course never be quantified in terms of dollars and cents. 
If the number of individuals diagnosed with dementia increase according to the current prog-
nosis, we can consequently be sure that the actual number affected will vastly exceed the 130 
million diagnosed. 

 

“Old age ain't no place for sissies.” Bette Davis and H. L. Mencken 

The ageing brain 
The brain is comprised of three major parts, cerebrum, cerebellum and brain stem. The cer-
ebrum, accounting for the largest part of the brain, is divided into the left and right hemi-
spheres, which are further divided into lobes (Figure 1). The four lobes; frontal, parietal, 
temporal and occipital are named after the cranial bones closest to them. While most im-
portant brain functions are coordinated across the entire brain, some functions are directly 
associated with specific lobes (8,9). Therefore, symptoms occurring during normal as well as 
pathological ageing are often connected to the function of the affected lobe. 

 

The frontal lobe is devoted to higher cognitive functions such as speech, language and judge-
ment (10). Prospective memory, which involves planning actions – like buying groceries on 
the way home – and expression of emotions, are also regulated in the frontal lobe (11). In-
juries to this part of the brain often result in personality changes, since many of the functions 
regulated there are connected to our ability to communicate with and understand others. 
Slowing response times and lowered inhibitory control are age-related changes which can be 
attributed to deteriorations in the frontal lobe (12). The parietal lobe processes sensory in-
puts such as the feeling of a touch, pain or temperature, and also receive inputs from both 
the eyes and the ears (13). It is also involved in spatial recognition, which includes the ability 
to navigate, estimate distances in space and motor planning actions such as tying your shoe-
laces (14,15).  
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Figure 1 – The human brain is comprised of three parts; cerebrum, cerebellum and brain stem. The cerebrum can 
be further divided into four lobes to which specific brain functions have been associated. 

The temporal lobe is the second largest lobe and is divided into two parts; the lateral part, 
closest to the cranium, and the medial part towards the centre of the brain. The lateral tem-
poral lobe is involved in the translation, processing and interpretation of sounds (16). It also 
regulates visual perception, and more specifically the perception of facial expressions (17). 
The medial temporal lobe comprises structures that are important for memory formation 
and storage. It is thus involved in the crucial processes of recollecting memories and learning 
new things (18). The function of the medial temporal lobes diminishes during normal ageing 
and are also the first to be affected by Alzheimer’s disease pathology (19). The occipital lobe, 
located at the back of the brain, coordinates most of our visual inputs. It processes and 
interprets visual information before transmitting it to other brain regions for additional pro-
cessing (20). The information deduced by the occipital lobe helps us recognize and compare 
objects to each other.  

 

Atrophy is a normal process caused by the degeneration of cells due to ageing. It occurs in 
all tissues but is often most obvious from the loss of strength in our muscles and the effect 
it has on our minds. Brain-atrophy is often examined by a medical imaging technique referred 
to as structural magnetic resonance imaging (MRI) (21). It is an application of nuclear 
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magnetic resonance that enable measurements of brain volume. As parts of the brain degen-
erate, a decrease in volume can be observed with MRI. Normal ageing leads to a general 
atrophy of the entire brain (22,23) and it is the more extreme atrophy in particular regions 
that distinguishes disease-related neurodegeneration from regular ageing (24,25). Atrophy do 
not simply arise by the passing of time, but due to neurodegeneration caused by deterioration 
of molecular processes important to the cells in the brain; neurons and glia (Figure 2) (26,27). 
The human brain contains about 170 billion cells (28) and although neurons and glia are 
present in similar numbers (28,29) they differ in function.  

 

 
Figure 2 – The two major cell types in the human brain are neurons and glial cells. Neurons are easily recognized 
by their characteristic shape with a large soma from which dendrites and the axon extend. The synapse, is the 
interface between the end of one neuronal axon and the dendrite of the next neuron. Glial cells can be divided 
into three classes with varying function; astrocytes, microglia and oligodendrocytes. 

With their long axons extending over great distances within the body, neurons are specialized 
for conducting electrical impulses or so-called action potentials (30). The transfer of an ac-
tion potential occurs trough a depolarisation across the axon membrane, by the in- and efflux 
of ions. As the depolarisation reaches the axon terminal it produces a release of neurotrans- 
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mitters to the next cell at the pre-synaptic terminal (Figure 3). These neurotransmitters in 
turn bind to receptors at the postsynaptic terminal and induce changes to the membrane 
potential of the receiving neuron. The energy-consuming ion fluxes and long axonal trans-
ports requires fast molecular turn-over, rendering neurons particularly sensitive to metabolic 
disturbances (31,32). Impaired energy metabolism and oxidative stress are adverse condi-
tions observed in normal ageing but can also precede neurodegeneration and dementia 
(27,33).  

 
Figure 3 – A synapse where the action potential is transferred from one neuron to another via release of neuro-
transmitters into the synaptic cleft. Astrocytes and microglia can help modulate the synaptic environment by 
release and uptake of neurotransmitters and cytokines. 

Glia cells contribute to brain functions by supporting and nourishing neurons in their prox-
imity and can generally be divided into three classes; astrocytes, microglia and oligodendro-
cytes. Astrocytes are the most common type of glia and have received their name due to 
their characteristic star-like shape. They perform several important regulatory functions that 
influence the neuronal activity e.g. storing and metabolizing glycogen, and modulating syn-
aptic neurotransmitter uptake (34–36). Microglia can also help modulate synapses by secre-
tion of specific cytokines and phagocytosis of non-active dendritic spines (37). Furthermore, 
they carry out immune cell-like functions and are often described as the brain-resident mac-
rophages (38). In contrast to astrocytes microglia can, when activated, migrate throughout 
the neural tissue engulfing damaged cells, foreign material and plaques. While these functions 
are protective in the normal brain, they can have detrimental effects when microglial cells 
enter a reactive stage and contribute to neuroinflammation, and eventually neurodegenera-
tion (39–41).  
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Age-related inflammation in the brain is moreover believed to be affected by astrocytic acti-
vation of the complement system (42). Oligodendrocytes are primarily myelin-producing 
cells that wrap around and insulate the neuronal axon (43). Their function as insulating cells 
in the white matter is well-established, but the presence of non-myelinating oligodendrocytes 
suggests their involvement in functions we are yet to understand (34). Changes to white 
matter are observed in normal ageing and have been proposed to influence our cognitive 
abilities (44). Oligodendrocyte degradation is a major characteristic of the demyelinating dis-
ease Multiple sclerosis and have also been suggested to contribute to neurodegenerative dis-
orders such as Amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (45).  

Different types of dementia 
Defective energy metabolism, inflammation and oxidative stress are all mechanisms part of 
the normal ageing process. The events leading up to the neurodegeneration and atrophy seen 
in dementia stem from the same mechanisms, but are distinguished by the degree of impair-
ment and the rate of decline. The stage between normal age-related cognitive decline and 
dementia, is often referred to as mild cognitive impairment (MCI). Individuals receiving this 
diagnosis are at larger risk of developing Alzheimer’s disease or other types of dementia than 
the general population (46). The reported yearly conversion rate lie between 5-20 % for the 
MCI population (47) and consequently, many MCI individuals do in fact remain stable for 
several years or never suffer from fully developed dementia. Despite the diverse clinical phe-
notypes of MCI and potentially ensuing neurodegenerative disorders, these patients often 
share similar fundamental pathological characteristics (48,49). The major hallmark among 
these characteristics is the aggregation of insoluble, non-functional proteins and peptides. 

Alzheimer’s disease 
Alzheimer’s disease (AD) is the most common cause of – and often used synonymously with 
– dementia. It accounts for more than 60 % of all dementia cases worldwide and was initially 
described by Alois Alzheimer in 1906 (50,51). The early disease stages are mainly character-
ized by loss of episodic memory. Individuals typically misplace items and forget complex 
instructions although their daily life remain largely unaffected (4). During the later stages of 
AD, the memory problems become more extensive and individuals frequently forget names 
of familiar things and people (51). They may perceive caregivers as imposers and often be-
come socially withdrawn, isolating themselves and forgetting social behavioural norms. At 
the final stage of disease, individuals are disoriented, unable to carry out normal conversa-
tions and suffer from major mobility problems. Issues with swallowing food or liquids in-
crease the risk of aspiration, which is the most common cause of death in AD (52,53). 
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Figure 4 – The Alzheimer's disease brain is characterised by extra cellular deposits of amyloid plaques and intra-
cellular aggregation of hyperphosphorylated tau into neurofibrillary tangles. Synaptic loss, as well as inflammation 
markers e.g. activated microglia and reactive astrocytes, are also observed in the Alzheimer’s disease brain. 

AD dementia is believed to begin with molecular and structural changes within the medial 
temporal lobe initially spreading from the hippocampus to the outer layer of the cerebrum 
(the neocortex). During autopsy, neurofibrillary tangles (NFT) and amyloid plaques are the 
two most characteristic molecular abnormalities observed (54) (Figure 4). Hippocampal at-
rophy is one of the earliest signs of AD and the subsequent cortical neurodegeneration fol-
low the same pattern as neuropathological staging of NFTs (55). The NFTs are made up of 
insoluble aggregates of the microtubule-associated protein tau (tau), which is believed to 
regulate transport across the axon and stabilize microtubule in its normal state (56). As tau 
becomes hyperphosphorylated, it forms aggregates that can fill the entire neuronal intracel-
lular space causing dysfunction through a number of mechanisms, including microtubule 
depolymerization (57). The depolymerization of microtubule can in turn lead to disturbances 
in the axonal transport, resulting in synaptic dysfunction, axonal degeneration and cell death 
(58,59). Tau pathology is an early feature of AD, and the presence of tangles correlates to 
neuronal loss and cognitive decline (60,61). However, neuronal death has also been observed 
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to precede tangles (62,63), suggesting that they may be a consequence rather than the cause 
of disease. 

 

The plaque deposits found in AD brains are also made up of insoluble aggregates of proteins 
but are mainly found in the extracellular space. In contrast to NFTs, plaques can contain a 
number of different proteins commonly occurring in the brain (64). One of the major com-
ponents is beta amyloid (Aβ), a 36-43 amino acid peptide generated through a series of cleav-
ages of the transmembrane protein amyloid precursor protein (APP) (65). APP is expressed 
in all cells but is particularly concentrated to the synapses in neurons. The primary function 
of APP is unknown but it has been implicated in synaptic formation and repair (66), func-
tions which are impaired in AD. Processing of APP can occur through two pathways (65), 
one that is amyloidogenic and one that is not. The amyloidogenic pathway produces insolu-
ble Aβ peptides, aggregating into Aβ oligomers and fibrils that are toxic to the neurons. It is 
believed that Aβ and the NFT pathology act synergistically, and hypothesised that the in-
creasing production, aggregation and accumulation of Aβ initiates the cascade of events ul-
timately resulting in neurotoxicity and neurodegeneration (67). Evidence supporting this hy-
pothesis originate from studies of genetic mutations causing inherited forms of AD. Muta-
tions in genes coding for APP and presenilin 1 (PSEN1) and 2 (PSEN2), which are part of 
the γ-secretase that processes APP, result in increased accumulation of Aβ and the develop-
ment of AD (68). About 5-10 % of early-onset AD incidences can be explained by mutations 
in APP, PSEN1 and PSEN2 but sporadic or late-onset AD is considered multifactorial. Risk 
factors of sporadic AD include genetic components e.g. the presence of an ApoEε4 allele, 
and prior physical conditions e.g. cerebrovascular disease and traumatic brain injury (69).  

 

The gradual appearance of tangles and plaques throughout the brain correlates well with the 
symptoms displayed in AD (70,71). Hippocampus and the medial temporal lobe – the most 
affected areas – are responsible for memory functions, as mentioned previously. The com-
prehensive symptoms displayed in the later stages of the disease, occur in conjunction with 
the spreading of lesions to the neocortex of both the temporal and frontal lobes. The con-
nection between tau- and Aβ pathology and the clinical presentation of AD is undeniable. 
Still, we do currently not understand whether the pathology is disease-causing, or if it arises 
as a consequence of disease. Several studies look beyond these two proteins in search of 
complementary pathophysiological pathways and novel disease-related proteins (72). Synap-
tic impairment occurs early in the development of AD, and altered levels of synaptic proteins 
have been observed prior to neurodegeneration and dementia (73–75). As mentioned before, 
cerebrovascular disease increases the risk of developing AD and reduction in cerebral blood 
flow is one of the first functional deviations in AD, preceding cognitive decline (76). 
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Neuroinflammation is another early characteristic of AD believed to be orchestrated by mi-
croglia (40). Proteins related to both cerebrovascular dysfunction and neuroinflammation 
have been observed to increase in cerebrospinal fluid from individuals in early as well as late 
stages of AD (77). Nordengren et al. found soluble TREM2, a marker of microglial activation, 
at elevated levels in individuals with subjective cognitive decline, suggesting that microglial 
activation occur already before measurable signs of cognitive impairment (78). 

 

There are currently no FDA approved disease-modifying treatments available for patients 
suffering from AD. The more than 20 investigated compounds reaching third stage clinical 
trials, have all failed to demonstrate effective deceleration of cognitive decline or improved 
brain function (79). The more than one hundred compounds presently undergoing clinical 
trials target multiple pathways, including Aβ and tau pathology, inflammation and mitochon-
drial-, metabolic- and vascular dysfunctions (80). Many of the investigated compounds are 
human or humanized monoclonal antibodies such as aducanumab and BAN2401. Both 
these antibodies are used to target Aβ pathology by binding to fibrillar and aggregated forms 
of Aβ, and have been shown to effectively prevent formation of amyloid plaques (81–83). 
While disease-modifying treatments are lacking, a few FDA approved drugs that slow the 
progression of dementia symptoms are available. These drugs comprise cholinesterase in-
hibitors and NMDA receptor antagonists, modulating neurotransmitter concentration and 
uptake at the synapses respectively (84,85).  

Frontotemporal dementia 
Although diagnosed at a lower frequency than AD (86), frontotemporal dementia (FTD) is 
the most common cause of young-onset dementia. Age at onset is typically between 45-65 
years, but FTD is believed to be underdiagnosed in the older population due to misclassifi-
cations (87,88). It is a progressive neurodegenerative disorder and patient history usually 
reveal a gradual change over several years prior to the first contact with a neurologist. In 
contrast to AD, the early clinical manifestations of FTD are often characterized by behav-
ioural changes and language impairments, as the frontal and lateral temporal lobes are the 
first to be affected (89). Depending on the initial symptoms and pattern of atrophy detected 
by MRI or positron emission tomography, individuals are given a diagnosis of behavioural 
variant FTD (bvFTD) or primary progressive aphasia (PPA) (Figure 5). Presentation of 
bvFTD is accompanied by changes in personality and behaviours such as disinhibition, loss 
of empathy, preservative behaviour and apathy (90). Individuals with PPA can be further 
divided into subgroups with varying symptoms (91,92). Semantic variant PPA (svPPA) in-
clude individuals with fluent speech but impaired single word comprehension. These indi-
viduals have no or small problems producing speech but have a hard time understanding the 
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Figure 5 – Schematic of the FTD subtypes and lvPPA. The logopenic variant PPA, although similar to the other 
PPA variants, mainly display AD pathology.  

meaning of certain words. Nonfluent variant PPA (nvPPA) include non-fluent speech with 
difficulties composing sentences due to agrammatism and apraxia of speech. Individuals with 
this diagnosis can recall the meaning of words but have issues producing speech. The logo-
penic variant PPA (lvPPA) comprise individuals with non-fluent speech and difficulties find-
ing words, both in spontaneous speech and when reciting after someone. However, these 
individuals can still recall the meaning of words, similarly to individuals with nvPPA. Alt-
hough the PPA variants are similar in that they present with language impairments, their 
underlying pathology is different, and lvPPA individuals mainly display AD pathology (93). 

 

As the disease progresses, the symptoms often converge and differences between variants 
becomes smaller. Patients that initially displayed quite different symptoms can over time 
develop more general cognitive impairments and problems with motor functions (94,95). 
Late-stage FTD patients have an increased risk of fall-related injuries and secondary infec-
tions, with pneumonia and aspiration being the most common causes of death (96–98). De-
pending on the severity of the symptoms and how fast they progress, the life expectancy of 
an individual with FTD can range from a few years to about one decade (99). 

 

The first case of FTD was described by Arnold Pick in 1892, and the disease was conse-
quently named “Pick’s disease” in 1922 (100). The name has since been changed, and Pick’s 
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disease now refer a specific subtype of frontotemporal lobar degeneration (FTLD), the un-
derlying pathology of FTD. FTLD is characterized by neuronal loss, gliosis, microvacuola-
tion, accumulation of insoluble proteins and atrophy of the frontal and temporal lobes (96). 
Each subtype is associated with aggregation of a specific protein and the three main subtypes 
are FTLD-tau, FTLD-TDP and FTLD-FUS (Figure 6). About 40 % of all FTLD cases are 
of the FTLD-tau type, defined by accumulation of hyperphosphorylated tau in the absence 
of amyloid plaques (101). The aggregates can display a range of different morphologies and 
be further subdivided by the type of tau isoforms predominantly found in the aggregate 
(102). Alternative splicing of the MAPT RNA molecule gives rise to six tau isoforms that 
differ both at the N- and C-terminal parts. Differences in splicing of exon 10 yield three or 
four repeats of a highly conserved 18 amino acid long sequence (3R and 4R) close to the C-
terminal (103). Since its discovery in 2006 (104), it has been recognised that the FTLD-TDP 
subtype accounts for about 50 % of all FTLD cases (105). It is characterized by accumulation 
of the TAR DNA-binding protein of 43 kDa (TDP-43) and the aggregates can adopt various 
morphological shapes. FTLD-FUS is the most common pathology found in the remaining 
10 % of FTLD cases and is identified by FUS-positive inclusions in neurons and glia (106).  

 
Figure 6 – FTLD subtypes and genes with genetic variants associated to each subtype (displayed in grey). The 
FTLD-tau subtype can be further divided into three groups based on the type of tau isoform predominantly found 
in the pathological aggregates. The FTLD-TDP subtype is in turn subdivided into four groups depending on what 
type of morphology the TDP-43 aggregates display (A-D). The FTLD-FUS subtype is characterised by FUS-positive 
inclusions. 

A number of genetic variants are present in families with inherited forms of FTD, and can 
be linked to the different FTLD subtypes (Figure 6). Variants found in the genes C9orf72, 
GRN and MAPT account for the majority of familial FTD cases but mutations are also 
found in TBK1, TARDP and FUS as well (107–110). Genetic variants in the MAPT and FUS 
 



Part One: Dementia 

 12 

genes have naturally been associated to the respective subtype; FTLD-tau and FTLD-FUS 
whereas variants in C9orf72, GRN, TBK1 and TARDP are all connected to the FTLD-TDP 
pathology. While the genetics behind familial FTD has been extensively mapped, the major-
ity of individuals with FTD still appear sporadically (111). The evidence of potential risk 
factors for sporadic FTD is in general limited, but two recent studies show that self-reported 
anxiety and obesity might increase the risk (112,113). Exactly what initiates disease develop-
ment, and if it is in fact the same disease, is however yet to be discovered. As mentioned 
above, gliosis is a common pathology in FTD and alterations to both innate and adaptive 
immune responses have therefore been proposed to contribute to disease (114). The protein 
products of GRN (progranulin) and TBK1 (TANK-binding kinase 1) have been implicated 
in immune related processes and progranulin is suggested to supress microglial activation 
(115,116). These findings imply that FTLD GRN carriers could lack an important “brake” 
in glia-mediated neuroinflammation due to the loss of function of progranulin (117). FTLD 
GRN carriers have furthermore been shown to display more amoeboid microglia than FTLD 
C9orf72 carriers (118). Disruption of cellular waste disposal and autophagy is another theory 
emerging as a potential underlying mechanism of FTD (114). Alterations in waste disposal 
could possibly lead to subcellular accumulation of toxic molecules, progressive neuronal 
damage, aggregation of misfolded proteins and ultimately neuronal death. Knock-down of 
C9orf72 in cell lines has resulted in altered endocytosis and autophagy, although the function 
of C9orf72 remains unknown (119). Progranulin deficient mice likewise show defective deg-
radation pathways and impaired autophagy (120). One genome-wide association study fur-
ther identified a few loci, with possible connection to immune system processes and autoph-
agy pathways, to be associated to FTD (121). 

 

Treatments approved for use in AD generally display no clinical benefits for patients with 
FTD, and might even have adverse effects on both cognition and behavioural symptoms 
(122). Antidepressants, e.g. selective serotonin reuptake inhibitors, can reduce some of the 
agitated and impulsive behaviours displayed by FTD patients (123). Moreover a healthy life-
style has also been suggested to mitigate the effects of dementia (124). The use of anti-psy-
chotics may diminish behavioural symptoms in some patients, but should be used with cau-
tion due to their many potentially adverse side-effects (125). Emerging strategies for disease-
modifying treatments mainly target tau, progranulin and C9orf72. Several molecules and an-
tibodies inhibiting tau phosphorylation, acetylation and aggregation are currently undergoing 
clinical trials (126). A monoclonal antibody against the sortilin receptor, and thereby possibly 
increasing progranulin levels, has also reached clinical trials (127). Clinical trials of antisense 
oligonucleotide therapy targeting C9orf72 in ALS, are already underway and will soon also 
be initiated for patients with FTD. 
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Disease commonalities 
While AD and FTD have their own characteristic features, they share certain molecular 
mechanisms with each other as well as with other neurodegenerative disorders. The major 
features of these disorders are deposits of pathologically altered proteins and selective loss 
of neuronal subpopulations. The FTLD-TDP pathology seen in FTD is also found in ALS, 
in which up to 50 % of individuals develop symptoms of FTD during the course of disease 
(128). In addition, about 15 % of patients with FTD develop ALS or other motoric symp-
toms (129). Some genetic variants have been identified in families where several individuals 
develop either ALS and/or FTD, verifying the theory that they are alternative presentations 
of the same disease (130). The two parkinsonian syndromes corticobasal degeneration 
(CBD) and progressive supranuclear palsy (PSP) also display 4R-tau pathology (131). To-
gether with FTD and ALS they are often thought of as different pathologies on a common 
spectrum (Figure 7). 

FTD is heterogeneous on a neuropathological, genetic and clinical level, rendering it difficult 
to diagnose. The symptoms, although more associated to the frontal lobe, can easily be mis-
interpreted as symptoms of AD. Differentiating the two diseases can be particularly hard at 
an advanced age when memory impairments are common for both conditions. This is espe-
cially true for FTD individuals with less pronounced frontal atrophy. While hippocampal 
atrophy is an important feature of AD, it lacks specificity and is observed during normal 
ageing and across multiple disorders including FTD (55). Late-onset FTD has furthermore 
 

 
Figure 7 – A simplified overview of neurodegenerative disorders and their overlapping pathologies. ALS: amyo-
trophic lateral sclerosis, FTD-MND: frontotemporal dementia with motor-neuron symptoms, svPPA: semantic 
variant primary progressive aphasia, bvFTD: behavioural frontotemporal dementia, nfvPPA: non-fluent variant pri-
mary progressive aphasia, CBD: corticobasal degeneration, PSP: progressive supranuclear palsy, lvPPA: logopenic 
variant primary progressive aphasia, AD: Alzheimer’s disease. 
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been associated with higher prevalence of comorbid pathological changes (132). Increasing 
amounts of evidence suggests that neurodegenerative diseases commonly overlap and that 
symptoms displayed possibly reflect a combination of multiple diseases. AD pathology fre-
quently co-occurs with alpha-synuclein deposits, TDP-43 aggregation and signs of cerebro-
vascular disease (133). As mentioned above, amyloid pathology also occurs in individuals 
with PPA, especially in the lvPPA variant (134). Individuals with comorbidities, often display 
severe impairments, fast disease progression, atypical clinical presentations and a worse over 
all prognosis (135). 

 

The similarities observed between different neurodegenerative disorders and dementias is a 
double-edged sword. Shared initial symptoms and unpredictable disease outcome complicate 
the clinical diagnosis, prognosis and treatment of patients. The large amounts of common 
implicated pathways and processes further obstruct our understanding of disease mecha-
nisms. However, due to this intricate network of co-occurring pathologies and symptoms, a 
breakthrough in any disorder could render the possibility for it to be utilized across all dis-
orders – enabling faster advancements within diagnostics, therapeutics and the field of bi-
omarker discovery. 

Biomarkers within dementia 
Biomarkers are found within multiple medical disciplines and are stipulated to be “A defined 
characteristic that is measured as an indicator of normal biological processes, pathogenic 
processes or responses to an exposure or intervention.”, according to the FDA-NIH Bi-
omarker Working Group (136). This characteristic can be molecular, histological, radio-
graphical or physiological and be used for diagnostic, prognostic and predictive purposes 
etc. 

  

While the characteristic neuropathological patterns observed in AD and FTD are great his-
tological biomarkers for confirming a diagnosis post mortem, they have limited clinical diag-
nostic value. As described above, brain atrophy can be detected with MRI and the technology 
is commonly applied to investigate individuals with probable dementia. Apart from studying 
atrophy, MRI can be used for excluding comorbid conditions e.g. tumors, lesions and vas-
cular malformations (137). Typical AD can be distinguished from non-AD dementia using 
MRI but the specificity and sensitivity vary across brain regions. A similar variation is seen 
when using MRI to explore differences between FTD subtypes and other dementias (138). 
However, focusing on white matter changes might provide more accurate classification, es-
pecially between AD and FTD (139). 
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18F-fluorodeoxyglucose-positron emission tomography (FDG-PET) is another imaging 
technique used in dementia diagnostics. It investigates the metabolic activity in tissues such 
as the brain by using radiolabeled analogs to glucose. Metabolizing cells are imaged and pat-
terns of neuronal injury can be identified by hypometabolism and/or hypoperfusion (140). 
Most neurodegenerative disorders show characteristic FDG-PET patterns in various brain 
regions and not only the most affected one, resulting in a substantial overlap between disor-
ders. The sensitivity and specificity of PET imaging as a diagnostic biomarker of neuro-
degenerative disorders can be improved by utilizing protein-specific PET-tracers (141). The 
development of these specific PET-tracers has enabled imaging of the underlying molecular 
pathology e.g. amyloid plaques and tau aggregates (142). They can further be used to monitor 
disease progression and response to therapy, a feature that will become increasingly im-
portant as new drugs are developed (143). 

 

Besides imaging biomarkers, measurements of molecular biomarkers in body fluids are 
broadly applied in dementia examinations. A number of recent developments have enabled 
the possibility to measure dementia-related proteins in plasma and serum (144,145). How-
ever, the cerebrospinal fluid still remains the most utilized body fluid in biomarker measure-
ment and discovery for the neurodegenerative disorders. 

The Cerebrospinal fluid 
Cerebrospinal fluid (CSF) is the clear fluid that surrounds the brain and spinal cord. It cush-
ions the brain, giving mechanical protection, and buffers chemicals and proteins diffused 
from the central nervous system (CNS). The constant flow of CSF help carry nutrients to 
and from the brain, as well as clearing waste products formed during metabolism. CSF also 
facilitates signalling across the brain by transporting neuropeptides and hormones secreted 
by neurons and microglia (146,147). The adult CNS contains about 150 mL of CSF that is 
renewed throughout the day, at a rate of 25 mL/h (148,149). Since the early 1900’s it has 
been commonly believed that the majority of CSF is produced in the choroid plexus, a struc-
ture comprised of specialized glia cells connected by tight junctions, referred to as the blood-
CSF barrier (Figure 8). However, an alternative hypothesis in which the primary source of 
CSF is the osmotic and hydrostatic transport of water, nutrients and proteins across the 
blood-brain-barrier, was proposed by Ores ̌kovic ́ et al. in 2010 (150). Many agree with 
Ores ̌kovic ́ and today, a mixture of the two theories seems to be generally accepted, suggest-
ing there to be truth to both claims (151). For sampling, CSF is collected through a procedure 
referred to as a lumbar puncture (LP), where a needle is inserted into the subarachnoid space 
of the spinal cord between two vertebra in the lower part of the spine. Most of the emerging 
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Figure 8 – Illustration of the CSF circulation system in the brain. CSF is partly formed in the choroid plexus by 
filtration of blood through the blood-CSF barrier. 

techniques used for proteomic and genetic studies can perform multiple experiments with 
only a few hundred microliters of CSF, but depending on the purpose of the study, collection 
volumes range from 0.5 ml up to 15-20 ml (149). 

 

Due to their close proximity, molecular changes in the brain – such as pathological accumu-
lation of insoluble proteins – are reflected in the composition of CSF. Hence, measurements 
of the CSF content provides a mean for studying processes in the living brain. In the context 
of dementia, it has traditionally been used to exclude infectious conditions, inflammation 
and malignancy but also to study these event (152,153). Low CSF amyloid peptide (Aβ1-42) 
levels in combination with elevated levels of total tau and phosphorylated tau, can differen-
tiate between individuals with AD pathology and others already at stages of MCI (154,155). 
Presence of these proteins in CSF are now widely accepted as an indicator of AD neuropa-
thology and is used clinically to support an AD diagnosis (156). Neurofilament light chain 
(NF-L) is another protein often measured in CSF and is a proposed biomarker of neuroax-
onal damage across multiple disorders (157), and is observed at particularly high levels in 
ALS and FTD (158). A number of other proteins with disease-associated profiles have been 
identified such as neurogranin, neuromodulin, chitinase-3-like protein 1, neuronal pentraxin 
receptor and glial fibrillary acidic protein (159–163). 

 

To be able to utilize the CSF protein content for studying disease, it is important to under-
stand its normal dynamics. Several studies have aimed to determine the healthy CSF prote-
ome, identifying over 2000 unique proteins (164–166). The concentration of a specific pro-
tein in CSF is dependent on several factors such as CSF and blood flow rates, the state of 
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the blood-brain-barrier and the diffusion properties of the protein (167,168). About 80 % of 
the proteins present in CSF are commonly believed to originate from blood and the rest 
from the CNS (168,169). The total CSF protein content has further been observed to follow 
a rostro-caudal gradient (RCG) with increasing concentration from the ventricular to the 
lumbar region (170). Several studies have shown that the concentration of blood-derived 
proteins follow the RCG, whereas CNS-derived proteins do not (171,172). In fact, Reiber 
demonstrated that proteins originating from neuronal and glial cells in the CNS instead de-
crease along the spine (170). However, similar results could not be obtained by either Brand-
ner et al. or Aasebø et al. (171,172). The total protein concentration in CSF is about one 
hundredth of that in plasma, although the plasma/CSF ratio for specific proteins vary 
(146,170,173). This can pose a challenge when working with CSF biomarkers as will be dis-
cussed in the next chapter. 
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Part Two: Proteomics

What is proteomics? 
At the end of the 20th century, the large advancements within the field of genomics culminated 
in the mapping of all human genes through the Human Genome Project (174). Parallel to 
these improvements in sequencing methods, rapid developments of analytical tools for stud-
ying proteins were being made. These advancements lead to the coining of the term proteomics 
in 1994 (175), referring to large-scale experimental studies of proteins.  

Proteomic approaches and their applications 
Genes are at times called the recipe of life, and therefore proteins could be referred to as the 
ingredients of life. The order in which the ingredients should be mixed is read in our genome, 
but the proteins are what the final dish is made of. Proteins come in a range of shapes and 
sizes and are the building blocks of all living cells. Their function can vary from being a 
purely structural unit in the cytoskeleton, to working as a signalling molecule traveling 
through the organism carrying messages for other cells. A variety of methods are commonly 
used to characterise proteins on a structural level and the three dimensional structure can be 
studied by for instance X-ray crystallography and NMR spectroscopy. Mass spectrometry 
can be used to determine a protein’s mass and amino acid sequence, as well as to identify 
posttranslational modifications present on the protein surface. Affinity chromatography, sur-
face plasmon resonance, enzyme activity assays, chemiluminescence or immunofluorescence 
assays exemplify tools that can be used to infer possible functions and interaction partners 
for a specific protein. This chapter will only cover a more detailed description of the tech-
niques related to the work of the thesis, with which the presence of proteins in body fluids 
is investigated. 

Affinity based proteomics 
As indicated by the name, the subfield of affinity proteomics utilises reagents with affinity for 
specific proteins to study their location, amount or function. The most commonly used 
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affinity reagent is antibodies, which occur naturally as part of the adaptive immunity in ver-
tebrates (176). Antibodies are widely used for both diagnostic and research purposes and can 
for instance be applied to visualise proteins in tissue sections (Figure 9). One such method, 
relying upon antibodies targeting hyperphosphorylated tau, is Braak staging of neurofibrillary 
tau pathology in AD (177). And antibodies targeting Aβ, α-synuclein and TDP43 are utilised 
to confirm dementia diagnoses through immunohistochemistry (IHC) (96,178). The im-
mense number of available antibodies furthermore enable simultaneous staining of known 
neuropathological markers alongside other potentially disease-related proteins using multi-
plexed immunofluorescence (179,180) or similar methods. The antibody-based Western blot 
is another technique frequently applied to determine the molecular weight, presence and 
concentration of a protein in tissue lysates and body fluids. Presence of tau oligomers in CSF 
from AD patients has for example been confirmed using Western blot (181). 

 
Figure 9 – Examples of immunoassay platforms. Proteins in tissue samples and electrophoresis separation gels can 
be detected by antibodies in solution using IHC and Western blot respectively. Proteins in solution can be de-
tected with antibodies immobilised to mictrotiter plate wells in sandwich assay formats (ELISA) or in single binder 
or sandwich assay setups using micropspheres (SBA and SIMOA). Antibodies tagged with complementary oligo-
nucleotides can also be used to detect a protein in solution (PEA). Common reporter molecules include fluoro-
phores and enzyme substrates and these are in many assays covalently linked to a secondary antibody with affinity 
for the primary detection antibody. 

Numerous dual binder, or sandwich assay, platforms used for measuring proteins in body 
fluids such as CSF exploit the increased specificity obtained from interactions of two anti-
bodies targeting the same protein. Using these platforms, the capture antibody is typically 
fixed to the surface of a microtiter plate well or microsphere (Figure 9). Samples are then 
added, allowing the target protein to interact with the antibody. A second, chemically labelled 
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detection antibody, is finally added to enable protein detection. Apart from Aβ and tau, a 
number of proteins such as growth factors and cytokines have been explored in AD CSF 
using commercially available enzyme-linked immunosorbent assays (ELISA) (182). Teunis-
sen et al. also used commercial ELISA-kits to validate their mass spectrometry based findings 
of eight proteins in CSF from FTD patients (183). Although immensely powerful for routine 
analyses as well as research, these pre-made kits aim to measure only a single analyte. For 
biomarker discovery, the more recently developed sandwich assay platforms provided by for 
instance Meso Scale, Qunaterix, Quansys system and Olink enables broader screening alter-
natives through multiplexed detection of up to a hundred analytes simultaneously. 

 

Another technology that allows for multiplexing of several hundred analytes in combination 
with a high throughput of samples, is the suspension bead array (SBA) used in all papers 
listed in Part Three: Present Investigations (184–186). The multiplexing and high throughput 
combined with the flexibility in panel design are features that make these arrays particularly 
useful in the context of biomarker discovery. SBAs are created using magnetic, color-coded 
microspheres and are flexible in terms of expanding the number of target analytes compared 
to planar antibody arrays (Figure 9). Where planar arrays are constrained to their printed 
format, SBAs allow for addition of new targets by simply including new bead IDs. The 
unique IDs are achieved by colouring the beads with three fluorescent dyes at different rel-
ative amounts. Each specific antibody is separately conjugated to beads of one ID, and then 
combined to create an array in suspension. The set-up can be used as a single binder assay, 
where samples are directly labelled with biotin, or as a sandwich assay in which the detection 
antibody is directly or indirectly labelled. When applied in the sandwich assay format how-
ever, the multiplexing is limited to the number of wells per assay plate. 

 
Figure 10 – Affinity reagents. Apart from the widely used antibodies, antibody derivatives such as the nanobody, 
alternative scaffold proteins (e.g. the Affibody), short peptides and oligonucleotides are examples of affinity rea-
gents commonly applied in proteomic studies. 
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Antibody derivatives, alternative scaffold proteins, shorter peptides and oligonucleotides ex-
emplify other affinity reagents, or binders, frequently applied in proteomic studies (187,188) 
(Figure 10). Their small size, render antibody derivatives particularly suitable for therapeutic 
delivery and they are extensively researched for that purpose. Furthermore, where the size 
of antibodies limit their use for in vitro imaging techniques, antibody derivates can be used 
for improved binder permeation and thus increase image quality. Nanobodies are antibody 
derivatives produced from heavy-chain antibodies that occurs naturally in animals from the 
Camelidae family (including camels, llamas and alpacas) (189). By fusing a nanobody with a 
fluorophore, Fang et al. showed that it was possible to combine confocal light microscopy 
and electron microscopy to image mice brain tissue at a high resolution, as well as creating a 
three dimensional reconstruction of specific brain sections (190). Another example is the 
Affibody molecule which is an example of an alternative scaffold protein derived from the 
immunoglobulin G-binding domain of staphylococcal protein A (191). It can be used for a 
range of different applications, including imaging, therapy and drug delivery. The monomeric 
Aβ-binding ZSYM73 affibody was recently shown to slow the development of Aβ pathology 
in APP/PS1 double transgenic mice, without any adverse side-effects (192). Oligonucleo-
tides such as aptamers are at the centre of many therapeutic strategies within cancer (193) 
and cardiovascular disease (194), and can furthermore be used for proteomic measurements. 
Characterization of phosphorylation sites on tau was made possible by Teng and colleagues, 
using aptamers (195). A highly sensitive dual binder system combining aptamers and anti-
bodies for quantification of Aβ, t-tau and p-tau in human serum and CSF was recently pre-
sented by Chan et al. (196). 

 

In addition to functioning as independent affinity reagents, oligonucleotides can also be 
combined with other binders to enhance the performance of immunoassays, such as the 
proximity assay provided by Olink (Figure 9). Proximity ligation assays and proximity exten-
sion assays both utilise antibodies for detection of target proteins, but unlike standard im-
munoassays, the detection is mediated by hybridisation of complementary oligonucleotides 
attached to the two antibodies. A signal is only obtained when the antibodies are in close 
proximity to each other, i.e. binding to the same protein molecule. This setup enhances both 
the specificity and the sensitivity of the assay (197,198). Whelan and colleagues, were recently 
able to identify ten potential CSF biomarkers related to AD using the Olink platform (199). 
The SIMOA technology instead uses the isolation of individual immunocomplexes to in-
crease assay sensitivity and recent advancements have made it possible to detect low abun-
dant proteins such as NF-L on a single molecule level (200). As mentioned previously, low 
Aβ42 CSF levels in combination with high levels of t-tau and p-tau, are markers of AD. 
Patterns similar to those seen in CSF can also be detected in blood, using the SIMOA 
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technology (201) and increased levels of tau has furthermore been observed in plasma from 
FTD patients (202). 

 

Affinity-based strategies are immensely powerful when it comes to studying a limited and 
well-characterised number of proteins. The affinity reagents are multimodal, meaning that 
they can be used across multiple platforms. An antibody able to visualise a protein in a brain 
tissue section could also be used to measure the same protein in tissue lysates or CSF 
(184,203). If the protein target is disease-relevant, it is possible to develop a drug or thera-
peutic delivery system using the same antibody or its derivatives. The antibody trastuzumab 
(brand name Herceptin) which targets the HER2 receptor, is approved for treatment of can-
cer but is also being clinically evaluated as a tool for imaging (204,205). The BAN2401 anti-
body, currently investigated for use in AD immunotherapy, has also been tested as a possible 
binder for PET imaging (206,207). The positive aspects of working with affinity reagents are 
many, but a common limitation is the hypothesis-driven set-up. Each project requires a pre-
selection of binders based on existing knowledge. The selection is commonly made from a 
list of proteins believed to be implicated in a specific disease due to their function, relevance 
to a specific pathway or enrichment in a tissue or organ. Where affinity proteomics provide 
a flexible way of studying proteins in a targeted fashion, mass spectrometry enables explora-
tion of proteins in a non-targeted manner. 

Mass spectrometry 
Apart from characterising protein primary structure, mass spectrometry is today used to 
study the presence and levels of proteins. Rather than depending upon chemical affinity, 
mass spectrometry (MS) based approaches analyse the mass and charge of molecules, allow-
ing non-targeted identification of proteins or peptides. In a regular MS workflow the target 
molecules are ionized upon entering the system and the resulting ions are separated by the 
analyser according to their mass-to-charge (m/z) ratio (Figure 11). The separated ions are 
thereafter identified by an ion detector such as an electron multiplier. Traditionally, MS sys-
tems have been applied successfully to identify smaller molecules and chemical compounds, 
but analysis of large molecules such as proteins was found challenging. The introduction of 
protein digestion into peptides and separation by liquid-chromatography (LC) prior to the 
MS, together with instrument improvements in terms of ionisation and detection, substan-
tially improved the usability of MS for protein analysis (208). However, even better coverage 
and accuracy could be obtained by the implementation of a tandem MS workflow (MS/MS). 
In an MS/MS system, a number of the most abundant precursor ions are selected for sec-
ondary fragmentation. After the fragmentation the so-called product ions are separated by 
their m/z ratio and finally detected. The MS/MS strategy combined with instruments of 
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Figure 11 – Schematic of the MS workflow. The target molecules are ionized upon entering the MS system, using 
for example electrospray ionization (ESI). The produced ions are thereafter separated according to their mass-to-
charge (m/z) ratio in the mass analyser which is commonly an orbitrap. The separated ions are finally identified by 
an ion detector e.g. an electron multiplier. 

increasing resolving power has further enabled protein sequence identification and the anal-
ysis of posttranslational modifications (209). 

 

Most proteomic studies use the so-called bottom-up approach where proteins are i) extracted 
from a tissue, cell or body fluid sample, ii) enzymatically digested, iii) separated by their hy-
drophobicity using LC, iv) ionized by electrospray ionization (ESI) and v) analysed using an 
ion trap analyser such as an Orbitrap (208,210). This workflow can be used both for non-
targeted and targeted analysis of proteins for biomarker discovery (Figure 12). Non-targeted 
discovery-phase studies, often aim to detect a large number of proteins in a limited number 
of samples (183,211,212). For these type of studies, the mass analyser is typically set to select 
the most abundant precursor ions for secondary fragmentation. As mentioned in the previ-
ous chapter, more than 2000 unique proteins have been identified in human CSF using this 
approach and a handful of pooled samples (164,166). In the context of dementia, Teunissen 
et al. identified differences between FTD, AD, dementia with Lewy bodies and vascular de-
mentia for 56 proteins, using an non-targeted MS/MS approach (183). Van der Ende and 
colleagues found about 20 proteins with different levels in FTD mutation carriers and non-
carriers, also using an non-targeted discovery phase (211). 

 

Due to the complexity of biological samples, depletion of highly abundant proteins is regu-
larly done in order to decrease possible interference and obtain better protein coverage (213). 
Most studies also include a prefractionation step prior to the LC (214), to further reduce 
sample complexity and allow the identification of a larger number of proteins. Isobaric  
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Figure 12 – A bottom-up approach MS workflow. CSF samples are collected from test subjects and thereafter 
enzymatically digested. The cleaved peptides are separated by their hydrophobicity in an LC system before injec-
tion into the MS instrument. In the non-targeted approach, the most abundant precursor ions are automatically 
selected for secondary fragmentation and subsequent detection. Using a targeted approach, precursor ions with 
a particular m/z ratio and retention time are instead selected for secondary fragmentation. 

labelling strategies, such as tandem mass tags (TMT), can be used to quantify protein levels 
from multiple samples at once (166,215,216). Using TMT, Ping et al. identified over 11 000 
unique proteins in a pool of brain tissue from AD and Parkinsons disease (PD) patients. 
Labelling strategies can also be used for comparing protein levels between different sample 
groups, as done by Sathe et al. (217). Out of the more than 2 000 proteins identified, 139 
were found at altered levels in AD patients compared to controls. 

 

For targeted MS strategies where quantification of specific proteins or peptides often is the 
main focus, ions with a specific m/z ratio and retention time are preselected, typically during 
an non-targeted discovery phase (218). As the preselected ions enter the mass analyser they 
are selected for a secondary fragmentation and the resulting product ions are then detected. 
Parallel reaction monitoring (PRM) is an emerging targeted MS approach used to validate 
protein biomarkers (210,211,215,217,219,220) and is also the method used in Paper II. In 
the PRM approach, a quadrupole mass analyser is used to separate and select a specific set 
of precursor ions based on their m/z ratio. These are then fragmented by collision-induced-
dissociation and separated in an orbitrap mass analyser before detection. The combination 
of a quadrupole and an orbitrap allows for detection of a larger number of fragment ions in 
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parallel, compared to for instance selected reaction monitoring (SRM)(210), where one prod-
uct ion is detected at a time. The PRM system simplify the development of targeted methods 
compared to multiple reaction monitoring (MRM), which requires an accurate selection of 
the transition list (fragment ions) beforehand. After discovering the 20 proteins with differ-
ent levels between FTD mutation carriers and non-carriers, Van der Ende et al. could verify 
five of the proteins using PRM (211). Six of the proteins measured by Sathe et al. during the 
discovery phase were verified in a second sample set, also using targeted MS (217).  

 

Internal standards are often used in targeted MS studies to account for run-to-run variability 
and to enable quantification of peptide levels (219,221,222). These are isotope-labelled pro-
teins or peptides added to the sample at a known concentration before analysis. Brinkmalm 
et al. analysed 13 proteins associated to neurodegenerative disorders in CSF, with a PRM 
workflow including peptide standards (220). In Paper II we utilise heavy labelled QPrESTTM 
for quantification of proteins identified by SBAs (219). 

 

Mass spectrometry methods enable un-biased identification and quantification of proteins 
using both targeted and non-targeted approaches. Historically, the laboratory procedures of 
mass spectrometry have been time consuming due to the extensive sample preparation, mak-
ing it low throughput compared to immunoassays. The robustness of an assay has previously 
also been instrument and work-flow dependent, complicating translation between laborato-
ries and possibly accounting for lack of reproducible results between studies. However, re-
cent technological advancements have improved both throughput and sensitivity, enabling 
mass spectrometry systems to compete with high performing immunoassays (223,224). Im-
munoassays and mass spectrometry-based methods both have their respective strengths and 
weaknesses, but when combined they represent a powerful approach for the evaluation of 
protein profiles (183,212,219,224). 

Challenges for proteomic studies 
The field of proteomics undoubtedly hold great potential for deepening our understanding 
of human biology in health as well as disease. However, a large proportion of published 
results on disease associated proteins are not followed up or cannot be reproduced (225,226). 
Thus, only a fraction of the many biomarkers proposed each year come in to clinical practice. 
One factor contributing to the low reproducibility across studies, is the publication bias to-
wards positive results. Unintentional misuse of statistics may add to this phenomena, as a 
result of “researcher degrees of freedom” (227). Researchers often have the possibility to 
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explore various analytical alternatives to find statistically significant results even when such 
results might not be meaningful given the context or scope of the study. When any and all 
positive indications are published, independent of effect size or biological relevance, it be-
comes difficult to find and focus on the truly promising biomarkers for follow-up studies. 
The lack of standardisation and harmonisation across the technologies used and discrepan-
cies in patient inclusion criteria, further lowers reproducibility of published data. Some addi-
tional factors potentially influencing the reproducibility and possibility to follow up results 
obtained through proteomic studies are further discussed below. 

Technical challenges 
The previous section briefly touched upon some of the intrinsic challenges connected to 
affinity proteomic and mass spectrometry (MS) methods. Properties such as protein concen-
tration range and the presence of different proteoforms are challenges common to most 
methods studying proteins. As mentioned before, the total protein concentration in CSF is 
about one hundredth of that in plasma or serum, ranging from 0.2 - 0.8 mg/ml (146,170,173). 
Furthermore, the CSF proteome has a large dynamic range and the majority of the protein 
content is made up of albumin and immunoglobulins (164,228). In their comprehensive map 
of the normal human CSF proteome, Zhang et al. found that the ten most abundant proteins 
made up 75 % of the total CSF proteome (228). MS methods are usually preceded by a 
depletion, fractionation or enrichment step, as described earlier. Without these procedures, 
low abundant proteins could be masked by high abundant ones and therefore not accurately 
detected. Although these steps are necessary to detect low abundant proteins, they can in-
terfere with the detection of other, potentially disease-relevant proteins as recognized by 
Günther et al. (229). In another study, Jankovska and colleagues identified more than 100 
CSF proteins co-depleted during protein enrichment and affinity depletion of the 14 most 
abundant proteins (230). In contrast to MS methods, highly selective antibodies in combina-
tion with various amplification methods allow immunoassays to detect low abundant pro-
teins in complex mixtures without depletion or fractionation. However, there is a range of 
different events that can affect the results obtained by antibody-based methods e.g. off-target 
interactions in the absence of the target protein or epitope similarities across several proteins 
(231). Masking of the epitope by protein-protein interactions can also influence the result. 
Furthermore, antibodies are context dependent and should ideally be tested and validated in 
every new application. The context dependent performance is to be expected, as both sam-
ples and antibodies are treated differently across assays. In sandwich assays, proteins are 
typically in their near-native form and the antibodies are either fixed to surfaces or in solu-
tion. In Western blot and immunohistochemistry however, proteins are fully or partly dena-
tured and the antibodies are always in solution. For both categories of methods, the antibod-
ies can furthermore be covalently linked to a variety of signalling molecules potentially 
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disturbing target binding. Consequently, approaches for antibody validation should be car-
ried out with the context of the specific assay in mind. Proposed methods for antibody val-
idation include examination of negative and positive control tissues or cell lines (often ge-
netically altered), epitope-independent antibody strategies and orthogonal methods (232–
234). 

 

Many proteins are present in a variety of proteoforms, further contributing to the complexity 
of biological samples (235). Proteoforms can arise as a result of genetic variation within the 
coding gene, RNA splice variants and post-translational modifications (PMTs). While differ-
ent forms of Aβ and other proteins e.g. secretogranin-2 and apolipoprotein A-1, have been 
suggested to be of importance for AD (236–238), proteoforms in general pose a technical 
challenge for both antibody- and MS based methods. Antibody epitopes can be concealed 
by the addition of PTMs, or completely absent in certain splice variants, rendering analysis 
of some proteins difficult. In MS studies, splice variants and PTMs can for instance affect 
protein digestion, resulting in incomplete digestion or creation of unexpected peptides. 
However, these characteristics are also precisely what render MS strategies useful for identi-
fying individual protein proteoforms (235,239). Regardless of the technology used, some 
proteoforms might be undistinguishable, resulting in detection of mixtures of protein vari-
ants.  

 

The quality of a sample also limits the type of information a proteomic analysis can yield. 
The collection procedure is the first step affecting sample quality. Various amounts of blood-
contamination can arise during CSF collection, leading to an altered protein profile 
(149,172,240). Blood contaminations are moreover a potential source of proteases inducing 
protein degradation (241). The effect of protein degradation prior to sample analysis can 
affect antibody binding, as mentioned previously. The effect might be particularly large for 
detection methods utilising antibodies recognising conformational epitopes, which are al-
tered when denatured. In fact, the binding of antibodies detecting linear epitopes can actually 
benefit from protein denaturation or degradation. Polyclonal antibodies might be less sensi-
tive to poor sample quality compared to monoclonal antibodies, due to the larger number 
of potential epitopes covered by the affinities of polyclonal reagents.  

 

The storage tube type has been shown to affect CSF content as a result of proteins binding 
to the tube material (242). Storage temperature and volume, as well as the number of freeze-
thaw cycles also affect the quality of biological samples (243,244). For MS methods, poor 
sample quality often result in a change in the number and intensity of peaks in the MS  
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spectra, as observed by Ranganathan et al. (243). If samples from two disease groups have 
been subjected to slightly different pre-processing steps, potential disease-related effects can 
be obscured by these types of alterations. However, these effects are highly protein depend-
ent and need to be examined for each protein separately to understand the degree of influ-
ence. 

 
Figure 13 – Inter-individual variation has to do with the difference between two or more individuals whereas intra-
individual variation deal with differences within the same individual over time. 

Inter- and intra-individual variation 
Although humans in general look and behave alike, we are all quite unique when it comes to 
our proteome. Apart from discrepancies arising as a consequence of method choice or sam-
ple collection, normal inter-individual differences are also reflected in the result of proteomic 
studies (Figure 13). When comparing CSF proteins from 10 individuals, sampled two times 
within four weeks, Schutzer et al. found that the inter-individual variation was larger than the 
intra-individual variation (164). Schiele et al. identified the same trend when following 12 
individuals over the course of two years (245). Many biomarker studies typically compare 
groups of individuals with each other to identify proteins that are altered between the groups. 
The between-individual variability affects the interpretation of results obtained through such 
comparisons. An ideal biomarker should be able to distinguish all individuals affected by a 
disease from healthy individuals but in reality, this is rarely the case. While the mean or me-
dian value of a biomarker might be higher in one group compared to another, there is often 
a substantial overlap which can be ascribed to the heterogeneity seen between individuals. 
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Our genetic predisposition influences the physical and molecular state of our bodies and is 
one of the factors contributing to between-individual variability. As mentioned previously, 
mutations in genes such as GRN and APP directly influence the levels of specific proteins 
and are believed to contribute to the development of FTD and AD respectively (246,247). 
However, the majority of genetic differences found throughout the population do not give 
rise to disease, but can still influence protein levels across individuals. How certain genetic 
variants affect protein levels can be studied using genotype-protein associations such as pro-
tein quantitative trait loci’s (pQTLs)(248). Sun et al. profiled about 3 000 plasma proteins and 
10.6 million genetic variants in individuals from the INTERVAL study and identified 1 927 
pQTLs for 1 478 of the studied proteins (249). In an epidemiological study exploring the 
effects of genetics together with age, sex and lifestyle in 970 individuals, the levels of 58 
proteins (of the 77 measured) were found to be heritable (250). To what extent a specific 
protein is influenced by genetics vary, and Enroth et al. found strong genetic associations for 
14 of the 58 proteins studied, with one SNP explaining up to 36 % of the protein abundance 
variability. Apart from the genetic components, endogenous factors such as age and sex can 
influence the composition of the proteome and contributes to the heterogeneity and varia-
bility seen in proteomic studies. 

 

In the context of dementia, age is one of the most important possible confounders, and 
needs to be considered during study design and analysis. If individuals are not properly age-
matched, one might find proteins displaying differences between two age groups, rather than 
two disease states. The results could be equally interesting, but perhaps not in line with the 
initial aim of the study. Several efforts have been made to determine how ageing affects the 
CSF proteome, and although most proteins seem to be stable over time, a number of pro-
teins have been observed to increase or decrease with age (251–255). Age-related changes 
have also been explored for CSF biomarkers such as tau, Aβ42 and NF-L. Higher tau con-
centration was associated with advancing age in a study by Glodzik-Sobanska et al. (256). 
They also reported that the Aβ42/Aβ40 ratio decreased with age although no significant 
interactions with age could be seen in their statistical model. However, already in 2001, Shoji 
et al. found that both Aβ40 and Aβ42 changed in a similar fashion during ageing, resulting in 
no age-related change in the Aβ42/Aβ40 ratio (257). In plasma, weak but significant corre-
lations to age have been observed for both tau and Aβ42 (258). An age-dependent increase 
in CSF NF-L concentration was observed by Yilmaz and colleagues (259), and recently Kha-
lil et al. reported increasing levels of NF-L with age in serum as well (157). Depending on the 
aim of a study, the age of included individuals needs to be taken into account and should 
preferably be thought about already during study design. 
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Figure 14 – Categories of factors that affect the proteomic profile of an individual and thereby contribute to inter- 
and intra-individual variation. 

Sex is another factor often discussed as a potential confounder that can influence proteomic 
study results. The hormonal differences between males and females contribute to physical 
as well as molecular differences between the sexes. Hormones such as oestrogen can affect 
expression of specific proteins (260) and sex is known to influence the incidence and severity 
of several medical conditions (261–263). The proteome in women is particularly susceptible 
to changes as a consequence of the menstrual cycle and pregnancy (264,265). Today, preg-
nancy is commonly used as an exclusion criteria in scientific studies due to ethical and safety 
reasons, but is also relevant from a confounding point of view. When comparing proteins in 
urine and CSF from males and females, Guo et al. identified pronounced differences in the 
urine, but not in CSF (255). Furthermore, about 200 proteins were shown to differ between 
female and male serum by Miike et al., although this study was done using a small sample set 
(266). Some proteins might be affected both by age and sex (267) and one way to circumvent 
the variability introduced by these factors is to determine reference values for different age 
ranges and for males and females (268,269). This has already been done for several proteins 
used in clinical practice but can be hard to achieve in research studies due to the diversity of 
applied assays, and the lack of knowledge about many of the studied proteins. 
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Differences on the proteomic level can also be seen between individuals with different body 
compositions or BMI. Proteins expressed in both CSF and plasma differ between obese and 
normal weight individuals and changes in response to weight loss (270,271). Being grossly 
overweight is associated with systemic inflammation which is stressful and damaging to the 
body (272). Obesity has been shown to increases the risk for a number of conditions asso-
ciated to inflammation e.g. diabetes, cardiovascular disease and metabolic syndrome (273–
275). 

 

As discussed in Part One, AD and FTD share some fundamental features and can display 
overlapping molecular pathologies with each other, as well as with other neurodegenerative 
disorders. The presence of comorbid conditions further complicate the proteomic profile of 
individuals, especially at an older age. Most neurodegenerative disorders are believed to have 
a long pre-clinical phase with altered protein profiles before onset of symptoms (276,277). 
Hence, it is possible that individuals displaying symptoms of one disorder, are also in the 
pre-clinical stages of another, even when no clear pathology can be seen yet. Inflammation 
is a common comorbid condition in neurodegenerative disorders which can alter the prote-
ome of both blood and CSF. Although some degree of inflammation is part of the normal 
ageing process, it has become evident that systemic inflammation has both acute and long 
term negative effects on brain function. Furthermore, it increases the risk of developing 
dementia (278) and patients with AD and other dementias are more vulnerable to the effects 
of inflammation than healthy elders (279). Inflammatory marker proteins have been shown 
to increase in both CSF and plasma from patients with AD and PD (280,281).  

 

The levels of metabolites and hormones are known to fluctuate throughout the day and are 
affected by disturbances in sleep patterns, eating behaviours and seasonal changes. Protein 
levels are also believed to be affected by the circadian rhythm and the yearly seasons (282). 
Profiles for a number of proteins have been studied in both CSF and plasma, displaying 
varying concentration throughout the day, and turnover rates of several days (283,284). In 
other words, depending the time of day and what season the individual is sampled, the levels 
of specific proteins are affected. Depner et al. reported that the circadian rhythm and eating-
sleeping patterns influenced plasma levels of more than 100 proteins in a group of healthy 
young males (285). In a study of biobank samples Enroth and colleagues investigated sea-
sonal changes in the levels of about 100 proteins (286). They found a few proteins displaying 
differences between the seasons, and a small number of proteins with significant associations 
to the number of sun hours during the preceding months. In the clinic, individuals are often 
sampled in the mornings and are sometimes asked to fast before sampling. This is done in 
order to minimize the potential impact of the daily molecular changes occurring in our 
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bodies. Protein levels are dynamic, and while the exact degree each and one of them are 
affected by the factors discussed above (Figure 14), these factors always need to be consid-
ered. In the best-case scenario most influencing factors can be dealt with by a good study 
design. 

 

Study design 
The design of a study naturally influences its outcome, and how to select the appropriate 
individuals, number of samples and sample type should be in concordance with the research 
question. By defining a clear scientific aim, hypotheses can be formulated accordingly and 
thereafter tested and evaluated. The study protocol and experimental design can be selected 
with the hypothesis in mind and measures be taken to minimize the impact of the confound-
ing factors mentioned previously. The impact of lifestyle or risk behaviours e.g. physical 
activity, smoking or alcohol consumption can also be controlled for. Missing data points that 
could skew the results or render certain types of analysis impossible, might also be avoided 
if the study is thoroughly planned. 

 

The continuous increase of throughput for several analytical platforms has made analysis of 
large sample sizes feasible and today, the limiting factor in the context of neurodegenerative 
disorders is primarily the access to samples. For more rare diseases such as FTD, it can take 
years to collect a large enough number of samples to conduct a scientific study. While most 
findings indicate that the time at which a sample is frozen before being analysed does not 
significantly change the protein content (287,288), the season at which the sampling was 
done can influence the measured protein levels as mentioned above (286). The variability 
introduced due to samples being collected over a long period of time and across several 
seasons could influence the results, and how and when samples are collected should be care-
fully planned and recorded. Depending on the research question, sample size is of more or 
less importance. If the aim of a study is to prove that a certain protein is aggregated in the 
brain of individuals from a family carrying a specific mutation, it might be enough with a 
smaller set of samples. However, if the study is instead aimed to determine something about 
patterns seen in the general population, the number of individuals might need to be very 
large in order to reach enough statistical power and credibility. Epidemiological studies are 
often dependent upon these, larger, biobanking efforts and typically study patterns across 
thousands of individuals. Doing a power analysis is one way to determine an appropriate 
number of samples to include in a study (289,290). This type of analysis uses the desired 
effect size (e.g. foldchange), significance level (the probability of a false positive result) and 
power (the probability of finding a true effect) to calculate the needed number of individuals 
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in each test group. Furthermore, statistical measures such as p-values are highly influenced 
by sample size, and differences in the number of included individuals can result in discordant 
results across studies. 

 
Figure 15 – Examples of factors used to stratify individuals in a study cohort. Combinations of the factors can be 
used to further subdivide individuals. 

While large cohorts increase the chances of separating biologically meaningful patterns from 
sample variability, they can also introduce bias (291,292). A large number of samples often 
mean longer data acquisitions times and batch effects due to samples being analysed at dif-
ferent time points and on different instruments. Still, with a good study design where the 
processing of samples is done in a randomized manner, using standard operating procedures 
and potentially introducing technical standards for normalizing for batch effects, even data 
from a large number of samples can be analysed and combined successfully. 

 

Apart from the number of individuals to include in a study, the type of individuals needs to 
be considered with regard to the research question. How straight forward the selection is 
depends on the type of disease studied and how much is known about it. If there are already 
biomarkers established, these can be used to select and stratify patient subgroups (Figure 
15). In Papers I and II, this type of stratification was used to group individuals into AD, 
prodromal AD and preclinical AD. Levels of CSF Aβ42 were also used to stratify asympto-
matic individuals into groups in Paper IV. If there are no clear-cut biomarkers, a set of 
symptoms, performance on specific tests or being in a risk group, could be factors used for 
 



Part Two: Proteomics 

 35 

selection (Figure 15). In clinical cohorts, a combination of the abovementioned features is 
often used to determine a diagnosis, which in itself can be used as an inclusion criteria. Both 
clinical diagnosis and increased risk of developing disease were used to group individuals in 
Papers III and V. If the aim of the study is to explore processes occurring during the early 
stages of a disease, it might consequently be more important to select individuals reflecting 
that particular stage, than including for example end-stage individuals. Or, if it is relevant to 
distinguish these two disease stages from each other, both types of individuals need to be 
included. Some medical conditions are associated with multiple comorbidities which should 
also be taken into account when selecting individuals and relevant control groups. In Paper 
I, several neurodegenerative disorders were included to enable comparisons between dis-
eases that might display similar symptoms as well as pathologies. One type of control group 
often used in studies of neurodegenerative disorders is individuals with “other neurological 
complaints” not related to neurodegeneration. From a clinical test-point of view these indi-
viduals constitute a better control group than healthy individuals recruited outside of the 
hospital. Completely healthy individuals suffering from no symptoms similar to those of a 
patient are very unlikely to visit the clinic. Being able to differentiate these individuals from 
actual patients is probably feasible even without biomarkers. However, for studies investi-
gating preclinical changes in proteomic profiles of a disease, healthy control subjects can be 
absolutely crucial in order to find small differences. As described above, several efforts ex-
amining the healthy CSF proteome have been conducted throughout the years. More re-
cently, blood-based initiatives such as the SCAPIS Wellness Profiling and Digital Health 
Revolution Longitudinal studies (293) (Tebani et al., unpublished), follow healthy individuals 
longitudinally and will hopefully provide us with new insights about the dynamics of the 
human proteome at steady-state.  

 

As stated in the previous section, age has an impact on our proteome, and the best way to 
minimise these effects is by age-matching the included subjects (292). In Paper IV we ana-
lysed samples derived from the H70 Gothenburg Birth Cohort Studies, where all included 
individuals are 70 years old, which excludes age as a potential confounder. However, it is not 
always possible to find individuals of matching age, and one can instead use statistical meth-
ods to adjust for or study the effects of age on the measured parameters. In Paper V the 
compared groups differ in age by design. The aim of the study was to identify proteins of 
interest to FTD diagnosis and characterization. The cohort included FTD patients and 
younger individuals carrying disease-causing mutations, or individuals with FTD in the fam-
ily. In these types of studies, statistical tools can be used to investigate the potential con-
founding age effects. 
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Regardless of preparations made and attempts to plan for the unexpected, things do not 
always work out the way one would like them to. At one point or another one might end up 
working with data produced in a study carried out with a flawed design. These flaws will then 
have to be dealt with after the experimental analysis has already been conducted. Fortunately, 
there is a plethora of statistical tools that can be used for normalisation, controlling of con-
founders, sub-sampling and other types assessments to adjust for, or even remove biases. 
Living in the Digital age, researchers today further have the opportunity to learn and discuss 
strategies for both experimental and statistical research through online journals and forums. 
Like proteins, the scientific field is dynamic and transforms with every new development. A 
poor study design today, might lead to a better one tomorrow.  
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Part Three: Present Investigations
The studies presented in this thesis have a few fundamental features in common. They all 
concern the profiling of proteins in the context of dementia, with a focus on Alzheimer’s 
disease (AD) and Frontotemporal dementia (FTD). The common sample material is cere-
brospinal fluid (CSF) which provides insight into the molecular changes in the brain during 
dementia. As mentioned previously, the suspension bead array is the major technology plat-
form applied across all projects and the majority of the antibodies utilized were generated 
within the Human Protein Atlas project. 

The Human Protein Atlas 
The Human Protein Atlas (HPA) project is a Swedish-initiated program aiming to systemat-
ically map all human proteins in cells, tissues and organs using various omics approaches 
such as antibody-based imaging, mass spectrometry-based proteomics, transcriptomics and 
systems biology (294). Since its start in 2003, thousands of antibodies have been generated 
within the project and today, the online portal (www.proteinatlas.org) contains more than 
26 000 antibodies targeting approximately 17 000 human proteins (Human Protein Atlas 
version 19.3, release date 2020.03.06). The antibodies have been used to map protein locali-
sation in more than 40 human tissues and these localisations are complemented with RNA 
expression data generated both within HPA as well as within the FANTOM5 and GTEx 
projects (295,296). Furthermore, the antibodies have been used to study protein localisation 
on a subcellular level (297) and in a number of cancer types (298). The HPA project is the 
major source of antibodies used for the work presented in this thesis. Most of the studied 
proteins are coded for by so-called brain-enriched genes, defined as genes displaying a “fivefold 
higher FPKM level in one tissue compared with all other tissues” as defined by Fagerberg et 
al. (299). 
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Figure 16 – The HPA antibody production pipeline. Protein Epitope Signature Tags (PrESTs) are designed in silico 
and the corresponding DNA fragment is ligated into an expression vector containing a His6ABP-tag. The vector 
is transformed into Escherichia coli cultures for recombinant protein production. The protein is purified on an 
immobilized metal affinity chromatography system and immunised into rabbits. The polyclonal rabbit sera is there-
after purified in two steps before validation of antibody binding on protein micro arrays and Western blot. 
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The HPA pipeline (Figure 16) starts with in silico design of so-called Protein Epitope Signa-
ture Tags (PrESTs) (300). The PrESTs are 50-150 amino acid long antigen sequences repre-
sentative of the target protein with low sequence homology to other proteins. Corresponding 
DNA fragments are ligated into expression vectors containing an N-terminal hexa-histidine 
albumin binding protein (His6ABP) tag. The vector is thereafter transformed into Escherichia 
coli for recombinant protein expression. The recovered protein is purified with an immobi-
lized metal affinity chromatography system using the His6-tag. After purification and mass 
spectrometry quality control, the protein fragment is immunised into rabbits. Resulting pol-
yclonal antibody sera are purified in two steps using affinity chromatography, i) depletion of 
His6ABP-tag specific antibodies and ii) capture of PrEST-specific antibodies. The binding 
specificity of the antibodies is determined by incubation on protein microarrays and ap-
proved antibodies are further analysed in a high-throughput Western blot platform including 
lysates from human cell lines, plasma and whole tissue lysates. As mentioned above, the 
antibodies are then used to map protein localisation in a number of tissues and cell types and 
all data is made publicly available in the web portal. 

The Suspension Bead Array 
The suspension bead array (SBA) set-up can be applied in multiple formats and the two 
presented here are single binder assays and sandwich assays for protein detection (Figure 
17). In both set-ups, the samples are aliquoted into 96-well plates in a randomised fashion. 
In parallel, the SBA is created by immobilisation of antibodies to the surface of magnetic, 
color-coded carboxylated beads, using EDC-NHS chemistry. In the single binder assay, sam-
ples are heat treated at 56°C after labelling with biotin, to reveal hidden epitopes and enable 
better detection possibilities. The samples are thereafter incubated with the coupled SBA, 
and detection of bound protein is done in a flow cytometer-like system (FlexMap 3D, Lu-
minex Corp.) by addition of a streptavidin coupled fluorophore. Relative protein levels are 
then reported as median fluorescent intensity per bead ID during read-out, calculated from 
at least 30 beads per ID. The work flow for the sandwich assay set-up is similar but instead 
of labelling the samples, the detection antibody is directly or indirectly labelled. The set-up 
therefore includes one extra incubation step with the detection antibody before read-out. 

 

In Paper I, we utilised the SBA technology to analyse the levels of 280 brain-enriched pro-
teins in CSF from multiple neurodegenerative disorders and identified interesting protein 
profiles related to the early stages of AD. To follow-up these results, we developed parallel 
reaction monitoring (PRM) assays targeting 17 proteins in Paper II. Next, we applied the 
SBA technology to compare CSF protein levels between individuals with AD, mild cognitive 
impairment (MCI) and controls recruited through the AETIONOMY consortium  
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Figure 17 – The suspension bead array (SBA) set-ups used in the presented papers. Each antibody is coupled to 
a magnetic, color-coded bead with a specific ID. After coupling, the beads can be mixed to create an array in 
suspension. In the sandwich assay set-up, samples are randomised into a 96-well plate and heat treated before 
incubation with the SBA. The SBA-protein complex is then incubated with biotinylated detection antibodies before 
addition of a streptavidin coupled fluorophore. The read out is done in a flow cytometer-like system where the 
two lasers record the bead ID and the intensity of the bound reporter fluorophore respectively. In the single-
binder set up, samples are randomised, labelled with biotin and heat treated before incubation with the SBA. 
Streptavidin coupled fluorophores are added to the SBA-protein complex before read out. 
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(Paper III). The protein profiles obtained in the first part of the study were thereafter veri-
fied with data obtained from the two AD cohorts used in Paper I. To further explore how 
the pathological processes preceding AD are reflected in the CSF proteome, we character-
ized the presence of about 100 brain-enriched proteins in a cohort of asymptomatic 70 year-
olds from the H70 Gothenburg Birth Cohort Studies in Paper IV. In Paper V, we aimed 
to identify proteins of interest for FTD diagnosis and characterisation by producing protein 
profiles from FTD patients, presymptomatic mutation carriers and non-carriers.  

Paper I: CSF profiling of the human brain enriched proteome reveals 
associations of neuromodulin and neurogranin to Alzheimer’s disease 
As mentioned previously, the prevalence of neurodegenerative disorders steadily increases 
and the number of individuals diagnosed with dementia is believed to exceed 130 million in 
year 2050. Neurodegenerative disorders are characterised by protein aggregation and pro-
gressive loss of neurons, resulting in atrophy and impairments to brain function. Although 
the mechanisms behind these disorders have been systematically studied, effective disease 
modifying treatments are still lacking and further characterisation of the pathophysiological 
mechanisms remain necessary. 

 

Here, we conducted a targeted study exploring the levels of 280 brain-enriched proteins in 
CSF from four cohorts including individuals with AD, Parkinson’s disease (PD) and demen-
tia with Lewy bodies (DLB). An SBA including 376 antibodies was used to measure protein 
levels in the in total 441 collected CSF samples (Figure 18). Based on GO-term analysis, the 
majority of proteins were found involved in neurotransmission, developmental processes, 
learning, memory, and cognition. 
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Figure 18 – Study design overview. We profiled 280 brain-enriched proteins in a total of 441 CSF samples from 
four cohorts, including individuals with Alzheimer's disease, Parkinson's disease and Dementia with Lewy bodies. 
Analysis of GO terms revealed that many proteins were involved in signalling, neuronal processes and develop-
ment. 

Principal component analysis including data from all 280 proteins was used to provide an 
overview of the obtained protein profiles. As expected, the cohort collected from the lateral 
ventricles post mortem (the DLB cohort) was different compared to the three cohorts collected 
by lumbar puncture from living patients (Figure 19). Individual comparison of each protein 
across the cohorts, revealed significantly altered levels in the DLB cohort for the majority of 
proteins, especially the highly expressed proteins; glial fibrillary acidic protein (GFAP), my-
elin basic protein (MBP) and synaptosomal associated protein 25 (SNAP25). A number of 
proteins also displayed associations to post mortem delay. The total CSF protein content dif-
fered between the ventricular and the lumbar region as described above. This observation is 
in line with previous reports where brain derived proteins have been seen to decrease in 
concentration along the spine (170). Many proteins seem to be reasonably stable in post mor-
tem brain tissue, but have been shown to increase in CSF samples collected post mortem (301). 
Since the DLB samples in our study differed from the three other cohorts in regards to both 
collection site and time of sampling, we cannot conclude which of these factors contribute 
the most to the observed differences. 

 



Part Three: Present Investigations 

 43 

 
Figure 19 – Overview of the obtained protein profiles by principal component analysis. The DLB cohort collected 
in the ventricles post mortem cluster separately from the three cohorts collected by lumbar puncture in live pa-
tients. 

The two proteins neuromodulin (GAP43) and neurogranin (NRGN) showed the most dis-
tinct differences between patients and healthy individuals. Both proteins were found at 
higher levels in AD patients compared to controls and non-AD MCI in two independent 
cohorts (Figure 20). The most interesting finding however, was higher levels of GAP43 and 
NRGN in patients for whom the AD diagnosis was not established at the time of sampling 
(defined as prodromal and preclinical AD respectively). Our findings suggests that these 
proteins have the potential to act as early markers of AD. Positive associations to total tau 
(t-tau) and phospho-tau (p-tau) concentrations were found for both proteins, further indi-
cating their potential to reflect AD pathology. 

 

Neither GAP43 nor NRGN displayed any difference between sample groups in the PD and 
DLB cohorts (Figure 20). This could be due to lack of their involvement in the pathologies 
of these disorders, or that the changes are not widespread enough to be detected in the 
current study set-up. The neurodegeneration characteristic to PD is mainly limited to dopa-
minergic neurons in the basal ganglia and possibly not extensive enough to be detected in 
the CSF. While GAP43 and NRGN were not among the proteins showing the largest dif-
ferences between the DLB cohort and the other cohorts in our study, they both displayed 
higher levels in the DLB cohort. It is possible that leakage of proteins from tissue to CSF 
 

●

●

●

●

●

●

●
●

●
●
●●

●
●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●
●
●●
●●

●

●
●

●

●

●
●
●

●

●●

●●

●

●
●

●
●

●●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●

●●

●

●

●

●
●

●

●
●

●
●

●●

●
●

● ●

●

●●

●
●

●

●

●● ●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●
● ●

●

●

●

●

●
●●

●

●

●
●

●

●

●
●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●●
●

●●
●

●

●

●

●

●

●● ●●

●
●

●

●

●
●●●

●

●

●●
●

●
●

●

●

●

●●●

●

●

●

●
●
●

●
●

●

●
●

●

●

●
●

●

●●

●

●●

●

●

●

●

●

●
●
●

●

●

●
●

●

●

●

●

●

●
●

●

●
●
●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●
●

●
●

●

●

●

●●

●

●

●

●

●

●
●●

●
●

●
●●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

● ●●

●

●

●

●

●
●

●

●

●

●
●●

●●

●

●

●
●●

●

●
●

●

●

●

●● ●
●●
●

●
●
●

●

●
●

●

●

●

●●

●
●

●

●

●

●
●

●

●●

●

●

● ●

●

●
●

●
●

●

●●

●●●●

●

●

●

●

●

●

●
●

●

●

●
●

●
● ●●

●

●
●

●●●

●

●

●

●
● ●●●

●

●

−20 0 20 40 60 80 100

−2
0

−1
0

0
10

20
30

Principle component 1

Pr
in

ci
pl

e 
co

m
po

ne
nt

 2

AD 1 (lumbar)
AD 2 (lumbar)
PD (lumbar)
DLB (ventricular post mortem)



Part Three: Present Investigations 

 44 

post mortem, masks a potential biological difference in these samples. However, after the pub-
lication of this study Sandelius et al. established increased CSF levels of GAP43 to be specific 
for AD, compared to multiple other disorders including PD and DLB (161). 

Future perspectives 
To conclude, we analysed protein profiles of 280 proteins in CSF samples from patients with 
AD, PD and DLB, enabling comparative profiling both within and between these disorders. 
We found large differences between ventricular CSF collected post mortem, and CSF collected 
by lumbar puncture ante mortem, highlighting the importance of study design and how protein 
content can vary between samples depending on collection strategy. To properly investigate 
how collection site and time of sampling affects CSF protein content, further studies focus-
ing solely on this should be conducted.  

 
Figure 20 – Protein profiles of GAP43 and NRGN compared across subgroups in the three disorders. Stars indicate 
significant differences, * p < 0.05, ** p < 0.01, *** p < 0.001. 

Our study reported disease associated profiles for the two proteins GAP43 and NRGN and 
furthermore strengthened their relevance in the context of AD by observing increased levels 
in patients at preclinical stages of disease. GAP43 and NRGN are both synaptic proteins 
regulating levels of calmodulin and believed to be important for neuronal development, ax-
onal growth and synaptic plasticity (302–304). Loss of synapses occur early in AD and has 
been detected already in MCI patients (75). It could be speculated that the increase of GAP43 
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and NRGN levels observed here, as well as by others, is a result of leakage caused by synaptic 
degradation. However, there are reports of an adaptive response due to the loss of synapses 
in earlier stages of AD (305) and this mechanism could be a possible explanation of the 
increase in synaptic proteins seen in the CSF of AD patients. Several of the 278 additional 
proteins studied here, showed altered levels in multiple subgroup comparisons and have after 
publication been further evaluated in additional sample sets as described below.  

Paper II: Development of parallel reaction monitoring assays for  
cerebrospinal fluid proteins associated with Alzheimer's disease 
Targeted mass spectrometry is a powerful method for analysing selected groups of proteins 
in body fluids such as CSF. It furthermore represents a useful tool for verification of protein 
profiles generated by the use of affinity reagents. To follow up Paper I, we aimed to devel-
oped PRM assays targeting 20 brain-enriched proteins for orthogonal verification of protein 
profiles generated by SBAs. The selection of proteins was based on differences in the sub-
group comparisons, as well as the availability of heavy labelled protein fragments (QPrESTs) 
corresponding to the selected proteins. 

 

CSF collected by lumbar puncture from healthy donors was used to develop the PRM assays. 
Following this, clinical samples from one of the AD cohorts presented in Paper I were used 
to compare protein profiles generated by PRM and SBAs (Figure 21). In order to select 
appropriate peptides for the PRM analysis, QPrESTs for each of the 20 proteins were spiked 
into the commercial CSF, digested and analysed using shotgun-MS. The final list for PRM 
development included peptides of 17 proteins. Three proteins had to be excluded since no 
peptides could be detected upon digestion of the correspondent QPrESTs by neither shot-
gun-MS nor by PRM. Eight of the 17 proteins were analysed using a traditional sample prep-
aration from 20 µl of CSF, including an over-night incubation with trypsin and cleaning of 
peptides by the use of a C18 ZipTip. For the analysis of the remaining nine targets the effects 
of experimental conditions such as digestion time, CSF volume and peptide clean-up proce-
dure were investigated to obtain optimal recovery and performance. When comparing the 
consistency between replicates, it became clear that an over-night digestion time was the 
most beneficial alternative. The precision, calculated by the intra and inter-day variation, 
improved for the majority of peptides when increasing the sample volume from 10 to 20 µl. 
Moreover, the procedure enabled detection of low abundant peptides from GAP43 and cre-
atine kinase B-type (CKB). Thirteen of the 17 assays could be analytically validated in regards 
to sensitivity, reproducibility and accuracy. Although research assays do not need the same  
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Figure 21 – Project set-up visualising the discovery phase using suspension bead arrays (SBA) to analyse 280 
proteins in CSF and the development of a parallel reaction monitoring (PRM) method to verify 17 of the brain-
enriched protein profiles. 

degree of validation and standardisation as assays used for clinical applications, the level of 
validation for a particular method certainly influences the robustness of the data generated, 
and thus the success of the discovery. 

 

The developed PRM assays were applied to profile 17 brain-enriched proteins in CSF sam-
ples from 94 of the individuals used in Paper I to determine if the disease associated patterns 
could be verified using an orthogonal method. Peptide levels were correlated with MFI data 
obtained during the SBA analysis, and separately compared between groups. Pearson corre-
lations per protein ranged from 0 to 0.97 and strong concordance (r > 0.60) between at least 
one peptide and one antibody was observed for eight proteins (Figure 22). 
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Figure 22 – Examples of correlations between measurements obtained through SBA and PRM. The Pearson’s r 
value for each correlation is shown in the box mirrored to each scatter plot. Strong correlations were seen 
between at least one antibody and one peptide for GAP43, LRG1 and VCAM1. PSAP showed strong correlations 
between peptides but not antibodies. 

The correlation between the datasets was low for some proteins, but the significant group 
level differences seen in the SBA data could still be confirmed for eight proteins using at 
least one peptide (Figure 23). The majority of proteins were found at higher levels in the AD 
patients and preclinical AD group, as compared to non-AD MCI individuals and controls. 
The lack of differences found between groups for alpha-1-antitrypsin (SERPINA1) and al-
pha-1-antichymotrypsin (SERPINA3) was also confirmed in the PRM data.  
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GAP43 showed strong overall correlations when comparing peptide data to antibody data 
and all significant differences between groups could be confirmed. PRM results on vascular 
cell adhesion protein 1 (VCAM1) were concordant with one of the anti-VCAM1 antibodies 
but did also display significant differences between the preclinical AD group, non-AD MCI 
group and controls, differences that were not seen in the SBA data. VCAM1 is a protein 
highly expressed in blood vessels and plasma levels have previously been associated to white 
matter degradation and severity of dementia in AD patients (306). Abnormalities in the mi-
crovasculature of the brain is believed to precede neurodegeneration, and the high CSF levels 
of VCAM1 observed in preclinical AD patients supports this notion. Prosaposin (PSAP) is 
a precursor protein for saposins, but is also secreted into CSF in its full length form. All 
three PSAP peptides measured here, displayed concordant results and several new differ-
ences between sample groups similar to those observed for GAP43 were identified. PSAP 
participates in signalling pathways important for nerve rescue and regeneration (307). It is 
secreted as response to cellular stress and it is therefore not surprising that it is found in 
patients with AD pathology. Cholecystokinin (CCK) and CKB did both display significantly 
higher levels in the AD group compared to controls, confirming the patterns seen previously. 
CKB is involved in cellular energy metabolism and has been found as both up- and down-
regulated in AD (308). CCK is a peptide hormone found extensively throughout the brain 
and has been suggested to induce visual hallucinations in PD patients (309,310). Peptide 
levels of CCK did also confirm data generated using SBAs concerning differences between 
AD and non-AD MCI patients. A paper recently published by Plagman et al., did however 
find slightly lower levels of CCK in AD patients compared to controls and MCI patients, 
using the same peptide (AHLGALLAR) (311). Leucine-rich alpha-2-glycoprotein (LRG1) 
peptide levels were significantly higher in the non-AD MCI group compared to the other 
groups. While the concordance between PRM data and SBA data was high for LRG1, the 
difference between groups did not reach statistical significance in the SBA data. However, 
LRG1 has been shown to increase during obesity, inflammation and ageing (312,313), and 
the high levels observed in the non-AD MCI group could reflect inflammatory events in-
volved in the onset of neurodegeneration. 

Future perspectives 
In summary, we developed PRM assays for 17 brain-enriched proteins for orthogonal veri-
fication of data generated with antibody-based methods. The translation from one proteomic 
assay to another is a crucial factor in biomarker discovery and robust and platform inde-
pendent protein detection improves the chances of a candidate marker reaching the clinic. 
There are a number of different aspects that influence the agreement of results generated by 
antibody-based and mass spectrometry methods. Epitope exposure is one such aspect, cru-
cial for detection using antibodies. It can also be one of the reasons for why results 
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between the SBA and PRM assays used differ, and why two antibodies yield conflicting re-
sults. The presence of different proteoforms further influences detection by antibodies, as 
well as mass spectrometry. Low concordance between two antibodies can also be ascribed 
to off-target binding, whereas differences between peptides could be due to properties in 
digestion of the protein. Efficacy of detection also varies between peptides, potentially yield-
ing conflicting results. 

 
Figure 23 – Examples of protein profiles for each subgroup visualised by boxplots of peptide ratio and concentra-
tion. Significant differences are indicated by stars, ** p < 0.05 and * p < 0.01. 

In our study, the two methods displayed concordant results for a number of proteins, and 
although a few profiles could not be verified, new differences were also found using PRM. 
While the biological relevance of these proteins and their potential as markers for disease 
need to be further investigated, our study highlights the strength in combining immunoas-
says and mass spectrometry-based methods for the identification of disease-associated pro-
teins. 
 

Paper III: Multi-cohort protein profiling reveals higher levels of six  
brain-enriched proteins in Alzheimer’s disease patients 
Individuals with MCI are at an increased risk of developing AD. While CSF Aβ42 and tau 
levels can be used to predict which individuals are likely to convert, AD pathophysiology is 
still not fully understood. The findings in Paper I indicated that the CSF levels of a number 
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of brain-enriched proteins might be altered during the preclinical stages of AD. By further 
investigating these patterns we aimed to identify proteins reflecting additional disease-related 
processes. Findings that could improve our understanding of why only certain individuals 
develop dementia and possibly contribute to an earlier and more precise diagnosis of AD. 
In this study, we therefore utilised the SBA technology to identify proteins with altered CSF 
profiles between 170 AD dementia patients, 121 individuals with MCI and 65 control indi-
viduals recruited through the AETIONOMY consortium. 

 

Of the 216 proteins analysed in the two cohorts, six proteins displayed reproducible signifi-
cant differences between the sample groups; amphiphysin (AMPH), aquaporin 4 (AQP4), 
cAMP regulated phosphoprotein 21 (ARPP21), the previously mentioned GAP43, neurofil-
ament medium polypeptide (NF-M) and β-synuclein (SNCB). All proteins were found at 
higher levels in patients with AD and MCI compared to the control group (Figure 24). How-
ever, differences between the MCI group and controls were only significant in cohort 1 for 
all proteins apart from SNCB, which displayed significant differences in both cohorts. NF-
M did furthermore display significant differences between AD patients and individuals with 
MCI. When investigating correlations between the six proteins and the core CSF biomarkers 
(Aβ42, t-tau and p-tau), GAP43 displayed the strongest correlations to tau, particularly in 
patients with AD (Spearman rho > 0.86). Strong to moderate correlations were observed for 
SNCB, AMPH, AQP4 and ARPP21 (Spearman rho > 0.62) while NF-M showed weak cor-
relations to both t-tau and p-tau (Spearman rho < 0.3). 

 

The six proteins were further compared with data generated from the two AD cohorts de-
scribed in Paper I. Significant differences between AD patients and controls could be veri-
fied in both cohorts for all proteins except AMPH, for which the difference did not reach 
significance in cohort 4. AD patients, preclinical AD individuals and the group of AD con-
verters, were similar across all proteins. All groups displayed significant differences in rela-
tion to the non-AD MCI individuals and control groups for all proteins except NF-M. 
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Figure 24 – Subgroup comparisons for (A) AMPH and (B) SNCB. The protein profiles are visualised per sample 
group for all analysed samples. (C) Visualisation of p-values and fold change per cohort, for all six proteins. Cohort 
and protein is indicated by the shape and colour of each point. 

In order to characterise the heterogenous MCI group further, individuals from cohort 1 and 
2 were stratified based on CSF concentrations of Aβ42 and tau. The MCI individuals with 
abnormal Aβ42 and tau levels (MCI A+T+) showed significantly higher levels of five of the 
six proteins compared to controls and both MCI groups with normal tau levels (MCI A+T- 
and MCI A-T-) (Figure 25). Individuals with normal Aβ42 levels and abnormal tau levels 
(MCI A-T+) did also show a trend of higher levels of all six proteins compared to the indi-
viduals displaying normal tau levels. The differences observed within the MCI group reflect 
the correlations observed between the proteins and tau levels, again indicating that increased 
levels of these proteins might be connected to early AD pathology. 
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Figure 25 – Protein profiles for all six proteins after stratifying the MCI group based on their CSF levels of Aβ42 
and tau. 

Future perspectives 
In conclusion, we identified increased CSF levels of AMPH, AQP4, ARPP21, GAP43, NF-
M and SNCB in individuals with AD and MCI. The results obtained for GAP43 were in 
concordance with what was previously shown in Paper I as well as by others. GAP43, SNCB 
and AMPH are all synaptic proteins and their increased levels in AD and MCI individuals, 
agree with the synaptic alterations and loss preceding AD (73,314). SNCB has mainly been 
explored in the context of α-synucleinopathies such as PD but its function is yet to estab-
lished. It was recently investigated by Oeckl et al. in a multi-disease cohort and found at 
increased levels in AD patients (CSF and plasma) (315). While polymorphisms in AMPH2 
(or BIN1) has been suggested to affect the risk of AD (316), this is to our knowledge, the 
first mentioning of AMPH in relationship to AD. Moreover, AMPH, ARPP21 and GAP43 
are all calmodulin-binding proteins. Calmodulin is believed to possess regulatory functions 
and has been linked to pathways implicated in AD (317). 

 

NF-M is one of the subunits comprising neurofilaments together with neurofilament light- 
(NF-L) and heavy chain (NF-H). NF-L is regarded as a marker of neurodegeneration and 
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has been observed to increase in a number of disorders including FTD, PD and amyotrophic 
lateral sclerosis (ALS) (158). NF-M has not been as thoroughly studied as its smaller sibling 
NF-L, but was earlier found at increased levels in plasma from ALS individuals using the 
SBA technology (318). AQP4 is a highly abundant water channel protein and important for 
upholding water homeostatis in the brain. Changes to the cellular localisation of AQP4 have 
been associated to multiple neurodegenerative disorders, and it has further been suggested 
to influence Aβ clearance (319). Loss of perivascular AQP4 was also associated with in-
creased AD pathology in a study by Zeppenfeld et al. (320). The patterns identified in the 
present study suggest that these six proteins could reflect early disease-related changes in 
AD. However, these patterns would have to be explored further before their potential role 
in disease pathogenesis and possibility to aid the prediction of dementia can be fully under-
stood. 

Paper IV: Novel CSF protein pattern correlates with biomarker  
evidence of tau and amyloid-β pathology in asymptomatic 70-year-olds 
In order to identify and validate potential diagnostic, prognostic or therapeutic biomarkers 
for neurodegenerative disorders, it is crucial to understand the disease time course. Apart 
from amyloid and tau pathology, several changes occurring early in AD disease progression 
have been identified (277) and shown to be detectable already in CSF from older individuals 
with normal cognition (321). Among these changes are synaptic loss and altered levels of 
synaptic proteins (74), processes also highlighted in Paper I and Paper III.  

 

To explore how the pathological processes preceding both MCI and AD is reflected in the 
CSF proteome, we here examined the association of 104 proteins with CSF biomarker evi-
dence of AD pathology in 307 asymptomatic 70-year-olds using the SBA technology. The 
selected antibodies targeted proteins known to be brain-enriched or previously associated 
with neurodegenerative disorders and the individuals were drafted from the H70 Gothen-
burg Birth Cohort Studies. All obtained protein levels were correlated to CSF concentrations 
of Aβ42, t-tau and p-tau for all individuals, and after grouping individuals based on Aβ42 
CSF pathology and Clinical Dementia Rating (CDR) score. 

 

Significant correlations with either t-tau, p-tau or Aβ42 were found for 63 proteins when 
including all individuals in the analysis (Figure 26). The correlations were in general stronger 
between both tau measurements (t-tau and p-tau) and the 104 proteins, compared to the 
correlations with Aβ42. The strongest correlations were found between t-tau and SNCB, 
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rabphilin-3A (RPH3A) and brain acid-soluble protein 1 (BASP1) (Spearman rho ≥ 0.79;  
p < 0.001). RPH3A and SNCB also displayed the strongest correlations to p-tau concentra-
tion (Spearman rho = 0.79; p < 0.001). For Aβ42, the strongest correlations were identified 
for neuronal cell adhesion molecule (NRCAM) and neuronal pentraxin-1 (NPTX1) (Spear-
man rho ≥ 0.32; p < 0.001). Twenty-five proteins revealed significant correlations with t-tau 
and p-tau concentration but not Aβ42. Among these were GAP43, cell cycle exit and neu-
ronal differentiation protein 1 (CEND1), AMPH and phosphatidylethanolamine-binding 
protein 1 (PEBP1). Especially noteworthy are GAP43 and CEND1, both displaying strong 
correlations (Spearman rho > 0.7) to t-tau and p-tau, but no significant correlation to Aβ42. 
While abnormal accumulation of Aβ42 and tau appear alongside each other during AD de-
velopment, they are believed to reflect different aspects of the pathology (57). Hence, it is 
possible that proteins which are differently associated to Aβ42 and tau also reflect different 
biological events. 

 

 
Figure 26 – Heatmap of all significant correlations to Aβ42, t-tau and p-tau based on all individuals. Spearman rho 
values are indicated by the colour key. Grey colour represents non-significant correlations. 

Although all individuals were determined cognitively healthy, some displayed abnormal lev-
els of Aβ42, t-tau and p-tau in their CSF. To explore if the associations between the CSF 
markers and the 104 studied proteins changed with early indications of AD, individuals were 
divided into two groups based on CSF Aβ42 concentration. Individuals with abnormal CSF 
Aβ42 concentration were denoted as CSF amyloid-positive (CSF Aβ+), and individuals with 
normal CSF Aβ42 concentration were denoted CSF amyloid-negative (CSF Aβ-). The ma-
jority of significant correlations with t-tau and p-tau were not affected by dividing the cohort 
based on Aβ levels. However, using linear regression models 27 proteins showed significant 
differences in slopes between the two groups, and among these were transmembrane protein 
132D (TMEM132D) (Figure 27) and lymphocyte antigen 6H (LY6H).  
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Two groups of proteins with common characteristics could be identified among the 27 with 
significantly different slopes. The first comprised transmembrane proteins or proteins asso-
ciated to the plasma membrane, and the second group included proteins connected to syn-
aptic vesicle transport. The correlations between 43 proteins and Aβ42 concentration re-
mained significant for the CSF Aβ- individuals, but no significant correlations were observed 
in the CSF Aβ+ group. 

 

 
Figure 27 – Scatterplot of TMEM132D levels and p-tau concentration. Both CSF Aβ+ and CSF Aβ- individuals 
display significant associations between TMEM132D levels and phospho-tau concentration (CSF Aβ+: Spearman 
rho=0.76; p<0.001; CSF Aβ-: Spearman rho=0.76; p<0.001). Linear regression revealed a significant difference 
between slopes of CSF Aβ+ and CSF Aβ- individuals for the association between TMEM132D and p-tau concen-
tration (t=6.27; p<0.001). 

Furthermore, individuals were divided into two groups based on CDR scores (CDR ≥ 0.5 
and CDR = 0) to determine if early changes in cognition would affect the associations to 
CSF t-tau, p-tau or Aβ42 concentrations. Most proteins that displayed significant correla-
tions with t-tau and p-tau in the CSF Aβ- individuals also showed significant correlations in 
individuals with CDR = 0. Similarly, the majority of proteins with significant correlations to 
t-tau and p-tau concentration in CSF Aβ+ individuals, were also significant in the CDR ≥ 
0.5 group. In addition, none of the studied proteins obtained significant differences in their 
slopes after dividing individuals into groups based on CDR score (Figure 28). When relating 
our findings to the classical model of AD biomarkers, this lack of difference is perhaps not 
surprising. Although differences in CSF Aβ42, CSF tau and PET-amyloid burden can be 
detected many years before the onset of symptoms, the molecular difference between a pa-
tient with a CDR score of 0 and one with a score of 0.5 is maybe too small to be detected. 
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Figure 28 – Scatterplot of GAP43 levels and total tau concentration. Both individuals with CDR≥0.5 and CDR=0 
display significant associations between GAP43 levels and total tau concentration (CDR≥0.5: Spearman rho=0.72; 
p<0.001; CDR=0: Spearman rho=0.81; p<0.001). Linear regression revealed no significant difference between 
slopes of CDR≥0.5 and CDR=0 individuals for the association between GAP43 and total tau concentration 
(t=0.79; p=1). 

To explore the characteristics of the proteins analysed within this study, we looked in to 
RNA expression of the corresponding genes in human tissues, utilising expression profiles 
available from the HPA. Upon comparisons of expression profiles across 37 different tissues 
we, as expected, found that most genes had high expression in the brain. Exploring the RNA 
expression across 12 different brain regions using the HPA Brain Atlas, revealed separate 
clustering of the forebrain and brainstem, concordant to previously published regional clus-
tering based on global gene expression (296). Apart from the expected enrichment of genes 
highly expressed in the brain, only a few genes could be classified as regionally elevated and 
no clear trends based on protein correlations to the core AD biomarkers were found. 

Future perspectives 
In the presented study we explored the relationship between 104 CSF proteins and the core 
AD CSF biomarkers, with the aim of shedding new light on the pathological processes pre-
ceding the development of both AD and MCI. We could identify a large number of proteins 
with significant correlations, especially to tau levels, several of which had been identified in 
other studies previously. Two protein groups were identified among the proteins that dis-
played correlation differences between the CSF Aβ+ and CSF Aβ- individuals. These were 
proteins connected to the plasma membrane, or to synaptic vesicle transport. Moreover, we 
observed strong correlations with tau levels for a number of synaptic proteins, independently 
of CSF Aβ42 levels. We generally observed a lower incline for the CSF Aβ+ group compared 
to the CSF Aβ- group. Both groups appeared to follow the same trajectory up to a certain 
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point, after which the slope for the CSF Aβ+ group plateaued. Whether this effect is caused 
by these individuals being positive for t-tau or p-tau in addition to Aβ42, will have to be 
investigated further. However, one could speculate that the individuals with high t-tau and 
p-tau already have ongoing disease processes and that these events alter the protein profiles, 
resulting in a loss of the relationship between tau and protein levels observed in the healthy 
state.  

 

It is also possible that the correlations observed between CSF tau and Aβ42 and a number 
of the studied proteins are to some extent explained by basal secretion of neuronal proteins 
as well as individual differences in CSF dynamics. Certain individuals might simply have 
higher levels of all brain-derived proteins, including tau, in their CSF. Since many proteins 
correlate strongly with tau concentration, these proteins consequently also correlate strongly 
with each other. The data presented here do not allow us to determine if these correlations 
are a result of tau-related processes, or just a reflection of normal physiological events. To 
understand if the studied proteins are involved in or affected by the pathology present in 
AD, they would have to be explored in functional or longitudinal studies.  

Paper V: Altered levels of CSF proteins in patients with FTD,  
presymptomatic mutation carriers and non-carriers 
FTD symptoms often presents before the age of 65 and is one of the most common forms 
of early onset dementia. Up to half of patients suffering from FTD report a family history 
of dementia and as mentioned previously, several genetic variants are associated to the dis-
ease (322). However, due to the diverse clinical presentation it can be difficult to diagnose 
and genetic testing is mainly useful for confirmation of a genetic cause. When it comes to 
prognosis of age at onset or phenotype in presymptomatic individuals, genetic testing is of 
limited value. Several studies have investigated CSF proteins in the context of FTD and so 
far, NF-L is the most promising biomarker candidate. Although elevated NF-L levels are 
found in several other neurodegenerative disorders, it has been suggested to correlate to 
disease severity (139). 

 

In this study we explored the protein content of 53 CSF samples from FTD patients, pre-
symptomatic mutation carriers and non-carriers, with the aim to identify additional proteins 
of interest to FTD diagnosis and characterisation. The protein profiling was performed using 
an SBA targeting 328 proteins known to be enriched in the brain and proteins associated to 
other neurodegenerative disorders such as AD, PD, DLB and ALS. 
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Figure 29 – Volcano plot of all statistically analysed proteins. Protein level differences between FTD patients and 
unaffected individuals shown as log2(fold change) of group medians and significance level shown as -log10(p). 
Proteins with a significant difference (FDR adjusted p < 0.01) are coloured purple. All proteins with a p < 0.001 
or an absolute log2(fold change) > 0.5 are indicated with their short protein name. The five proteins fulfilling both 
criteria are displayed in red.  

Principal component analysis and hierarchical clustering of the most robust protein profiles 
revealed two largely overlapping clusters, containing the majority of FTD patients and unaf-
fected individuals, respectively. Upon further investigation, statistically significant differ-
ences between the two groups were found for 26 proteins. The five proteins neurosecretory 
protein VGF (VGF), neuronal pentraxin receptor (NPTXR), TMEM132D, prodynorphin 
(PDYN) and NF-M showed the most pronounced differences, in regard to both absolute 
fold change and statistical significance (Figure 29). Additional comparisons of behavioural 
variant FTD (bvFTD), primary progressive aphasia (PPA), presymptomatic mutation carri-
ers (PMC) and non-carriers (NC), revealed a number of proteins with statistically significant 
differences between bvFTD and PMC, as well as bvFTD and NC. The most statistically 
significant differences were found for VGF, displaying lower levels in the bvFTD patients, 
and tenascin-R (TN-R) which displayed higher levels in the bvFTD patients (Figure 30). 
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Figure 30 – CSF protein levels in the four clinical subgroups NC, PMC, PPA and bvFTD. (A) neurosecretory 
protein VGF (VGF), (B) tenascin-R (TN-R), (C) neurofilament medium (NF-M). Stars indicate significance level, * 
p < 0.05 and ***p < 0.001 

No significant differences were found when comparing protein profiles of PPA to bvFTD, 
or PMC to NC. The lack of differences found between PPA and any of the other groups is 
likely a reflection of the large spread in protein levels within the PPA patients. If this varia-
bility is due to the small sample size of the current study, or reflect a protein level heteroge-
neity in the PPA phenotype has to be further explored. Varying time to expected onset due 
to differences in age, could explain why no significant differences were seen between PMC 
and NC. The direction of each difference was similar in both groups when comparing to 
bvFTD, but the protein levels in the PMC group were generally closer to those of bvFTD 
patients. This trend could illustrate an altered protein profile in the preclinical stage of FTD, 
similar to what has been observed in AD. A group of proteins like the one studied here could 
hence be useful for monitoring the conversion of PMC to FTD. 

 

Since NF-M was one of the proteins with the highest fold change and the pattern found was 
in agreement with previously published results on NF-L, we decided to combine the protein 
levels of NF-M with levels of the proteins with most statistically significant differences, i.e. 
VGF and TN-R to see if the two other proteins provided any added value. Upon visual 
inspection, FTD patients and healthy individuals were seen to cluster separately, with the 
PPA patients spreading across all clusters. 

 

Next, we explored the 26 proteins found to be statistically different in FTD patients and 
unaffected individuals, in an independent cohort consisting of 13 patients with FTD, 79 
patients diagnosed with AD and 18 cognitively healthy individuals. The protein profiles 

0

375

125

250

625

500

875

750

0

250

500

750

1000

1250

Neurosecretory protein VGF
HPA055177

Tenascin-R
HPA027150

A B C

NC PMC PPA bvFTD NC PMC PPA bvFTD

M
ed

ia
n 

flu
or

es
en

ce
 in

te
ns

ity
 [A

U
] 

M
ed

ia
n 

flu
or

es
en

ce
 in

te
ns

ity
 [A

U
] 

***
***

***
***

0

100

200

300

400

500

600

NC PMC PPA bvFTD

Neurofilament medium
HPA022845

M
ed

ia
n 

flu
or

es
en

ce
 in

te
ns

ity
 [A

U
] 

*
*



Part Three: Present Investigations 

 60 

could be replicated for VGF, NPTXR, PDYN, NF-M, TN-R and five other proteins, but 
not for TMEM132D. NF-M and TN-R also showed significant differences between FTD 
and AD patients, suggesting that they possess the potential to separate between different 
pathologies, in addition to working as general markers for neurodegeneration. However, the 
differences observed here are small and need to be further investigated in order to confirm 
their potential value. 

Future perspectives 
In summary, our study revealed differences in protein profiles between unaffected individu-
als and patients with FTD, although with noticeable overlap. We show that by combining 
protein levels of VGF, TN-R and NF-M, it might be possible to separate patients with FTD 
from healthy individuals. Something that could not be done using each protein by itself. 
While no significant differences were observed for comparisons of NC and PMC, the simi-
larity of protein levels between PMC and bvFTD, indicate that CSF protein levels could be 
used for monitoring the transition from PMC to bvFTD. Our results further suggest that 
TN-R and NF-M could have the potential to differentiate between FTD and AD, if addi-
tional studies can confirm the observed patterns. Promising results were also obtained for 
NPTXR, TMEM132D and PDYN, which we are in the process of further exploring in a 
larger cohort from the GENetic Frontotemporal Dementia Initiative (GENFI). 

 

VGF is a protein precursor thought to be important for neuronal survival and also has an 
effect on dendritic growth (323,324). Our results were in line with the recently observed low 
levels of the protein in FTD patients, by Van der Ende et al. (211). Low levels of VGF has 
been observed in patients with AD as well (220,325), and although not specific for FTD, 
this protein might be relevant to neurodegeneration in general. TN-R is primarily expressed 
by oligodendrocytes and neurons and is believed to regulate a number of important functions 
such as cell migration, adhesion and synaptic plasticity (326,327). TN-R might be important 
for preserving cognitive functions as mice deficient in TN-R display abnormal behaviour 
and coordination (328,329). A small study found TN-R to be downregulated in the hippo-
campus of AD patients (330) but we are, to our knowledge, the first to assess TN-R as a 
potential biomarker for FTD. We found higher levels of NF-M in patients with FTD, com-
pared to unaffected individuals, similarly to what has been seen for NF-L. Even if the neu-
rofilaments (light, medium and heavy) often show similar patterns when studied in connec-
tion to neurodegenerative disorders, it remains to be seen if they reflect the same or different 
types of pathology. The receptor protein NPTXR, mainly expressed in the brain, was found 
at lower levels in our study, again in line with what was recently observed by Van der Ende 
et al. (211). Similarly to VGF, NPTXR has been suggested as a marker in both AD and FTD, 
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and might reflect general alterations occurring during neurodegeneration (331). Associations 
with primary psychiatric disorders have been found for certain genetic variants in TMEM132 
(332) but we are, as far as we know, the first to report about TMEM132 in the context of 
FTD. As the precursor of dynorphines, PDYN might have implications for pain and addic-
tion (333). Specific gene variants in PDYN have been associated to episodic memory per-
formance (334) and upregulation of dynorphin A, a cleavage product of PDYN, has been 
reported in AD patients (335). All six proteins highlighted in this study are enriched in the 
brain and it is therefore reasonable that they are affected by a neurodegenerative disorder 
such as FTD. However, in order to say more about these proteins’ possible involvement in 
the disease pathology, validation in larger cohorts as well as functional studies would have 
to be conducted. Nevertheless, the knowledge gained by our findings will hopefully take us 
one step closer towards highly needed new biomarkers in the context of FTD. 
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Concluding remarks 
The work presented in this thesis has hopefully highlighted the complexities within the field 
of dementia proteomics, and that although much has been learned since the times of ancient 
Egypt, a vast amount of knowledge remains to be gained. In my opinion, dementia research 
faces two key challenges, namely the heterogeneity of presented symptoms and underlying pa-
thologies within the same disorder, and the similarity of symptoms and pathologies across dis-
orders. The first of these challenges impede our possibilities of understanding disease mech-
anisms and render recruitment of appropriate individuals to research studies and clinical tri-
als difficult. Furthermore, it makes measurements of possible treatment effects problematic. 
The second challenge might, as touched upon earlier, be thought of as a double-edged sword. 
While it complicates the clinical diagnosis, prognosis and treatment of patients, it can also 
enable simultaneous advancements within these three areas, following scientific break-
throughs. 

 

In the work summarised in this thesis, we have identified more than 20 proteins with a po-
tential interest and relevance to dementia. We have provided additional evidence of altered 
cerebrospinal fluid profiles of synaptic proteins in early Alzheimer’s disease and mild cogni-
tive impairment. Furthermore, we have shown that protein profiles generated with suspen-
sion bead arrays can be verified using parallel reaction monitoring mass spectrometry. Fi-
nally, our work revealed novel protein profiles related to frontotemporal dementia, a disorder 
in much need of potential biomarkers. With further exploration in additional cohorts along 
with functional studies, the proteins presented here, have the potential to be employed as 
tools for patient stratification, clinical outcome measurements and diagnosis, and thus con-
tribute to future dementia research and clinical practices.
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