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INTRODUCTION

Alzheimer’s disease
Alzheimer’s disease (AD) is the most common form of dementia in the elderly and is becoming 
increasingly more prevalent due to the increase in live expectancy and the ageing population. 
An estimated number of 50 million people suffer from dementia worldwide and this is estimated 
to nearly triple by the year 2050. In approximately 2/3rd of these patients AD is the primary 
cause of dementia [37]. In early phases of AD the initial symptoms are memory complaints, 
difficulties in learning, word finding problems and disorientation. As AD develops, patients 
experience progressive loss of memory and deterioration of all cognitive functions, eventually 
resulting in complete dependence on others for daily living. On average, death occurs 9 years 
after diagnosis. Currently only limited symptomatic treatment is possible and attempts to stop 
or slow the underlying pathogenesis have been unsuccessful.

AD risk and genetics
The majority of AD cases are sporadic and have no specific genetic predisposition. The most 
important risk factor for sporadic AD is ageing. In addition, modifiable risk factors include 
elevated blood pressure, high body mass index (BMI), elevated total cholesterol levels, diabetes 
mellitus, smoking, depression, physical inactivity, cognitive inactivity, poor diet, and low 
educational level. Improvement of these factors may delay the age of onset of AD [12].

Much research has been done to identify genes that affect the risk of developing AD. The most 
well-known genetic risk factor for AD is APOE which comes in 3 alleles, ε2, ε3 and ε4. APOE ε4 
carriers have a two- to three-fold increased risk of developing AD while two copies of ε4 can 
increase the risk by 12 times [39]. APOE ε4 carriers on average experience an earlier onset of the 
disease. APOE is involved in lipid metabolism as well as processing and transport of Aβ. Other 
genes that affect the risk for development, found in genome wide association studies, include 
CLU, SORL1, ABCA7, BIN1, PICALM, CR1, CD33, MS4A, TREM2, CD2AP and EPHA1. These genes 
control processes that include inflammation, endocytosis and cholesterol metabolism [29, 46].

In addition, there are genetic factors that predispose to the development of the familial form of 
AD, often at a relatively young age. Genetic causes for AD lay in the amyloid precursor protein 
(APP) gene, and genes coding for proteins involved in amyloid beta (Aβ) generation from the 
APP protein, presenilin (PSEN)1 and PSEN2. Individuals carrying certain mutations in these 
genes or those carrying a duplication of the APP gene are predisposed to develop pre-senile 
dementia of the AD type[7]. Interestingly, also a protective mutation in the APP gene has been 
described [28].

Pathology of AD
Post mortem macroscopic examination of the AD brain at the end stage of the disease, reveals 
severe brain atrophy in specific regions. These regions include the hippocampus, the neocortex, 
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the amygdala and the entorhinal cortex. Widening of the sulci, narrowing of the gyri and 
enlargement of the ventricles is often seen and is a direct result of massive neuronal loss [4].

Microscopically, several pathological hallmarks are observed which are inseparably connected 
with AD. The most well-known hallmarks of AD are senile plaques, composed of the 
aggregated Aβ peptide, and neurofibrillary tangles which are intracellular accumulations of 
hyperphosphorylated tau. The presence of these fibrillar structures were already observed 
and described in 1907 by Alois Alzheimer in a patient that died with pre-senile dementia [3, 
61]. In addition, neuritic plaques were first described in that same year by Oscar Fisher in cases 
with senile dementia [15]. Less research has been invested in amyloid angiopathy, defined by 
the accumulation of Aβ aggregates at the brain vasculature, which is a common feature in AD, 
and granulovacuolar degeneration (GVD), which are neuronal lesions that are also present in 
all AD cases.

Plaque pathology
Amyloid plaques are extracellular aggregates of Aβ peptides which are a proteolytic cleavage 
product of amyloid precursor protein (APP) [18]. Aβ is cleaved from APP by β-secretase 1 (BACE1) 
and the γ-secretase multi-subunit protease complex (consisting of presenilins, NCSTN, APH1A 
and PEN2) [62]. Aβ is an aggregation prone peptide and has neurotoxic properties [10, 34, 52, 
76]. Different forms of Aβ exist ranging from 36 to 43 amino acids, with Aβ40 and Aβ42 being 
the predominant forms. First, smaller oligomers of few Aβ molecules and subsequently Aβ 
fibrils are formed. Several studies have shown that the smaller oligomeric Aβ represents the 
most toxic species, inducing synaptic dysfunction, microglial and astrocytic activation and 
associated neuroinflammation, and tau pathology [71]. Extracellular aggregation might be a 
protective mechanism to scaffold these toxic Aβ species. Alternatively, the formation of amyloid 
fibrils could be required for the formation of tangles. This is supported by the occurrence of 
tangles in patients with other types of amyloid deposits, for example due to prion mutations 
or to chromosome 13 mutations, leading to various forms of dementia [55] (Fig. 1A-B).

Normally the production of Aβ is balanced with Aβ clearance. However, when production is 
high or removal is impaired this balance is lost and aggregation can occur. For familial AD, 
it is generally thought that an increased production of Aβ is the general cause. For sporadic 
AD however, insufficient clearance of Aβ may account for its accumulation (Fig. 1B). Removal 
of Aβ from the brain occurs by means of degradation via specific proteases [14, 49], through 
phagocytosis and degradation mainly by microglia [48] but also by astrocytes [45], via clearance 
through the blood brain barrier (BBB), by drainage along perivascular pathways [6, 74] and by 
drainage from the interstitial fluid to the CSF via the glymphatic pathway [50, 63].

1
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FIGURE 1 | A: Aβ is the proteolytic cleavage product of APP facilitated by β-secretase and the 
γ-secretase complex. In this amyloidogenic pathway Aβ is secreted to the interstitial fluid, a 
process that is increased with neuronal activity. After secretion, Aβ forms oligomers and fibrils 
that can contribute to AD pathogenesis at various disease stages. B: (Taken from [57]) The se-
quence of events that lead to AD as proposed by the amyloid cascade hypothesis. The curved 
blue arrow indicates that Aβ oligomers may directly damage synapses and neurites and induce 
tau hyperphosporylation [35, 57].

There are several proteins associated with Aβ deposits, including APO-E [43], APO-J [16], 
various factors of the complement system [67, 68] and serum amyloid P component, which 
can influence aggregation properties and toxicity, as well as modulating uptake of Aβ and 
eliciting a neuroinflammatory response [77].

Different types of plaques, with varying morphology and molecular composition, can be 
found in a typical AD brain, e.g. diffuse plaques (Fig. 3A), cored/classic plaques (Fig. 3B), coarse 
grained plaques (Fig. 3C) and neuritic plaques (Fig. 3F). This last type, being characterised 
by the presence of swollen neurites, also contains tau aggregates. In addition, less common 
plaque types exist, like for example cotton wool plaques which are mostly associated with 
certain mutations [58] (Fig. 3E). Although the presence of Aβ plaques is a requirement for 
the diagnosis of AD, Aβ pathology alone is not sufficient for symptomatic AD as many elderly 
display a significant amount of plaques but live without any symptoms of dementia [44].
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Neurofibrillary tangles
Neurofibrillary tangles are intraneuronal aggregates of hyperphosphorylated tau protein 
(Fig 3I) [20, 21]. Normally, tau protein is involved in stabilisation of the microtubules and its 
association with microtubuli is regulated by phosphorylation of the protein as an essential part 
of microtubule dynamics. In AD, the tau protein gets abnormally hyperphosphorylated, which 
changes it from a normal functional protein into a neurotoxic protein that has aggregation 
properties and also possesses a prion-like templating activity [23, 42, 72]. Aggregated tau is 
observed in the neuronal cell body as tangles and in the neuronal extensions as neuropil threads.

Tangles become apparent in a progressive manner with early involvement of the hippocampus 
and gradual spreading to almost all other cortical regions, subcortical nuclei and brainstem as 
the disease progresses [7, 8]. The consistent way of spreading of tau pathology throughout the 
brain in typical AD allows objective pathological staging of the tangle pathology in AD using 
the Braak staging [8, 9] (Fig. 2). The Braak stage for tangle pathology ranges from stage 0 to 
stage VI with increasing NFT pathology. The severity and location of NFT pathology correlates 
well with the clinical manifestation of AD.

FIGURE 2  | Spreading of neurofibrillary tangles and neuropil threads during the course of AD 
defining the Braak stages I to VI. Darker grey shading indicates higher amounts of neurofibrillary 
changes. From Braak and Braak, 1991 [8].

Cerebral amyloid angiopathy
The Aβ peptide is not only found to aggregate into plaques in the parenchyma, but is also 
found to regularly aggregate at the brain vasculature. Vascular Aβ deposits are referred to as 
cerebral amyloid angiopathy (CAA). CAA is a common feature of AD as it is present in varying 
amounts in over 80% of all AD cases. There are two types of CAA with Aβ deposition. When 
CAA is present in larger vessels and also in brain capillaries it is called CAA type-1 [64] (Fig 3D). 
When CAA is present only in larger blood vessels, including leptomeningeal vessels, cortical 
arteries and arterioles, it is referred to as CAA type-2 [5, 64, 65]. Many cases with CAA type-1 
exhibit dyshoric changes were Aβ pathology is associated with surrounding neuropil, and is 
often accompanied by microglial activation and tau pathology [53, 64]. Aβ deposition at the 
vessel wall is associated with impaired vascular response to changes in local metabolic demand 
[11] and increased risk of cerebral infarction, cerebral haemorrhage and micro-bleeds [69, 73]. 
Presence of the APOE ε4 allele is linked to the presence and severity of especially CAA type-1. 

1
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CAA type-1 correlates with clinical symptoms, it contributes to the clinical manifestation of AD 
and in severe forms it can be the primary cause of dementia [13, 19, 54]. Often, these patients 
are homozygous for APOE ε4 [64]. In AD there is an inverse correlation between the presence 
of Aβ plaque pathology in a certain region and CAA type-1 in the same region. Furthermore, 
CAA can also be genetically linked, as certain mutations in the genes that predispose for AD can 
also specifically give rise to a severe CAA type-1 or type-2 phenotype. Especially mutations in 
the APP gene, e.g. the Dutch E693Q (HCHWAD or Katwijk disease) lead to type-2 CAA and the 
Iowa D694N mutation, gives rise to very severe CAA type-1 in an autosomal dominant manner.

Granulovacuolar degeneration
As early as 1911 Teofil Simchowicz described changes in hippocampal pyramidal neurons which 
are now referred to as granulovacuolar degeneration (GVD) [22, 59]. GVD is characterized by 
neurons containing rimmed vacuoles with a dense pit, which become apparent predominantly 
in hippocampal pyramidal neurons (Fig 3G, H) [32, 47]. Co-occurrence of these double 
membrane-bound bodies with neurofibrillary tangles was noted [17, 32]. In AD, GVD arises 
first in the hippocampal regions CA2, CA1 and the subiculum and a gradual increase in the 
percentage of neurons with GVD takes place over the Braak stages [26], correlating with the 
increase of tau pathology within these regions. Also spreading of GVD to other brain regions, 
such as the temporal lobe and in a later stage the hypothalamus and the amygdala occurs 
with disease progression and are staged according to Thal et al. [66]. Moreover, the presence 
of GVD is associated with pre-tangle neurons, as GVD frequently shows co-occurrence in the 
same neuron with diffuse phospho-tau (pTau) staining, early (p)Tau epitopes and also with 
some aggregated tau [24, 26, 32]. GVD granules show immunoreactivity for markers related 
to the unfolded protein response (pPERK, pIRE1 and peIF2α) [25, 26], endocytosis pathway 
(CHMP2B) [75] and late stage autophagy markers (cathepsin-D, LAMP1) [17] suggesting a role 
in the autophagy-lysosomal pathway and activation of the unfolded protein response, two 
important mechanisms to manage an overload of misfolded proteins. In addition, markers that 
indicate necrosome activation (pRIPK1, pRIPK3 and pMLKL) are also found associated with GVD 
[33]. Commonly used marker proteins also include casein kinase 1 (CK1) α, δ and ε. These kinases 
are involved in various cellular processes and are capable of tau phosphorylation [31, 60].

Aβ depositions, tau pathology and GVD can all be observed to a certain extent in the brains 
of healthy elderly. As such, some degree of AD related pathology can be considered a pre-
clinical stage of AD, but also as a part of normal ageing. The preclinical phase of AD is generally 
considered to span around 15 -20 years on average as was demonstrated in longitudinal studies 
that monitor cognitive function, CSF and neuroimaging biomarkers over time [35].
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FIGURE 3 | Several types of AD related pathological features are shown. Diffuse non fibrillar 
plaque (A), cored or classical plaque (B), coarse grained plaque (C), affected capillaries in type-1 
CAA (D) cotton wool plaque (E), all stained using an anti-Aβ antibody. Neuritic plaque is shown 
using an anti-p-tau antibody (F), granulovacuolar degeneration is shown using an anti-CK1δ 
antibody (G) and at high magnification (H) (from [32]). Tangles and neuropil threads are visual-
ized using an anti-p-tau antibody (I). Scale bar in A represents 50µm and applies to A - F, scale 
bar in G represents 50µm and applies to G and I.

Diagnosis and treatment of AD
Diagnosis of AD is currently made according the “recommendations from the National Institute 
on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease” 
and is based on clinical symptoms, neuropsychological testing, cerebrospinal fluid (CSF) 
biomarkers, magnetic resonance imaging (MRI), positron emission tomography (PET) scanning 
for amyloid [2, 38]. CSF biomarkers that are currently used for diagnosis of MCI and dementia 
due to AD are Aβ42, total tau and phospho-tau.

At this moment a clinical diagnosis does not reach 100% accuracy and sensitivity and different 
techniques can result in contradicting results [51]. In addition, AD has a long pre-symptomatic 
phase that can last for approximately 15 - 20 years [70]. During the pre-symptomatic phase 
there is a build-up of amyloid deposits, glial activation and in a later phase development of 
tau pathology and impairment of neuronal function (Fig. 4). In the subsequent symptomatic 

1
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phase of AD cognitive decline is staged using the Clinical Dementia Rating (CDR) that provides 
a 5-point scale based on six domains of cognitive and functional performance [40].

FIGURE 4 | Adapted from Long JM, Holtzman DM, Cell. 2019 [35]. AD is marked by a long 
pre-symptomatic phase during which Aβ deposition accompanied by glial activation already 
occurs. This is followed by an increase in tau pathology which in turn is associated with synaptic 
dysfunction and neuronal loss. The clinical symptoms after the onset of AD are staged using 
the Clinical Dementia Rating scale. A score of 0 indicates normal cognition and scores of 0.5, 1, 
2, and 3 indicate questionable, mild, moderate, and severe dementia, respectively.

Currently, only symptomatic treatments exist for AD. The most commonly prescribed drugs 
for AD are cholinesterase inhibitors that aim to restore normal levels of the neurotransmitter 
acetylcholine. This treatment has a modest effect on symptoms of only a proportion of the AD 
patients and does not slow the underlying pathogenesis [35]. Many new therapeutics that have 
been tested, mainly focussing on reducing or preventing Aβ deposition, showed no benefits 
or appeared to have severe side effects [41, 56]. There are several reasons that could underlie 
this negative outcome. First, AD pathology starts decades before any symptoms arise and it is 
thought that by the time a diagnosis is made the damage in the brain is already very extensive 
and beyond repair. Secondly, AD is a heterogeneous disease, which is illustrated by the fact 
that patients can be symptomatically diverse, patients can be relatively young or very old, 
and the fact that AD can have a relatively fast or very slow progression. Also, AD pathology is 
heterogeneous, for example patients with AD can exhibit anything between no CAA and almost 
pure CAA and display a typical or an atypical distribution of tau pathology [30, 54]. Pathological 
and clinical diverse subtypes of AD will likely require different therapeutic approaches. Hence, 
it is very important to gain insight in early disease mechanisms and those associated with 
different pathological and clinical subtypes of AD.
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Mass spectrometry-based proteomics
The proteome comprises all proteins that are present in a given sample. This can be, for 
example, a subcellular organelle, a cell, a tissue or an organism. Each individual cell contains 
thousands of different proteins that are needed to keep a cell alive and properly perform its 
function. Both the expression of genes and their translation into proteins is regulated and a 
cell can adjust the levels and repertoire of proteins to adapt to the specific requirements at that 
moment. As proteins essentially facilitate all functions performed in a cell, insight in the levels 
of specific proteins in different conditions provides information on their potential function, but 
is also important for the identification of processes that are affected under specific conditions, 
for example during a disease [1].

Global proteomics make use of liquid chromatography–tandem mass spectrometry (LC-MS/
MS). This method identifies proteins or peptides based on their mass to charge ratio. As such, 
mass spectrometry studies allow unbiased insight in the proteome. The rapid development, in 
recent years, of mass spectrometers has resulted in remarkable increase in accuracy, sensitivity 
and speed [36]. It has become possible to directly quantify thousands of different proteins, 
sometimes including specific isoforms and post-translational modifications, from samples with 
a relatively low amount (<1µg) of total protein content [27]. This rapid evolution in the field of 
mass spectrometry makes it possible to perform unbiased analyses on small specific anatomical 
substructures or even groups of individually isolated cells.

The proteome of Alzheimer’s disease
The brain is a highly complex and heterogeneously build organ, composed of different regions 
and anatomical layers each harbouring different combinations of cell types. On top of this, the 
aetiology of AD is complicated in nature as there is a slow progression, a long pre-symptomatic 
phase and different regions and cell types are affected differently and respond in diverse manners.

Combining (immuno-) histochemistry with laser microdissection (LMD) allows visualization and 
isolation of small anatomical regions or specific groups of individual cells with high accuracy of 
which the protein composition can be analysed using LC-MS/MS. A crucial step is to use high 
quality human brain tissue that has been extensively neuropathologically characterized and has 
a short post-mortem delay. Applying an unbiased proteomics approach at high resolution using 
LMD assisted LC-MS/MS has the potential to identify many proteins that have not previously 
been associated with AD and as such provide new insights into its pathogenesis.

Changes in the proteome can be determined in specific regions of interest either at different 
stages of AD, in different subtypes of AD or in association with specific pathological features. 
It is important to gain insight into the molecular mechanisms that are associated with different 
aspects of the disease. This will lead to new ideas on the aetiology and pathogenesis of AD and 
could ultimately lead to clues for the development of new post-mortem and clinically relevant 
diagnostic tools and therapeutic approaches.

1
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Aims and outline
For the development of potential treatments increased insight in the aetiology and pathogenic 
mechanisms of AD is required. In addition, biomarkers that allow an accurate diagnosis at an 
early disease stage with possibility to stratify AD patients into subgroups are highly needed.

The main objective of the work described in this thesis is to identify and quantify differences in 
protein levels associated with 1) different pathological stages of AD 2), the development of tau 
pathology in neurons and 3) different subtypes of AD associated Aβ deposits. This information 
can provide insight in the molecular mechanisms associated with various aspects of AD and 
provide clues for therapeutic possibilities. In addition, some proteins can potentially be used as 
a protein biomarker in for example improved neuropathological characterisation, or clinically 
for early diagnosis, patient stratification and monitoring therapeutic efficacy.

Chapter 2 describes the proteomics analysis of a highly disease relevant region, the 
hippocampal subregions CA1 and subiculum, from 40 cases covering all stages of AD. We 
identified proteins that show changes in their abundance in early and late stages of AD, and 
changes that were transient over the disease course. Several identified AD related proteins were 
not previously associated with AD. In addition, we found that the different protein expression 
profiles over the disease stages are associated with different cell types and processes.

In Chapter 3 we focus on proteomics analysis of laser micro-dissected human hippocampal 
pyramidal neurons and compare healthy neurons, pre-tangle neurons marked by GVD, and 
tangle bearing neurons. This provides neuron-specific insight in the temporal course of protein 
expression during tangle formation and allows deeper understanding of early mechanisms 
associated with the development of tau pathology and disease progression.

In Chapter 4 we addressed the heterogeneity of AD by analysing two linked pathological 
hallmarks; the deposition of Aβ in plaques and CAA. We describe the proteomics analysis of human 
brain tissue with either Aβ plaque pathology or vascular Aβ deposits in CAA, with the aim to find 
specific protein markers that can be used to distinguish Aβ plaque pathology from vascular Aβ 
deposits. Several specific markers were identified and confirmed using immunohistochemistry 
and immunoblotting. In addition, specificity was assessed with respect to other brain vascular 
defects including prion CAA, CADASIL, CARASAL, and hypertension related small vessel disease.

Chapter 5 provides comprehensive instructions for performing a successful proteomics 
analysis on human post-mortem tissue with the aid of (immuno-) histochemistry and laser 
micro-dissection. This approach enables a focussed analysis on specific subareas, cells and 
cellular inclusions, and generates data on protein expression at high spatial resolution.

Chapter 6. Summarizes the findings of chapter 2 to 5 and presents a general discussion of the 
previous chapters.
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ABSTRACT

Introduction: We performed a comprehensive quantitative proteomics study on human 
hippocampus tissue involving all Braak stages to assess changes in protein abundance over 
the various stages of Alzheimer’s disease (AD).

Methods: Hippocampal subareas CA1 and subiculum of 40 cases were isolated using laser 
capture microdissection and analyzed using mass spectrometry. Immunoblotting and 
immunohistochemistry were used for validation.

Results: Over the Braak stages an altered expression was found for 372 proteins including 
changes in levels of extra cellular matrix components, and in calcium-dependent signaling 
proteins. Early changes were observed in levels of proteins related to cytoskeletal dynamics and 
in synaptic components including an increase in RIMS1 and GRIK4. Several synaptic proteins, 
such as BSN, LIN7A, DLG2,-3 and -4 exhibit an early-up, late-down expression pattern.

Discussion: This study provides new insight into AD dependent changes in protein levels in 
the hippocampus during AD pathology, identifying potential novel therapeutic targets and 
biomarkers.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly and is becoming 
more prevalent due to the ageing population. Substantial progress has been made in 
identifying disease-related molecular and cellular processes. Early disease-related processes, 
however, are not well understood despite their importance for targeting AD at an early stage. 
Also, there is a clinical need to identify novel biomarkers for early, pre-symptomatic diagnosis, 
or assessing therapeutics responsiveness [48]. A potentially important approach to identifying 
mechanisms underlying AD is to profile changes in protein expression during its development, 
in well-defined subsequent stages and using brain areas that belong to the early affected. One 
of the most vulnerable and early affected regions in AD is the hippocampus CA1 region and 
subiculum [34].

The main pathological hallmarks of AD are the extracellular deposition of β-amyloid (Aβ) peptides 
in plaques and the intracellular aggregation of hyperphosphorylated tau in neurofibrillary 
tangles (NFTs) [20, 22]. Clinico-pathological studies show a strong correlation between cognitive 
decline and the levels of tau pathology in AD [4, 42]. These pathological changes, and alterations 
in associated biomarkers, can be observed many years before any clinical symptoms are 
noticed [5, 29]. In the most common senile form of AD both neurofibrillary tangles and Aβ 
plaques spread during disease progression throughout the brain in a predictable manner, 
enabling an objective neuropathological diagnose and the classification into the different 
Braak stages [9, 10]. Here we grouped 40 cases according the Braak stages for tau pathology.

To gain insight in the molecular pathological mechanisms involved in AD, we used a liquid 
chromatography-tandem mass spectrometry (LC-MS/MS)-based proteomics approach, 
dedicated to reveal changes in protein expression during AD pathogenesis. Because of the 
defined anatomy of the hippocampus and its selective early affected CA1 and subiculum region, 
we excised these sub-regions with great precision using laser capture microdissection (LCM).

Several studies have applied mass spectrometry to search for changes in the proteome of the 
human hippocampus when comparing control with AD cases [2, 24, 33, 38, 41]. However, there 
are no studies that have examined the profile of hippocampal protein levels in progressive 
stages of AD. Our study is distinguished by (1) the high number of cases used (a total of 40), (2) 
the inclusion of all disease stages, and (3) the focus on specific, highly relevant, hippocampal 
sub-regions. By doing so, we gained insight into the magnitude and chronology of the changes 
in the proteome of the hippocampal regions CA1 and subiculum during AD progression, and 
revealed novel proteins and pathways, which might have great value as therapeutic target 
and/or biomarker.

2
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MATERIAL AND METHODS

Case selection
Postmortem brain tissue was obtained from the Netherlands Brain Bank, Netherlands Institute 
for Neuroscience, Amsterdam. All material has been collected from donors whom written 
informed consent for brain autopsy and the use of the material and clinical information for 
research purposes has been obtained by the Netherlands Brain Bank. A total of 40 cases were 
selected based on clinical and neuropathological reports with 5 to 7 cases per Braak stage. All 
cases are listed in table S1 with in addition to the Braak stage the Thal phase for Aβ deposits 
[51]. An overview of the experimental workflow is shown in Fig. 1.

Brain tissue preparation and laser capture microdissection (LCM)
Sections (10 µm) of fresh frozen tissue were mounted on PEN-membrane slides (Leica, Herborn, 
DE), fixed in 100% ethanol for 1 min and stained using 1% (w/v) toluidine blue in H2O (Fluka 
analytical, Buchs, Switzerland) for 1 min. LCM was performed using a Leica AS LMD system 
(Leica, Herborn, DE). An equal volume of 1.2 x 109 µm3 from the CA1 and subiculum regions was 
collected in Eppendorf tubes containing 30µl M-PER lysis buffer (Thermo scientific, Rockford 
IL, USA) supplemented with reducing SDS sample buffer (Thermo Scientific, Rockford IL, USA). 
Microdissected tissue was stored at -80°C until further use.

Protein separation by electrophoresis and in-gel digestion
Microdissected tissue lysates were incubated at 95°C for 5 min, followed by incubation with 
50 mM iodoactamide for 30 min at RT in the dark. Proteins were size separated on a NuPAGE® 
4-12% Bis-Tris acrylamide gel (Invitrogen, Carlsbad, CA, USA) using MOPS SDS running buffer 
(Invitrogen, Carlsbad, CA, USA) according the manufacturers protocol. Gels were fixed and 
stained with colloidal Coomassie blue G-250 overnight while shaking. After destaining in 
ultrapure H2O each gel lane was sliced into 12 equal sized parts and each part was cut into 
blocks of approximately 1 mm3 and collected in an Eppendorf tube. Destaining, trypsin 
digestion and peptide extraction was done as described previously [13].

Mass spectrometry analysis
The peptides were dissolved in 15 µL of 0.1% (v/v) acetic acid of which 10 µL was loaded onto a 
nano-liquid chromatography (nano-LC) system (Eksigent). The peptides were separated using a 
capillary reversed phase C18 column that had been equilibrated with 0.1% (v/v) acetic acid at a 
flow rate of 400 nL/min. The peptides were eluted by increasing the acetonitrile concentration 
linearly from 5 to 40% in 80 min and to 90% in 10 min, using the same flow rate. Eluted peptides 
were transferred into the LTQ Orbitrap Discovery (Thermo Scientific) by Electro Spray Ionisation 
(ESI). The mass spectrometer was operated in the range of m/z 350-2000 at a full width at half 
maximum resolution of 30,000 after accumulation to 500,000 in the LTQ with one microscan. 
The five most abundant precursor ions were selected for fragmentation by collision-induced 
dissociation (CID) with an isolation width of 2 Da.
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Protein inference and relative protein quantification
MaxQuant software (version 1.3.0.5) was used for spectrum annotation, protein inference, and 
precursor area-based relative protein quantification [16]. Spectra were annotated against the 
Uniprot human reference proteome database (Build June 2012). Enzyme specificity was set 
to Trypsin/P, allowing at most two missed cleavages. Carbamido-methylation of cysteine was 
set as a fixed modification, and N-acetylation and methionine oxidation were set as variable 
modifications. Mass deviation tolerance was set to 20 ppm for monoisotopic precursor ions 
and 0.5 Da for MS/MS peaks. False-discovery rate (FDR) cut-offs for peptide and protein 
identifications were set to 1% for both. The minimum peptide length was seven amino acids. 
Identified proteins that had the same set, or a subset of peptides compared to another protein, 
were merged into one protein group. Peptides that were shared between different proteins 
were assigned to the protein the with most peptide evidence (so called ‘Razor’ peptides). Only 
protein groups with at least a single unique and a single Razor peptide were included. For 
relative protein quantification normalized LFQ intensities were used (MaxLFQ normalization 
based on at least a single shared peptide ratio between samples) [15].

Statistical analysis of differential protein expression
Significance of differential protein levels was established from the p-value for the F-test on a 
linear regression model in which Braak stages were treated as continuous variables with equal 
numerical distances. P-values were corrected for multiple testing according to Benjamini & 
Hochberg [6]. Significance of differential protein levels was assessed while adhering to a 10% 
FDR cut-off.

Hierarchical clustering of Braak stages
For clustering of Braak stages, distances were calculated for proteins with significantly altered 
abundance, of which mean Braak stage expression levels were calculated and centered to the 
overall mean expression level. For clustering of protein expression profiles across Braak stages, 
proteins were selected with at least a single LFQ intensity value in each experimental group 
(1904 proteins), and average quantification values were calculated and centered. Hierarchical 
clustering was performed using Euclidean distance, and Wards method [53] and plotted using 
the gplots library for the R language. Clusters of proteins with appropriate similarity between 
the protein expression profiles were arbitrarily defined by evaluating the dendrogram at 
increasing distances from the root.

Overrepresentation analysis
Manually curated annotations of genes expressed exclusively in astrocytes, microglia, neurons, 
or oligodendrocytes were used for overrepresentation analysis [21]. Significance of cell type 
overrepresentation was established using a one-sided Fisher’s exact test. Significance of 
overrepresentation was determined at an alpha-level of 0.05. Pathway analysis was performed 
using QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/
ingenuity, database version October 2014).
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FIGURE 1 | Overview of experimental procedures performed in this study. 40 cases were se-
lected for the analysis based on their clinical and neuropathological report. From these the CA1 
and subiculum region, the area marked red in the displayed hippocampus, was isolated using 
laser micro-dissection. Proteins were separated using SDS-PAGE and subjected to in-gel trypsin 
digestion. Peptides were measured using LC-MS/MS. A database search for protein identifica-
tion and protein quantification was performed using MaxQuant software. Linear regression and 
cluster analysis were used to identify significantly regulated proteins and proteins that show 
concomitant changes in their abundance. Pathway analysis was performed using Ingenuity 
to identify AD-enriched pathways. Abbreviations: LC-MS/MS, liquid chromatography-tandem 
mass spectrometry; AD, Alzheimer’s disease.

Immunoblotting
Proteins were denatured at 95 °C for 5 min separated by SDS-PAGE using Criterion™ TGX stain-
free™ precast gels (Bio-Rad, Hercules, CA, USA) and transferred (40 V overnight at 4°C) onto a 
0.45 µm PVDF membrane. Blocking of the membrane was done using Odyssey blocking buffer 
(LI-COR). Primary antibodies and dilutions are shown in table S2. Secondary antibodies used 
were IRDye 800 CW Goat anti-Rabbit (LI-COR Biosciences, Lincoln, NE, USA) and IRDye 680 
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Goat anti-Mouse (LI-COR Biosciences, Lincoln, NE) both at a 1:15000 dilution. Quantification 
was performed using image-J software.

Immunohistochemical analysis
Fresh frozen human postmortem hippocampal tissue was cut (5μm sections), placed on a 
StarFrost Microscope Slide (Knittel glass) and air-dried overnight at room temperature (RT). 
Prior to staining procedure sections were fixed in 100% acetone for 10 min. Formalin fixed (4% 
for 24h) paraffin embedded tissue was cut (5μm sections), and placed on StarFrost Microscope 
Slides. After deparaffinising endogenous peroxidase activity was quenched by incubation with 
0.3% (v/v) H2O2 in methanol for 30 min at RT. Antigen retrieval was performed by soaking the 
sections in 10 mM citrate buffer pH 6.0, heated and boiled for 10 min in a microwave oven.

The staining procedure was identical for both cryosections and paraffin sections and was 
performed as previously described [43]. All primary antibodies used are listed in table S2. 
Specificity of all antibodies used for immunohistochemistry (IHC) was confirmed by immunoblot 
analysis. Omission of the primary antibody was used as a negative control for all stainings. All 
samples were stained as part of the same batch. Quantification of the stainings, by determining 
the percentage of the surface that is stained, was performed with Image-J using the threshold 
colour plugin.

RESULTS

Identification of differentially expressed proteins
LC-MS/MS was performed on 40 laser-dissected tissue samples representing all Braak stages 
quantifying 3216 proteins in total and over 1500 per case (Fig. S1). The median coefficient of 
variation (CV) was determined for one case that was analyzed in triplicate and for each Braak 
stage as a group. The CV of measured protein abundance is constant across Braak stages at 
approximately 30% from which technical variation accounts for approximately 15% (Fig. S2). 
Changes in protein abundance were identified using a linear regression analysis at a significance 
cut off level of 10% FDR. This yielded a total of 372 proteins with significantly changed levels, 
comprising 166 proteins with increased levels and 206 proteins with decreased levels.

To identify early affected proteins, linear regression analysis was applied on the set of 372 
changed proteins involving Braak stages 0-III. Proteins with a slope significantly deviating from 
zero (p<0.05) were regarded as early changed (Fig. S3). A total of 89 proteins met this criterion. 
The top 50 changed proteins including the significant p-values for early changed proteins are 
listed for proteins with increased levels (Table 1) and decreased levels (Table 2). The complete 
list of changed proteins is given in the supplemental data (Table S3). Peptide-level quantitative 
information is provided as supplemental data (Table S4).
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TABLE 1 | Proteins with increased levels.

Name Gene FDR 
Braak 
0-VI

P-val 
Braak 
0-III

FC

Prolow-density lipoprotein receptor-related protein 1 LRP1 0.040 0.001 2.50

Plectin PLEC 0.000 0.001 3.99

Microtubule-associated protein tau MAPT 0.000 0.001 10.30

Regulating synaptic membrane exocytosis protein 1 RIMS1 0.049 0.002 6.88

Cathepsin D;Cathepsin D light chain;Cathepsin D heavy chain CTSD 0.012 0.003 1.83

Proteasome inhibitor PI31 subunit PSMF1 0.048 0.003 Inf

Glial fibrillary acidic protein GFAP 0.000 0.004 12.09

Glutamate dehydrogenase 1, mitochondrial GLUD1 0.000 0.006 2.62

Alpha-adducin ADD1 0.011 0.008 1.68

Platelet-activating factor acetylhydrolase IB subunit gamma PAFAH1B3 0.000 0.009 3.83

Four and a half LIM domains protein 1 FHL1 0.015 0.014 3.81

Glutathione S-transferase Mu 3 GSTM3 0.001 0.017 2.33

Pre-B-cell leukemia transcription factor-interacting protein 1 PBXIP1 0.038 0.017 9.06

Dystrobrevin alpha;Dystrobrevin beta DTNA 0.022 0.020 5.53

Heat shock protein 105 kDa HSPH1 0.069 0.021 1.30

Integrin alpha-V;Integrin alpha-V heavy chain;Integrin 
alpha-V light chain

ITGAV 0.050 0.021 1.69

LanC-like protein 1 LANCL1 0.004 0.023 2.07

Filamin-A FLNA 0.000 0.023 13.64

Neuroblast differentiation-associated protein AHNAK AHNAK 0.003 0.026 9.07

Cytosolic non-specific dipeptidase CNDP2 0.003 0.028 5.64

Peptidyl-prolyl cis-trans isomerase A;Peptidyl-prolyl cis-
trans isomerase

PPIA 0.058 0.029 4.03

Carbonyl reductase [NADPH] 1 CBR1 0.000 0.032 3.82

Protein-arginine deiminase type-2 PADI2 0.000 0.036 12.41

Phosphoserine aminotransferase PSAT1 0.000 0.039 3.35

Secretogranin-2;Secretoneurin SCG2 0.091 0.040 4.57

Alpha-aminoadipic semialdehyde dehydrogenase ALDH7A1 0.048 0.040 4.43

Amine oxidase [flavin-containing] B MAOB 0.001 0.042 2.27

Heat shock protein beta-1 HSPB1 0.000 0.044 4.87

Glutamate receptor, ionotropic kainate 4 GRIK4 0.001 0.046 9.23

ES1 protein homolog, mitochondrial C21orf33 0.007 0.049 4.03

Brefeldin A-inhibited guanine nucleotide-exchange protein 3 KIAA1244 0.047 0.053 4.77

Ezrin EZR 0.000 4.44

Gamma-adducin ADD3 0.000 4.16

Annexin A5;Annexin ANXA5 0.000 3.63
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TABLE 1 | Continued

Name Gene FDR 
Braak 
0-VI

P-val 
Braak 
0-III

FC

Versican core protein VCAN 0.000 3.42

Peroxiredoxin-1 PRDX1 0.000 2.35

Ferritin light chain;Ferritin FTL 0.000 4.13

D-3-phosphoglycerate dehydrogenase PHGDH 0.000 3.18

Glycogen phosphorylase, muscle form;Phosphorylase PYGM 0.000 3.11

Septin-2 SEPT2 0.000 2.50

Heat shock 70 kDa protein 1A/1B HSPA1B 0.000 1.82

1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase delta-1

PLCD1 0.000 15.00

Hepatocyte cell adhesion molecule HEPACAM 0.000 4.82

Band 4.1-like protein 2 EPB41L2 0.000 3.50

Vimentin VIM 0.000 3.41

Guanine nucleotide-binding protein subunit alpha-13 GNA13 0.000 2.81

Aquaporin-4 AQP4 0.001 8.06

Delta-1-pyrroline-5-carboxylate dehydrogenase, 
mitochondrial

ALDH4A1 0.001 7.65

Transketolase TKT 0.001 3.55

Excitatory amino acid transporter 1 SLC1A3 0.001 1.84

Abbreviations: FDR, false discovery rate; FC, fold change.
NOTE. Listed are the top 50 proteins with increased levels over the Braak stages as determined using a 
linear regression analysis with a false discovery cutoff of 10%. Proteins are ordered first on the P value for 
Braak 0–III (early regulated) from low to higher values. Next, they were ordered based on FDR for Braak 
0–VI from low to high. The fold change represents the highest difference in protein abundance between 
any two Braak stages.

TABLE 2 | Proteins with decreased levels

Name Gene FDR 
Braak 
0-VI

P-val 
Braak 
0-III

FC

Amphiphysin AMPH 0.035 0.000 1.65

Guanine nucleotide-binding protein G(z) subunit alpha GNAZ 0.004 0.001 1.55

Protein LYRIC MTDH 0.078 0.001 2.45

AP-2 complex subunit beta AP2B1 0.006 0.001 1.51

Dual specificity mitogen-activated protein kinase kinase 4 MAP2K4 0.006 0.001 2.15

Cytohesin-3;Cytohesin-2;Cytohesin-1 CYTH2 0.013 0.002 2.57

V-type proton ATPase subunit C 1 ATP6V1C1 0.081 0.003 1.54
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TABLE 2 | Continued

Name Gene FDR 
Braak 
0-VI

P-val 
Braak 
0-III

FC

Nck-associated protein 1 NCKAP1 0.001 0.003 1.81

Mitochondrial carrier homolog 1 MTCH1 0.085 0.004 1.95

Voltage-dependent calcium channel subunit alpha-2/delta-1 CACNA2D1 0.000 0.005 2.72

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 NDUFB9 0.013 0.007 1.69

AP-3 complex subunit delta-1 AP3D1 0.070 0.007 4.36

Cell adhesion molecule 1 CADM1 0.037 0.007 2.16

Dipeptidyl aminopeptidase-like protein 6 DPP6 0.000 0.009 2.04

Twinfilin-2 TWF2 0.015 0.009 3.03

AP-2 complex subunit alpha-1 AP2A1 0.005 0.009 1.43

Mitochondrial import inner membrane translocase subunit TIM44 TIMM44 0.058 0.009 1.70

Glycine--tRNA ligase GARS 0.048 0.009 1.46

Serine/threonine-protein phosphatase 2A 65 kDa regulatory 
subunit A alpha isoform

PPP2R1A 0.005 0.010 1.77

Vacuolar protein sorting-associated protein 35 VPS35 0.062 0.010 1.33

cAMP-dependent protein kinase type II-beta regulatory subunit PRKAR2B 0.000 0.010 3.06

Thy-1 membrane glycoprotein THY1 0.018 0.011 2.18

SCY1-like protein 2 SCYL2 0.085 0.012 2.48

Cadherin-13 CDH13 0.003 0.013 2.08

Calcium/calmodulin-dependent protein kinase type II  
subunit alpha

CAMK2A 0.000 0.016 2.34

Voltage-gated potassium channel subunit beta-2 KCNAB2 0.070 0.016 inf

Exocyst complex component 3 EXOC3 0.053 0.018 2.80

Actin-related protein 2/3 complex subunit 3 ARPC3 0.001 0.019 2.07

Abl interactor 2 ABI2 0.048 0.021 3.53

Tubulin beta-3 chain TUBB3 0.001 0.021 1.99

Endophilin-A1 SH3GL2 0.085 0.022 1.62

Glucose 1,6-bisphosphate synthase PGM2L1 0.000 0.024 2.51

LETM1 and EF-hand domain-containing protein 1, 
mitochondrial

LETM1 0.006 0.024 1.66

Tubulin beta-4B chain TUBB4B 0.000 0.024 1.60

Tubulin beta chain TUBB 0.005 0.025 2.30

Ras GTPase-activating protein-binding protein 2 G3BP2 0.009 0.025 7.95

Protein NDRG4 NDRG4 0.010 0.026 2.12

Guanine nucleotide-binding protein G(o) subunit alpha GNAO1 0.048 0.026 1.44

Protein kinase C and casein kinase substrate in neurons protein 1 PACSIN1 0.010 0.027 1.99
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TABLE 2 | Continued

Name Gene FDR 
Braak 
0-VI

P-val 
Braak 
0-III

FC

Actin-related protein 3B ACTR3B 0.042 0.028 3.14

Clathrin coat assembly protein AP180 SNAP91 0.009 0.030 1.78

Threonine--tRNA ligase, cytoplasmic TARS 0.049 0.032 1.64

Alpha-actinin-1 ACTN1 0.000 0.032 1.82

26S proteasome non-ATPase regulatory subunit 12 PSMD12 0.007 0.033 2.52

Reticulon-1 RTN1 0.048 0.035 2.07

Glutamate receptor 2 GRIA2 0.001 0.038 2.99

Syntaxin-1B STX1B 0.006 0.038 1.48

Tubulin alpha chain-like 3 TUBAL3 0.054 0.039 2.69

Ras-related protein Rab-1B;Putative Ras-related protein Rab-1C RAB1B 0.079 0.039 1.30

Guanine nucleotide-binding protein G(i) subunit alpha-1 GNAI1 0.019 0.040 1.58

Abbreviations: FDR, false discovery rate; FC, fold change.
NOTE. Listed are the top 50 proteins with decreased levels over the Braak stages as determined using a 
linear regression analysis with a false discovery cutoff of 10%. Proteins were ordered first on the P value 
for Braak 0–III (early regulated) from low to higher values. Next, they were ordered based on the false 
discovery rate for Braak 0–VI from low to high. The fold change represents the highest difference in protein 
abundance between any two Braak stages.

Validity of the study
To assess the validity of our study we used several approaches. First, for proteins of which the 
expression is known to be highly elevated in AD, e.g. MAPT (tau), GFAP and CD44 we detected 
a large increase in expression level compared to Braak 0. With observed protein level increases 
of 10.3-fold for tau, 12.1-fold for GFAP, and 7.8-fold for CD44 (Fig. 2A) we confirm previous 
studies [1, 18, 32].

Second, to establish the relatedness of the Braak stages as determined by changes in protein 
abundance, we performed hierarchical clustering of experimental groups using quantitative 
protein expression data of the 372 proteins that were significantly changed. Protein expression 
patterns distinguish early Braak stages 0 to III and the late Braak stages IV to VI (Fig. 2B).

Third, we used immunohistochemistry (IHC) and immunoblotting to confirm protein expression 
data obtained by mass spectrometry. We selected GFAP, actin binding proteins FLNA, TLN, and 
VCL, the extracellular matrix (ECM) protein TNC, the adhesion molecule CD44, and calcium 
binding proteins ANXA2 and ANXA5). The selection of assessing these proteins for validation 
was based primarily on a large increase, as markers showing increased expression are the most 
promising to study as biomarker for a disease. In addition, these targets were selected on 
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either their established role in AD, novelty in AD pathology (e.g TLN and VCL), or their assumed 
extracellular localization (e.g. TNC, ANXA2 and ANXA5).

The immunoblots confirmed the increased levels of CD44, ANXA2 and -5, FLNA, VCL, TLN in 
tissue homogenates (Fig. 2C). In addition, using IHC we quantified immunoreactivity specifically 
in CA1 and subiculum. Hippocampal tissue of twenty-eight cases covering all Braak stages were 
stained for TNC, GFAP, CD44, FLNA, VCL, ANXA2 and -5 (Fig. S4) and four images were taken 
of the CA1 and subiculum regions from each case at 50x magnification. The immunoreactivity 
of these markers was quantified and confirmed increased levels of GFAP, TNC, CD44, ANXA2 
and -5 (Fig. 2C). Taken together, this data validates of our mass spectrometry results using 
independent methods.
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FIGURE 2 | Validation of mass spec data by different independent approaches. Label free quan-
tification (LFQ) values in on a log2-scale of the proteins MAPT, GFAP and CD44, representing 
tangle pathology and glial activation and well-known to be increased in AD (A). Clustering 
analysis based on Euclidian distance to assess the relatedness of the different Braak stages to 
each other based on the protein expression profile of the proteins with significant changed 
levels. The mean LFQ intensity value of each protein per Braak stage was used and all values 
were centered around the mean for each protein. Values below the mean (red); above the mean 
(green); white indicates that a protein was not detected in that group. Based on the protein 
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profiles, the lower Braak stages (0-III) can be separated clearly from the higher Braak stages 
(IV-VI) (B). A selection of the proteins, as indicated above each graph, found regulated by mass 
spectrometry analysis, was quantified by immunohistochemistry (white bars) and immunoblot-
ting (grey bars); values are associated with the left y-axis. As a reference the mass spectrometry 
quantitative values (LFQ intensity) are shown; values represented on the right y-axis. Significant 
(p<0.05) regulation was confirmed using immunohistochemistry for GFAP, TNC, CD44, ANXA2 
and ANXA5. Significant (p<0.05) regulation was confirmed using immunoblotting for CD44, 
ANXA2, ANXA5, FLNA, VCL and TLN (C). Abbreviations: MAPT, microtubule-associated protein 
tau; GFAP, glial fibrillary acidic protein; AD, Alzheimer’s disease; FLNA, filamin-A.

Identification of concomitant changes in protein levels and related pathways
We first used a discovery-driven approach to identify groups of proteins that display a similar 
expression profile and are potentially functionally related. Protein expression profiles that 
represent the abundance of individual proteins during the course of the disease were obtained 
using the mean expression values per Braak stage. Profiles were centered and clustered 
based on Euclidian distance resulting in twenty-one unsupervised defined clusters (Fig. S5). 
Four characteristic clusters (cluster M, S, Q and L) in which a distinction could be made into 
progressively decreased, an early-up, late-down profile and progressively increased, are 
depicted in Fig. 3A, -B, -C and -D, respectively.

The cellular composition of the CA1 and subiculum is diverse and includes neurons, astrocytes, 
microglia and oligodendrocytes. These cell types might be affected differentially and respond 
differently throughout the disease course. We hypothesized that some of the expression 
clusters represent responses of the various cell types. Hence, an overrepresentation analysis 
was performed using gene annotations from Goudriaan et al. [21] that defines genes with 
astrocyte-, oligodendrocyte-, neuron- or microglia-specific expression. By doing so we were 
able to assign protein clusters to specific cell types (Fig. 3). A progressive decreased pattern 
and an early up late-down pattern were associated to neurons. A progressive increased pattern 
was attributed predominantly to an astrocytic response.

To objectively explore the biological meaning of the expression changes, we performed an 
overrepresentation analysis with ingenuity pathway analysis (IPA) on the different expression 
clusters. The ten most significant overrepresented pathways of each cluster are displayed in Fig. 3.  
A complete overview of the overrepresentation analysis is available in the supplementary data 
(Table S5).
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FIGURE 3 | Cluster analysis identifies concomitant changes in protein levels, related pathways 
and cell types. Cluster analysis of the different protein expression profiles based on Euclidian 
distance using the mean expression values centered to zero. Four typical clusters (clusters M, S, 
Q and L figure 3A, B, C, and D respectively) were selected based on the magnitude of expression 
changes and their pattern of expression (A, progressive decrease; B, early up, late down; C and 
D, progressive increase). Overrepresentation analysis of cell type specific gene expression using 
gene expression data for astrocytes, microglia, neurons and oligodendrocytes was performed 
and indicates the relative involvement of the different cell types in the different expression 
patterns observed. The proportions of different cell type specific genes on the basis of all 3216 
quantified proteins are: astrocytes 13.1%, microglia 1.5%, neurons 16.5%, oligodendrocytes 
9.8% and not cell type specific 59.0%. The ten most significant overrepresented pathways as 
determined using ingenuity pathway analysis (IPA) are displayed for each cluster. Abbreviations: 
IL, interleukin; cAMP, cyclic adenosine monophosphate; CREB, cAMP response element-bind-
ing protein; NFAT, nuclear factor of activated T-cells; GNRH, gonadotropinreleasing hormone; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; NRF2, nuclear factor erythroid 
2 -related factor 2; LPS, lipopolysaccharide.
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Consistent changes in protein abundance across functionally related groups
AD is a multifactorial disease in which several processes have been reported involved in the 
progression of the disease. From our quantitative proteomics analysis several different proteins 
with an altered expression level are also functionally related. These include synaptic proteins, 
extracellular matrix-associated proteins, proteins involved in cytoskeletal reorganization, cell 
adhesion, microtubule-associated proteins, calcium binding proteins and proteins involved 
in response to cellular stress (Fig. 4). As from our findings many proteins turn out relevant to 
processes of synaptic function. Hence, a schematic overview was created to visualize proteins 
that affect synaptic function and/or their microenvironment (Fig. 5). This overview includes 
a proportion of our data that is associated with the synapse highlighting multiple synapse(-
associated) processes which are affected during the course of AD.
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FIGURE 4 | Protein levels of selected proteins that belong to specific functional groups. Pro-
teins of different functional groups are displayed in each panel. Over the Braak stages (0 to VI) 
we detected increased levels of extracellular matrix (ECM) proteins LAMB2, LGALS1, TNC and 
VCAN (A), increased levels of proteins that mediate the adhesion to the ECM (B), and higher 
abundance of cytoskeletal linker proteins (C). There is an overall decrease of tubulins (D), but 
no changes in the expression of microtubule-associated proteins except for large increase in 
MAPT and a slight reduction of MAPRE3 (E). There is an early-up, late-down expression pattern 
of proteins involved in synaptic vesicle release (F) and of the postsynaptic density (G). Ionotropic 
glutamate receptors are decreased over the Braak stages with the exception of GRIK4, which 
is highly increased (H). Proteins responding to increased intracellular calcium concentrations 
are increased (I). Several classes of stress-response proteins such as various chaperones are 
also increased (J). Only a few enzymes involved in anti-oxidant defense (PRDX1 and PRDX6) 
are increased, whereas others were not found changed (K). Levels of all detected members of 
the aldehyde dehydrogenase family, and AQP4 and MLC1, the latter of which are involved in 
counteracting metabolic and osmotic stress are found increased (L).

DISCUSSION

The CA1 and subiculum areas of the hippocampus represent a vulnerable and early affected 
region in AD pathology. This study provides a comprehensive overview of changes in protein 
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expression in these regions over the entire course of the disease, including the pre-symptomatic 
period of AD. We distinguish between early and late changes and cluster proteins together 
that have concomitant changes in abundance during the disease course. We find that proteins 
that show concomitant changes in abundance belong to specific functional groups and can 
be assigned to different cell types. The observation of transient changes in protein abundance 
underpins the importance of analyzing all disease stages, including the pre-symptomatic, 
instead of merely contrasting AD versus control cases.

Patient selection
To get insight in the mechanisms involved in the different stages of AD, it is essential to have 
a well characterized, age-matched patient cohort without comorbidities. However, due to 
the limited number of aged cases that meet the strict criteria for Braak stage 0, complete 
age-matching was not feasible. Nevertheless, we consider inclusion of these cases to be very 
important for this study as it represent a group without any AD pathology. Some Braak stage VI 
cases in our cohort are relatively young, as younger end-stage AD patients are more frequently 
brought to autopsy and are therefore over-represented. In one case, hereditary form of AD was 
suspected but not investigated. The CV (Fig S2) indicates similar variance in this group compared 
to the other groups indicating that the age variance has no or minor impact on the data.

Handling of inter-individual variability
We quantified the inter-individual variability by comparing the median CV obtained from 
technical replication (independent dissection/LC-MSMS of a single human subject in triplicate) 
with the median CV of Braak stage experimental group (Fig S2). We observed that the total 
variation was equal for all Braak stages amounting to approximately 30% variation within each 
group. Based on these data we estimated that approximately 15% of the variation within each 
Braak stage could be contributed by factors other than the LCM/LC-MSMS workflow. Changes 
in protein abundance were detected using a linear regression method on log-transformed 
protein expression values. We found that this method advances over statistical methods that 
compare variation between experimental groups (e.g. ANOVA) allowing the detection of more 
subtle differences.

Validation of the mass spectrometry results
We validated our results by different approaches. First, we reproduced results of established 
markers that showed increased expression in AD, such as MAPT, GFAP and CD44. Second, based 
on protein expression data of the hippocampus a clear separation between the early and late 
Braak stages is observed, indicative that our protein profiling corroborates pathological disease 
stage criteria. Third, we confirmed the expression of proteins using independent techniques of 
immunoblotting and immunohistochemistry, yielding high confidence in the data obtained 
by mass spectrometry. Significance was not reached using immunoblotting for TNC. This is 
most likely because the immunoblots were performed on whole hippocampal lysates instead 
of dissected material. This underscores the importance of targeting a proteomics analysis 
towards a specific region using LCM, as this improves resolution and as a consequence, results in 
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higher sensitivity to detect subtle changes in expression in the relevant brain area. In addition, 
IHC using 3,3’-Diaminobenzidine (DAB) is a semi quantitative analysis per definition, thereby 
variances may occur compared to the quantitative proteomics approach used in this study.

FIGURE 5 | Proteins with altered expression during the course of AD at the synapse. Altered 
protein levels during the course of AD with, depicted in red the proteins with increased levels 
and in blue the proteins with decreased levels relative to Braak 0. Brighter colors indicate a 
higher fold change in protein abundance (see scale at inset). In the pre-synapse increased 
levels are observed in components of the vesicle release machinery, solute carrier family 
proteins, heatshock proteins and several proteins involved in metabolic pathways. There is 
decrease of proteins involved in endocytosis. In the post-synapse glutamate receptors are 
decreased in levels, with the exception of GRIK4. Also decreased are the tubulins but there 
is strong increase of the microtubule stabilizing protein MAPT. We found increase of several 
adhesion molecules and proteins involved in cytoskeletal dynamics, such as PLEC, EZR, VCL, 
TLN1, CTNNA2 and TGLN2. Several astrocytic proteins (upper right corner) are upregulat-
ed, as are several ECM proteins altering the synaptic microenvironment. Proteins indicated 
with dark lining are only found in synapses, those without can also be found in other cel-
lular compartments. Abbreviations: MAPT, microtubule-associated protein tau; GRIK4, glu-
tamate receptor, ionotropic kainate 4; AD, Alzheimer’s disease; ECM, extracellular matrix.

Pathways involved in Alzheimer’s disease
By using a clustering analysis we were able to identify groups of proteins that show a similar 
expression pattern over the Braak stages. The hypothesis that these might represent different 
cellular responses exerted by different cell types is supported by the overrepresentation of 
astrocytic genes in cluster Q and L and neuronally expressed genes in cluster M and S (Fig. 3).
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Pathway analysis using IPA provided some insight into the biology represented by the different 
clusters. In the neuronal clusters there is a loss in expression of genes involved in long term 
potentiation (PRKAR2B, CAMK2D, CAMK2A, GRM3, GRIA1, GRIA2, GRIA3, PPP3R1, MAP2K1, 
PPP3CA and PRKCG). The up-down cluster might reflect a compensatory mechanism and 
includes proteins involved in axonal guidance (ADAM22, TUBA8, NTRK3, WASL, PIK3R6, GSK3B, 
and GIT1), and oxidative phosphorylation (ATP5J, NDUFB11, NDUFA3 and MT-ND2) pathways. 
These might reflect a compensatory mechanism as there are no obvious cognitive symptoms 
during the “up” phase and these only occur during the “down” phase of this cluster. The 
astrocytic response is progressively up correlating well with the increasing astrogliosis during 
progression of AD. Astrogliosis is adding to a state of inflammation that might be harmful by 
itself. Processes involved in this cluster include proteins involved in NRF2-mediated oxidative 
stress response (AKR7A2, MGST1, FTL, PPIB, GSTP1 and CBR1), glycolysis (ENO1, TPI1 and PKM) 
and cytoskeletal rearrangements (FLNA, EZR, TLN1, VCL, GSN and GNG12).

Changes in protein abundance of functionally related protein groups
Notably, protein groups with related functions were identified. Protein abundance over the 
Braak stages was plotted for these groups to emphasize their concomitant change in abundance 
or to visualize notable exceptions within a group (Fig. 4), and proteins with a known or potential 
synaptic or synapse-related function were visualized (Fig. 5).

The extracellular matrix (ECM).
Several components of the ECM were found to have increased levels in AD, such as TNC, VCAN, 
LAMB2 and LGALS1 (Fig. 4A). The ECM is involved in the regulation of many processes including 
axonal growth during neural development, response to injury, inflammation and is also part 
of the synapse microenvironment (Fig. 5) involved in synaptic plasticity [7, 54]. In addition, we 
found a change in abundance for adhesion molecules that interact with the ECM, including 
CD44, ITGB1 and ITGAV (Fig. 4B) which are linked to inflammation in AD [19], and also to synaptic 
plasticity (Fig. 5) [11]. These transmembrane proteins signal via intracellular proteins linking the 
plasma membrane and the actin cytoskeleton.

Cytoskeletal associated proteins.
Many actin-associated proteins were found increased including early increase of PLEC, FLNA, 
TLN1, VCL and EZR (Fig. 4C), indicating increased signaling and cytoskeletal dynamics in early 
phases of AD. These early changes in proteins involved in cytoskeletal dynamics might reflect 
changes in (sub-)cellular morphology and structural plasticity of synaptic neuronal (Fig. 5) 
or glial processes, influencing synaptic plasticity and function or the extension of neuronal 
processes. In agreement with this we observed increased levels of GSN and DPYSL3 and a 
reduction of PAK1, TWF2, ABI2, NCKAP1 and CORO1A and -1C, all associated with the Arp2/3 
-dependent actin cytoskeletal dynamics [12, 25].
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Microtubules and associated proteins.
Microtubules are essential for transport of proteins, vesicles and organelles and can bind 
several signaling molecules. The levels of tubulins TUBA8, TUBB, TUBB3, TUBB2B, TUBB4B and 
TUBB4A were significantly decreased (Figs 4D and 5). Several microtubule-associated proteins 
which are essential for the formation and stabilization of the microtubules, are sequestered 
by hyperphosphorylated MAPT. This includes MAP1A, MAP1B, MAP2, and MAPT itself, and 
results in microtubule disruption [28]. We observed an early increase of MAPT and a decrease 
of MAPRE3, but no changes were observed in the expression of other microtubule associated 
proteins MAP1A, MAP1B or MAP2 (Fig. 4E and 5), which are involved in microtubule stability 
and are able to compensate for a loss of MAPT function [31].

Presynaptic signaling.
 An up-down profile is observed for several proteins, which are present in the active zone of the 
pre-synapse and involved in vesicle priming and release, RAB3C, LIN7A, and BSN. In addition, 
RIMS1 is early increased (Fig. 4F), which might indicate an early disturbance in vesicle docking 
and release (Fig. 5) [14]. Typical vesicle integral proteins, such as VAMP1, VAMP2, YKT6, SLC17A7 
and SV2A and show no change (Fig. 5), suggesting that vesicle numbers do not change early in 
AD. Synaptic plasticity critically depends on the process of endocytosis. We observed changed 
levels of several proteins involved in endocytosis, such as reduced levels of CLTA and AP2M1 
and an early decrease of SNAP91, AP2A1, AP2B1 and DNM1, all suggesting early endocytic 
dysfunction (Fig. 5) [46].

Postsynaptic signaling.
The abundance of postsynaptic density proteins DLG2, -3 and -4, SHANK3, HOMER1 and 
DLGAP1 are clearly found changed in a concomitant early-up, late-down fashion, coinciding 
with what is observed presynaptically (Fig. 4G). We observed reduced levels of the glutamate 
AMPA-type receptor subunits GRIA1, GRIA2, and GRIA3, in accordance with the literature [3, 27], 
and reduction of the NMDA receptors GRIN1, GRIN2B. Interestingly, the kainate-type receptor 
GRIK4 is increased already early in AD (Fig. 4H), which might add to excitotoxicity [37], an 
effect possibly amplified by increased glutamate levels due to early increase of glutamate 
dehydrogenase 1 (GLUD1) [40].

Calcium activated proteins.
The Annexin family responds to increased intracellular calcium, and can subsequently interact 
with phospholipid membranes. Their functions involve membrane trafficking, endocytosis 
and exocytosis [36]. We observed an increase in the abundance of ANXA2 and ANXA5 (ANXA1 
and ANXA6 follow this trend) (Fig. 4I), which might represent a protective response against 
membrane damage [17]. This is highlighted by the increase in expression of AHNAK (Fig. 4I), 
which together with S100A10 and ANXA2 forms a membrane repair complex [45]. Moreover, 
we found decreased levels of CAMK2A, CDH13 and PPP3R1. Increased intracellular calcium 
results in downstream signaling especially of CAMK2A, which is highly important for synaptic 
plasticity [55].
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Response to cellular stress.
Heat shock proteins are induced upon cellular stress and are important in preventing potentially 
toxic protein misfolding and aggregation [23]. Significantly increased are HSPA1B, HSPH1, 
HSPB6, HSPB1, HSPB8, and HSPA2 of which the first two are designated as early increased (Fig. 
4J). Changes in abundance of anti-oxidant repair enzymes were limited to increases of PRDX1 
and PRDX6, whereas several other anti-oxidant enzymes showed no change in expression (Fig. 
4K). We observed increased levels of ALDH2 ALDH4A1, ALDH6A1, ALDH7A1 (early increased), 
ALDH9A1, ALDH1L1 and other members of the aldehyde dehydrogenase family followed a similar 
trend (Fig. 4L). We observed increased MLC1 and AQP4 which play a role in maintaining the 
water balance [8, 44] and AQP4 has also been suggested to play a role in the clearance of Aβ [26].

Other early increased proteins include LRP1 which is linked to Aβ metabolism [30], CNDP2, the 
citrullinating enzyme PADI2, and the protease CTSD.

Potential biomarkers
Proteins that display early changes in abundance, but also their metabolic products, might 
serve to realize an early and specific diagnosis of AD, assess different aspects of the disease 
process or evaluate therapeutic efficacy. For several proteins in our study detection in CSF 
or serum has been demonstrated. For example TNC is detected in CSF and serum [49, 50], 
ANXA5 is found to be increased in serum of AD patients [47], CLU is detected in the CSF and 
associated with AD [35, 52] and SCG2 levels correlate with Aβ peptides in CSF [39]. Our study 
provides many novel opportunities in assessing proteins with early changes in abundance as 
potential biomarkers of AD.

CONCLUSION

In summary, using laser microdissection we isolated the CA1 and subiculum regions from the 
human hippocampus. By subsequent mass spectrometry analysis, we detected progressive 
changes in the expression of 372 proteins during the course of AD. By including all Braak 
stages, we were able to determine the chronological pattern in the regulation of several 
proteins and assigned expression patterns to different cell types. Several functional groups 
were found to display (early) changes in protein abundance, including proteins involved in 
the ECM, cytoskeletal dynamics, calcium signaling, synaptic vesicle release, synaptic plasticity 
and response to cellular stress. In further steps the functional role of many of the expression-
changed proteins needs to be addressed in the context of AD. Alterations of protein levels can 
be indicative of adaptive mechanisms during the disease, which might turn out detrimental or 
potentially protective, yielding new entries into AD treatment and diagnosis at an early stage.
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SUPPLEMENTARY MATERIAL

TABLE S1

Braak tau Thal Aβ Sex Age (y) brain weight (g) PMD hh:mm

0 0 M 56 1313 10:00

0 0 M 80 1331 7:15

0 0 M 56 1548 9:15

0 0 M 66 1560 7:46

0 0 F 62 ND 5:00

1 4 F 83 1274 5:30

1 0 M 79 1269 6:30

1 0 F 93 1203 4:25

1 2 M 77 1287 7:30

1 0 F 94 1048 4:05

1 1 F 86 1108 6:30

1 2 F 73 1444 7:45

2 3 F 85 958 4:20

2 2 F 99 1045 5:10

2 0 M 79 1225 4:30

2 1 M 88 1418 4:43

2 3 F 99 910 4:15

3 0 F 91 1080 5:20

3 1 F 86 1107 6:00

3 4 M 78 1102 4:40

3 2 F 83 1125 5:20

3 1 F 98 1221 6:05

4 4 F 93 970 2:30

4 4 M 93 1130 5:50

4 4 F 86 1193 4:50

4 4 F 86 930 5:55

4 4 F 92 1030 4:15

4 4 F 91 1118 6:05

4 4 F 96 1107 5:00

5 4 F 82 984 4:35

5 4 F 78 1035 4:50

5 4 F 89 1131 4:40

5 4 F 89 984 10:20

5 4 F 78 953 4:35

6 4 F 66 1026 5:20
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TABLE S1 | Continued

Braak tau Thal Aβ Sex Age (y) brain weight (g) PMD hh:mm

6 4 F 91 940 5:45

6 4 F 89 1095 4:30

6 4 M 73 872 6:15

6 4 M 68 1100

6 4 F 62 1047

Cases used for mass spectrometry analysis.
Aβ, amyloid-beta; AD, Alzheimer’s disease; F, female; M, male; ND, not determined; PMD, postmortem delay

TABLE S2

Primary antibody Species Clonality Dilution IHC Dilution IB Source

AT8 Mouse Mono 1:800 - Innogenetics (Gent, Belgium)

GFAP Mouse Mono 1:20 - Monosan (Sanbio, Uden 
The Netherlands

Aβ Mouse Mono 1:50 - Dako (Glostrup, Denmark)

CD44 Mouse Mono 1:1600 1:10.000 R&D systems (Abingdon, UK)

Tenascin-C Rabbit Mono 1:50 1:1000 Abcam (cambridge, UK)

Filamin-A Rabbit Mono 1:200 1:5000 Abcam (cambridge, UK)

Talin Mouse Mono - 1:500 Millipore

Annexin 2 Rabbit Poly 1:400 1:1000 Abcam (cambridge, UK)

Annexin 5 Mouse Mono 1:800 1:2000 Abcam (cambridge, UK)

Vinculin Mouse Mono 1:800 1:10.000 Sigma Aldrich

Antibodies and dilutions used in this study.
IHC, immunohistochemistry; IB, immunoblotting.

FIG. S1 | The number of quantifiable proteins per sample. At least 1500 proteins were quantified 
per sample. Represented here are the levels of proteins detected in each individual sample. In 
total, 3216 proteins were quantified.
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FIG. S2 | Coefficient of variation over the different Braak stages. Based on proteins that have 
quantitative values in all samples, the median coefficient of variation (CV) was determined. 
One case was dissected and analyzed in triplicate for which the CV is shown in the first column, 
referred to as “technical replicates.” The CV of all seven groups representing the different Braak 
stages is shown in the remainder columns. The CV determined from technical replication is 15%. 
The CV of measured protein abundance is constant across Braak stages at approximately 30%.
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FIG. S3 | Early versus downregulated proteins. Proteins with a significant change in abundance 
(FDR <0.1) over the Braak stages (0‐VI) were subjected to an additional linear regression anal-
ysis involving only the early Braak stages (0‐III). Proteins with a significant change (P < .05) in 
this range were regarded as early changed. The gray lines are the mean values for individual 
proteins per Braak stage centered around zero. The striped red lines indicate the overall mean 
of all proteins in the graph per Braak stage. Abbreviation: FDR, false discovery rate.
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FIG. S4 | Immunohistochemical stainings were performed for GFAP, CD44, TNC, ANXA2, ANXA5, 
FLNA, and VCL. Images were taken at low (×50 original magnification) and high (×200 original 
magnification) magnification of a Braak stage 0, III, and VI case in the subiculum region. The scale 
bars, inserted in the AT8 staining of the Braak 0 case, are 200 μm in the ×50 magnification and 50 
μm in the ×200 magnification. Abbreviations: GFAP, glial fibrillary acidic protein; FLNA, filamin‐A.
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FIG. S5 | Proteins were clustered based on their expression profile. For each protein, the mean 
expression value per Braak stage was used and the expression profile based on the mean was 
centered around zero. Cluster analysis of the different protein expression profiles is based on 
Euclidian distance using the mean expression values centered to zero. Twenty‐one clusters were 
generated each containing proteins displaying similar protein expression profiles. Abbreviation: 
LFQ, label‐free quantification.

TABLE S3 | (increased proteins)

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

LRP1 0.003 0.040 0.134 2.500 0.001 0.353 0.371

PLEC 0.000 0.000 0.315 3.990 0.001 0.353 0.265

MAPT 0.000 0.000 0.564 10.300 0.001 0.353 0.584

RIMS1 0.005 0.049 0.346 6.880 0.002 0.365 0.857

CTSD 0.001 0.011 0.111 1.830 0.003 0.381 0.208

PSMF1 0.004 0.048 0.195 Inf 0.003 0.381 0.419

2
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

GFAP 0.000 0.000 0.625 12.090 0.004 0.381 0.559

GLUD1 0.000 0.000 0.251 2.620 0.006 0.416 0.219

ADD1 0.001 0.011 0.084 1.680 0.008 0.450 0.170

PAFAH1B3 0.000 0.000 0.267 3.830 0.009 0.450 0.381

FHL1 0.001 0.015 0.232 3.810 0.014 0.509 0.394

GSTM3 0.000 0.001 0.206 2.330 0.017 0.526 0.240

PBXIP1 0.003 0.038 0.418 9.060 0.017 0.532 0.539

DTNA 0.001 0.022 0.251 5.530 0.020 0.551 0.596

HSPH1 0.008 0.069 0.359 1.300 0.021 0.551 0.640

ITGAV 0.005 0.050 0.095 1.690 0.021 0.551 0.140

LANCL1 0.000 0.004 0.148 2.070 0.023 0.551 0.233

FLNA 0.000 0.000 0.601 13.640 0.023 0.551 0.627

AHNAK 0.000 0.003 0.456 9.070 0.026 0.551 0.603

CNDP2 0.000 0.003 0.340 5.640 0.028 0.551 0.545

PPIA 0.006 0.058 0.268 4.030 0.029 0.551 0.437

CBR1 0.000 0.000 0.295 3.820 0.032 0.551 0.284

PADI2 0.000 0.000 0.623 12.410 0.036 0.568 0.479

PSAT1 0.000 0.000 0.340 3.350 0.039 0.568 0.231

SCG2 0.012 0.091 0.322 4.570 0.040 0.568 0.580

ALDH7A1 0.004 0.048 0.244 4.430 0.040 0.568 0.446

MAOB 0.000 0.001 0.182 2.270 0.042 0.568 0.159

HSPB1 0.000 0.000 0.355 4.870 0.044 0.574 0.183

GRIK4 0.000 0.001 0.598 9.230 0.046 0.594 0.448

C21orf33 0.000 0.006 0.329 4.030 0.049 0.605 0.456

ARFGEF3 0.004 0.047 0.202 4.770 0.053 0.615 0.286

VCAN 0.000 0.000 0.300 3.420

PRDX1 0.000 0.000 0.227 2.350

EZR 0.000 0.000 0.350 4.440

ANXA5 0.000 0.000 0.297 3.630

ADD3 0.000 0.000 0.323 4.160

PHGDH 0.000 0.000 0.276 3.180

FTL 0.000 0.000 0.333 4.130

PYGM 0.000 0.000 0.236 3.110

SEPT2 0.000 0.000 0.208 2.500
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

HSPA1B 0.000 0.000 0.143 1.820

HEPACAM 0.000 0.000 0.330 4.820

EPB41L2 0.000 0.000 0.302 3.500

PLCD1 0.000 0.000 0.591 15.000

GNA13 0.000 0.000 0.189 2.810

VIM 0.000 0.000 0.325 3.410

AQP4 0.000 0.000 0.480 8.060

ALDH4A1 0.000 0.001 0.390 7.650

TKT 0.000 0.001 0.262 3.550

SLC1A3 0.000 0.001 0.133 1.840

CSTB 0.000 0.002 0.313 3.770

GNG12 0.000 0.002 0.278 2.940

CSRP1 0.000 0.002 0.415 5.890

ALDH1L1 0.000 0.003 0.199 2.890

GSN 0.000 0.003 0.215 2.430

TLN1 0.000 0.003 0.307 3.160

PRDX6 0.000 0.003 0.420 8.210

HADHA 0.000 0.003 0.103 1.630

METTL7A 0.000 0.004 0.259 3.220

ACADVL 0.000 0.004 0.171 2.530

GJA1 0.000 0.004 0.482 7.830

PKM2 0.000 0.004 0.344 1.840

GSTP1 0.000 0.004 0.203 3.540

TAGLN2 0.000 0.004 0.270 4.710

ENO1 0.000 0.005 0.347 4.430

ARL3 0.000 0.005 0.205 2.340

CLU 0.000 0.005 0.151 2.380

FKBP3 0.000 0.005 0.130 1.810

RPS6KA2 0.000 0.006 0.190 2.720

HADHB 0.000 0.006 0.190 2.210

AKR1A1 0.000 0.006 0.281 3.750

MON2 0.000 0.006 0.156 2.040

PPAP2B 0.000 0.007 0.296 4.500

SLC1A4 0.000 0.008 0.190 2.470

2
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

EEF1A1 0.000 0.008 0.187 2.050

NADKD1 0.000 0.009 0.328 Inf

PEA15 0.000 0.009 0.175 2.630

FYN 0.000 0.009 0.177 2.260

TNC 0.001 0.010 0.869 Inf

MLC1 0.001 0.010 0.472 Inf

ACAA2 0.001 0.010 0.210 2.470

LAMB2 0.001 0.011 0.320 3.610

HSPA2 0.001 0.011 0.293 6.670

CAPN2 0.001 0.012 0.197 2.330

RAB6A 0.001 0.014 0.139 2.020

CMBL 0.001 0.014 0.214 3.650

KBTBD11 0.001 0.014 0.122 1.910

ARHGDIA 0.001 0.014 0.303 4.870

CD44 0.001 0.016 0.496 7.800

ITGB1 0.001 0.016 0.190 3.190

CTNNA2 0.001 0.017 0.170 2.860

C4A 0.001 0.019 0.510 12.550

MRPL19 0.001 0.019 0.538 Inf

CA2 0.001 0.022 0.252 2.450

ALDH6A1 0.002 0.022 0.239 3.510

CLIC1 0.002 0.022 0.222 2.590

FERMT2 0.002 0.025 0.203 2.770

AK1 0.002 0.027 0.168 2.720

HDHD3 0.002 0.027 0.372 Inf

HINT2 0.002 0.027 0.185 2.270

COTL1 0.002 0.027 0.197 2.860

BLVRB 0.002 0.027 0.254 3.040

HSPB6 0.002 0.028 0.483 Inf

RBP1 0.002 0.029 0.359 Inf

DPYSL3 0.002 0.029 0.259 3.990

UBC 0.002 0.029 0.162 1.950

NEFH 0.002 0.030 0.200 2.380

AKR7A2 0.002 0.030 0.281 5.360
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

VCL 0.002 0.031 0.307 4.800

GNAI2 0.002 0.032 0.132 2.170

GPNMB 0.002 0.032 0.388 Inf

PGAM1 0.003 0.033 0.139 2.010

AK3 0.003 0.034 0.141 1.790

PSME1 0.003 0.035 0.217 Inf

STX8 0.003 0.036 0.182 Inf

LGALS1 0.003 0.037 0.287 3.800

GCLC 0.003 0.038 0.132 1.870

TPI1 0.003 0.039 0.209 2.300

FMNL2 0.003 0.039 0.163 2.470

COMT 0.003 0.039 0.136 2.460

MGST1 0.003 0.039 0.315 4.040

HIBCH 0.003 0.040 0.160 2.240

EGFR 0.004 0.042 0.260 Inf

DDX6 0.004 0.044 0.309 5.360

RAN 0.004 0.045 0.272 2.840

ALDH2 0.004 0.045 0.110 1.640

DDX3X 0.004 0.046 0.204 3.600

SCRN1 0.004 0.046 0.121 1.690

ANXA2 0.004 0.047 0.514 6.270

TROVE2 0.004 0.048 0.189 3.510

PDDC1 0.004 0.048 0.165 2.240

RSU1 0.004 0.048 0.192 Inf

GCSH 0.005 0.048 0.192 2.540

HSPG2 0.005 0.050 0.347 7.940

ERLIN2 0.005 0.051 0.180 2.650

ALDH9A1 0.006 0.054 0.191 2.690

ANK2 0.006 0.055 0.072 1.400

SPTAN1 0.006 0.057 0.304 1.100

SLC44A2 0.006 0.060 0.200 3.810

TPPP3 0.006 0.060 0.201 Inf

HGS 0.006 0.060 0.235 Inf

ASAH1 0.007 0.063 0.087 1.500

2
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

PGD 0.007 0.067 0.265 4.300

LDHB 0.008 0.070 0.096 1.690

PPIB 0.008 0.072 0.265 3.290

SNTA1 0.009 0.080 0.268 6.160

RPL10A 0.009 0.081 0.187 3.200

PGK1 0.010 0.081 0.163 2.390

SNRPN 0.010 0.082 0.190 2.640

HSD17B10 0.010 0.084 0.197 2.490

HADH 0.010 0.085 0.195 2.790

GSTM2 0.010 0.085 0.208 3.940

IQGAP1 0.011 0.087 0.346 Inf

SEPT7 0.011 0.088 0.093 1.710

AKR1C3 0.011 0.088 0.207 2.500

AGRN 0.011 0.090 0.149 2.290

CAND2 0.012 0.091 0.494 Inf

ANKFY1 0.012 0.092 0.163 2.130

SACM1L 0.012 0.093 0.267 3.920

GAD1 0.012 0.094 0.145 2.620

HSPB8 0.012 0.095 0.334 Inf

XRCC6 0.013 0.096 0.160 1.870

G6PD 0.013 0.097 0.205 5.070

ACAA1 0.013 0.097 0.157 Inf

ARHGAP35 0.013 0.099 0.134 1.880

SCARB2 0.013 0.100 0.127 1.970

NOTE: Protein names and quantitative data on individual cases as present in original online version of 
supplementary table 3 can be found at http://dx.doi.org/10.1016/j.jalz.2015.11.002.
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TABLE S3 | (decreased proteins)

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

AMPH 0.003 0.035 -0.104 1.650 0.000 0.353 -0.254

GNAZ 0.000 0.004 -0.088 1.550 0.001 0.353 -0.179

MTDH 0.009 0.078 -0.156 2.450 0.001 0.353 -0.516

AP2B1 0.000 0.006 -0.068 1.510 0.001 0.353 -0.150

MAP2K4 0.000 0.006 -0.150 2.150 0.001 0.353 -0.247

CYTH3 0.001 0.013 -0.152 2.570 0.002 0.381 -0.313

ATP6V1C1 0.010 0.081 -0.081 1.540 0.003 0.381 -0.206

NCKAP1 0.000 0.001 -0.130 1.810 0.003 0.381 -0.212

MTCH1 0.011 0.085 -0.149 1.950 0.004 0.381 -0.306

CACNA2D1 0.000 0.000 -0.217 2.720 0.005 0.381 -0.189

NDUFB9 0.001 0.013 -0.126 1.690 0.007 0.445 -0.218

AP3D1 0.008 0.070 -0.265 4.360 0.007 0.445 -0.589

CADM1 0.003 0.037 -0.139 2.160 0.007 0.445 -0.284

DPP6 0.000 0.000 -0.159 2.040 0.009 0.450 -0.204

TWF2 0.001 0.015 -0.218 3.030 0.009 0.450 -0.463

AP2A1 0.000 0.005 -0.082 1.430 0.009 0.450 -0.115

TIMM44 0.006 0.058 -0.098 1.700 0.009 0.450 -0.239

GARS 0.004 0.048 -0.086 1.460 0.009 0.450 -0.168

PPP2R1A 0.000 0.005 -0.105 1.770 0.010 0.450 -0.181

VPS35 0.007 0.062 -0.057 1.330 0.010 0.452 -0.142

PRKAR2B 0.000 0.000 -0.301 3.060 0.010 0.452 -0.246

THY1 0.001 0.018 -0.160 2.180 0.011 0.452 -0.304

SCYL2 0.010 0.085 -0.171 2.480 0.012 0.470 -0.375

CDH13 0.000 0.003 -0.203 2.080 0.013 0.500 -0.211

CAMK2A 0.000 0.000 -0.202 2.340 0.016 0.526 -0.184

KCNAB2 0.008 0.070 -0.372 Inf 0.016 0.526 -0.389

EXOC3 0.005 0.053 -0.230 2.800 0.018 0.537 -0.475

ARPC3 0.000 0.001 -0.132 2.070 0.019 0.551 -0.168

ABI2 0.004 0.048 -0.206 3.530 0.021 0.551 -0.347

TUBB3 0.000 0.001 -0.137 1.990 0.021 0.551 -0.193

SH3GL2 0.010 0.085 -0.091 1.620 0.022 0.551 -0.193

PGM2L1 0.000 0.000 -0.171 2.510 0.024 0.551 -0.181

LETM1 0.000 0.006 -0.091 1.660 0.024 0.551 -0.152

TUBB4B 0.000 0.000 -0.103 1.600 0.024 0.551 -0.134

2
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

TUBB 0.000 0.005 -0.142 2.300 0.025 0.551 -0.232

G3BP2 0.000 0.009 -0.438 7.950 0.025 0.551 -0.694

NDRG4 0.001 0.010 -0.178 2.120 0.026 0.551 -0.200

GNAO1 0.004 0.048 -0.069 1.440 0.026 0.551 -0.148

PACSIN1 0.000 0.010 -0.160 1.990 0.027 0.551 -0.230

ACTR3B 0.004 0.042 -0.217 3.140 0.028 0.551 -0.343

SNAP91 0.000 0.009 -0.100 1.780 0.030 0.551 -0.171

TARS 0.005 0.049 -0.117 1.640 0.032 0.551 -0.230

ACTN1 0.000 0.000 -0.149 1.820 0.032 0.551 -0.127

PSMD12 0.000 0.007 -0.165 2.520 0.033 0.551 -0.271

RTN1 0.004 0.048 -0.152 2.070 0.035 0.564 -0.287

GRIA2 0.000 0.001 -0.213 2.990 0.038 0.568 -0.181

STX1B 0.000 0.006 -0.084 1.480 0.038 0.568 -0.124

TUBAL3 0.006 0.054 -0.201 2.690 0.039 0.568 -0.326

RAB1B 0.009 0.079 -0.055 1.300 0.039 0.568 -0.104

GNAI1 0.001 0.019 -0.108 1.580 0.040 0.568 -0.146

BRK1 0.010 0.081 -0.142 2.060 0.041 0.568 -0.180

AP1G1 0.008 0.072 -0.073 1.550 0.042 0.568 -0.119

NSF 0.000 0.000 -0.108 1.550 0.043 0.568 -0.081

TAGLN3 0.006 0.054 -0.120 1.770 0.047 0.595 -0.201

COPS4 0.001 0.011 -0.138 1.920 0.050 0.612 -0.191

PRNP 0.005 0.048 -0.175 2.620 0.052 0.615 -0.275

ICAM5 0.000 0.001 -0.172 2.210 0.052 0.615 -0.150

RAB3D 0.010 0.085 -0.198 Inf 0.054 0.623 -0.282

ANKS1B 0.000 0.000 -0.298 2.900

GRIA1 0.000 0.000 -0.373 4.840

PRKCG 0.000 0.000 -0.182 2.060

PPP3CA 0.000 0.000 -0.170 1.860

SYT1 0.000 0.000 -0.099 1.450

HPCA 0.000 0.000 -0.197 2.380

RTN1 0.000 0.000 -0.160 1.880

TUBB2B 0.000 0.000 -0.113 1.780

BSG 0.000 0.000 -0.200 2.310

PPP3R1 0.000 0.001 -0.200 2.150
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

PCDH1 0.000 0.001 -0.182 2.380

NPTN 0.000 0.001 -0.203 2.350

GNG4 0.000 0.002 -0.279 2.660

RASAL1 0.000 0.003 -0.266 3.780

AP3S1 0.000 0.003 -0.129 2.140

TUBA4A 0.000 0.003 -0.098 1.590

NAPB 0.000 0.003 -0.095 1.530

CYFIP2 0.000 0.003 -0.086 1.380

CORO1C 0.000 0.003 -0.255 2.970

HK1 0.000 0.003 -0.075 1.530

LSAMP 0.000 0.003 -0.115 1.600

PPP3CB 0.000 0.003 -0.128 1.730

RGS14 0.000 0.003 -0.272 3.140

HSPA12A 0.000 0.003 -0.124 1.640

TUBA1C 0.000 0.003 -0.099 1.600

NDUFS2 0.000 0.003 -0.139 1.820

ARPC2 0.000 0.004 -0.112 1.540

PRKACB 0.000 0.004 -0.128 1.780

GRIA3 0.000 0.004 -0.216 2.090

CORO1A 0.000 0.004 -0.172 2.510

NIPSNAP1 0.000 0.004 -0.155 1.950

FAM49A 0.000 0.005 -0.144 1.760

DLAT 0.000 0.005 -0.084 1.510

ATP2B1 0.000 0.005 -0.114 1.780

MAP2K1 0.000 0.005 -0.168 1.940

TUBB4A 0.000 0.006 -0.096 1.630

SYNGAP1 0.000 0.006 -0.224 2.950

NCDN 0.000 0.006 -0.119 1.750

ACTR2 0.000 0.006 -0.127 1.830

PRKCB 0.000 0.006 -0.119 1.750

VPS28 0.000 0.007 -0.220 2.590

ARL15 0.000 0.008 -0.238 2.740

PDHB 0.000 0.009 -0.090 1.710

NDUFS8 0.000 0.009 -0.149 1.860

2
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

RPS7 0.000 0.009 -0.131 1.850

DYNC1I1 0.000 0.010 -0.132 1.800

CAMK2B 0.000 0.010 -0.146 1.780

RAB2A 0.001 0.010 -0.086 1.530

CUL1 0.001 0.010 -0.115 1.560

RAB3A 0.001 0.010 -0.087 1.580

PAK1 0.001 0.011 -0.201 2.370

NDUFA12 0.001 0.011 -0.087 1.520

ATP1B1 0.001 0.011 -0.091 1.520

NDUFS1 0.001 0.012 -0.093 1.500

DNM1 0.001 0.013 -0.060 1.340

TXNDC5 0.001 0.013 -0.354 5.460

AP2M1 0.001 0.014 -0.105 1.660

CAMKV 0.001 0.014 -0.133 1.950

PEX3 0.001 0.015 -0.315 4.620

CUL2 0.001 0.017 -0.254 2.900

ATP6V0C 0.001 0.017 -0.163 2.070

ACTN2 0.001 0.019 -0.185 2.300

FAM49B 0.001 0.019 -0.096 1.480

PDE2A 0.001 0.020 -0.174 2.100

NDUFA9 0.001 0.021 -0.114 1.670

PTPRS 0.001 0.021 -0.086 1.470

CUL3 0.001 0.022 -0.078 1.470

SYP 0.001 0.022 -0.119 2.320

ATP2B2 0.001 0.022 -0.137 2.000

LANCL2 0.002 0.023 -0.282 4.910

RARS 0.002 0.025 -0.263 3.240

NEGR1 0.002 0.025 -0.144 1.840

PRKACA 0.002 0.025 -0.156 2.130

RAB27B 0.002 0.025 -0.196 2.740

TIMM10 0.002 0.027 -0.258 Inf

MAPRE3 0.002 0.029 -0.103 1.560

GLS 0.002 0.030 -0.083 1.530

PVRL1 0.002 0.031 -0.168 2.210
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

ACTR3 0.002 0.031 -0.106 1.740

TMEM30A 0.002 0.031 -0.188 2.880

TUSC2 0.002 0.031 -0.111 1.690

CADM2 0.003 0.034 -0.207 2.410

TNS1 0.003 0.035 -0.235 Inf

GOT2 0.003 0.037 -0.094 1.620

ATP2A2 0.003 0.039 -0.109 1.680

CYLD 0.003 0.040 -0.132 Inf

RAB4B 0.003 0.040 -0.175 2.400

ATP6AP2 0.003 0.041 -0.144 1.980

PTPN9 0.004 0.044 -0.143 1.700

COX7A2L 0.004 0.046 -0.123 1.850

OTUB1 0.004 0.047 -0.086 1.590

SEPT5 0.004 0.047 -0.083 1.690

OPA1 0.004 0.048 -0.128 1.800

IMMT 0.005 0.048 -0.064 1.340

BMP2KL 0.005 0.048 -0.107 1.600

AGO61 0.005 0.048 -0.191 2.460

GPD2 0.005 0.048 -0.071 1.470

CAP2 0.005 0.050 -0.140 2.140

TOM1L2 0.005 0.050 -0.205 2.370

SLC8A2 0.005 0.050 -0.124 1.670

CAMK1D 0.005 0.050 -0.100 1.720

AGAP3 0.005 0.051 -0.136 1.900

CCT3 0.005 0.052 -0.100 1.660

ATP5C1 0.005 0.053 -0.081 1.420

C17orf108 0.005 0.053 -0.254 3.540

GDAP1 0.005 0.054 -0.077 1.540

ATP6V0D1 0.006 0.055 -0.097 1.800

CLTA 0.006 0.055 -0.153 2.020

DNM1L 0.006 0.055 -0.090 1.560

PDCD6IP 0.006 0.059 -0.137 2.260

MBLAC2 0.006 0.060 -0.108 1.810

BIN1 0.006 0.060 -0.129 1.910
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

NAP1L4 0.006 0.060 -0.097 1.600

SV2B 0.007 0.062 -0.179 2.990

NRN1 0.007 0.062 -0.332 6.890

SAMM50 0.007 0.063 -0.082 1.560

LRRC57 0.007 0.065 -0.100 1.610

UQCRC1 0.007 0.066 -0.073 1.900

CD200 0.007 0.068 -0.187 2.170

IGSF21 0.007 0.068 -0.146 1.920

GRIN1 0.008 0.070 -0.181 2.300

MGLL 0.008 0.071 -0.129 2.070

PTGES2 0.008 0.073 -0.096 1.500

NDUFA13 0.009 0.074 -0.092 1.510

C14orf166 0.009 0.074 -0.108 1.720

SEP15 0.009 0.074 -0.122 2.020

CHCHD3 0.009 0.075 -0.135 2.070

MAL2 0.009 0.076 -0.150 2.100

ATP5H 0.009 0.080 -0.062 1.640

TUBA8 0.010 0.083 -0.169 3.260

KCNAB2 0.010 0.085 -0.127 1.870

ATP6AP1 0.010 0.085 -0.193 3.930

MAB21L2 0.010 0.085 -0.107 Inf

UQCRQ 0.010 0.085 -0.121 2.100

WASF1 0.010 0.085 -0.167 2.690

C6orf136 0.011 0.085 -0.185 2.170

NCS1 0.011 0.085 -0.119 1.700

FAM162A 0.011 0.085 -0.103 1.660

ASH1L 0.011 0.086 -0.231 3.560

AFG3L2 0.011 0.088 -0.108 1.640

CADM3 0.011 0.090 -0.120 1.940

YARS 0.012 0.091 -0.101 1.580

RAB39B 0.012 0.091 -0.111 1.730

RAC1 0.012 0.091 -0.070 1.450

CD47 0.012 0.091 -0.124 2.230

NDUFB6 0.013 0.097 -0.148 2.420
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TABLE S3 | Continued

Gene
(leading 
protein)

Pvalue
BRAAK0-
VI

FDR
BRAAK0-
VI

Slope
BRAAK0-VI 
(LFQintensity
Log2)

Max. fold 
change
BRAAK0-
VI

Pvalue
BRAAK0-
III

FDR
BRAAK0-
III

Slope 
BRAAK0-III 
(LFQintensity 
Log2)

AGK 0.013 0.097 -0.139 1.730

MTX2 0.013 0.099 -0.142 2.280

NOTE: Protein names and quantitative data on individual cases as present in original online version of 
supplementary table 3 can be found at http://dx.doi.org/10.1016/j.jalz.2015.11.002.

TABLE S4 can be found at http://dx.doi.org/10.1016/j.jalz.2015.11.002.

TABLE S5 can be found at http://dx.doi.org/10.1016/j.jalz.2015.11.002.
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ABSTRACT

Granulovacuolar degeneration (GVD) is a common feature in Alzheimer’s disease (AD). The 
occurrence of GVD is closely associated with that of neurofibrillary tangles (NFTs) and GVD is 
even considered to be a pre-NFT stage in the disease process of AD. Currently, the composition 
of GVD bodies, the mechanisms associated with GVD and how GVD exactly relates to NFTs is 
not well understood.

By combining immunohistochemistry (IHC) and laser microdissection (LMD) we isolated 
neurons with GVD and those bearing tangles separately from human post-mortem AD 
hippocampus (n=12) using their typical markers casein kinase (CK)1δ and phosphorylated tau 
(AT8). Control neurons were isolated from cognitively healthy cases (n=12). 3000 neurons per 
sample were used for proteome analysis by label free LC-MS/MS.

In total 2596 proteins were quantified across samples and a significant change in abundance 
of 115 proteins in GVD and 197 in tangle bearing neurons was observed compared to control 
neurons. With IHC the presence of PPIA, TOMM34, HSP70, CHMP1A, TPPP and VXN was 
confirmed in GVD containing neurons. We found multiple proteins localizing specifically to 
the GVD bodies, with VXN and TOMM34 being the most prominent new protein markers for 
GVD bodies. In general, protein groups related protein folding, proteasomal function, the 
endolysosomal pathway, microtubule and cytoskeletal related function, RNA processing and 
glycolysis were found to be changed in GVD neurons. In addition to these protein groups, 
tangle bearing neurons show a decrease in ribosomal proteins, as well as in various proteins 
related to protein folding.

This study, for the first time, provides a comprehensive human based quantitative assessment 
of protein abundances in GVD and tangle bearing neurons. In line with previous functional 
data showing that tau pathology induces GVD, our data support the model that GVD is part 
of a pre-NFT stage representing a phase in which proteostasis and cellular homeostasis is 
disrupted. Elucidating the molecular mechanisms and cellular processes affected in GVD and 
its relation to the presence of tau pathology is highly relevant for the identification of new 
drug targets for therapy.
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INTRODUCTION

Besides amyloid plaques and neurofibrillary tangles (NFTs), AD pathology is commonly 
featured by the presence of granulovacuolar degeneration (GVD) in neurons. GVD appears as 
rimmed vacuoles that are up to 5µm in diameter, harbouring a dense core, and are visible in a 
standard haematoxylin stain. These GVD bodies initially emerge predominantly in hippocampal 
pyramidal neurons in the hippocampal regions CA1, CA2 and subiculum. In later stages of 
AD, GVD presents in other brain regions, such as the temporal lobe, the hypothalamus and 
the amygdala [68]. Various studies [19, 23, 29, 46, 77] have pointed at an association between 
GVD and the onset of tau pathology. GVD is observed in non-demented cases that have a low 
Braak stage for tau pathology and is considered to be part of pre-clinical AD or normal aging. 
A gradual increase in the fraction of neurons with GVD is observed with the progression of AD 
and correlates with the increase of tau pathology in these regions [29, 47]. GVD is also present 
in Down’s syndrome and primary tauopathies [45, 62, 65], as well as frontotemporal dementia 
cases with C9orf72 mutations and alpha synucleinopathies, such as Parkinson’s disease (PD), 
Lewy body dementia (LBD) and multiple system atrophy (MSA) [18, 38, 58]. This indicates that 
GVD is not exclusively associated with the aggregation of tau, but occurs more broadly in 
neurodegenerative diseases affected by intracellular protein aggregates.

The cause or function of GVD in neurodegeneration is elusive. GVD bodies are known to 
contain proteins involved in the unfolded protein response (pPERK, pIRE1 and peIF2α) [19, 
30], the endocytosis pathway (CHMP2B) [76] and late stage autophagy (LAMP1 and to some 
extent cathepsin-D) [10] representing mechanisms that are thought to manage an overload 
of misfolded proteins. Also necrosome activation markers were detected in GVD bodies as 
a possible cause of neuronal loss by delayed necroptosis [31]. In addition, various kinases 
are present in GVD including the protein kinases casein kinase 1 (CK1) α, δ and ε, and are 
commonly used markers to visualize GVD bodies [12]. These protein kinases are involved in 
numerous cellular processes and are capable of tau phosphorylation [28, 63]. The increased 
presence of the aforementioned proteins in GVD affected neurons points towards activation 
or malfunction of various cellular mechanisms related to stress responses, protein folding and 
protein degradation.

For various reasons it is hypothesized that GVD in AD brain is associated with an early stage in 
neurofibrillary tangle formation [29]. GVD frequently occurs in so-called pre-tangle neurons 
defined as neurons with diffuse hyperphosporylated tau (pTau) immunoreactivity [19]. GVD 
bodies are present in neurons with markers of early tangle formation including truncated 
tau, early pTau epitopes and high 4-repeat tau presence, but is not associated with late pTau 
markers like AT100 and AT270 and the presence of 3-repeat tau [15, 46]. Also, kinases that 
are known to phosphorylate tau are present in GVD containing neurons [6, 12, 34, 37, 44]. 
Although GVD is closely associated with markers for cellular stress and early stages of tau 
phosphorylation, it remains unclear whether GVD is a separate pathological process or part of a 
pre-stage of the neurofibrillary tangle. Currently, no comprehensive human based quantitative 
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assessment of protein abundances on GVD and tangle bearing neurons has been performed 
which could support this hypothesis. In addition, elucidating the molecular mechanisms and 
cellular processes affected in GVD and its relation to tangle pathology is highly relevant for the 
identification of new drug targets for future therapy.

To increase our insight in the role of GVD in the pathogenesis of AD, we have applied a 
combination of immunohistochemistry (IHC), cellular-resolution laser microdissection (LMD) 
and subsequently a mass spectrometry (LC-MS/MS) driven proteomics analysis. We isolated 
and analysed the proteome of separate populations of hippocampal pyramidal neurons, 
namely; 1) neurons with CK1δ positive GVD bodies, 2) neurons with pTau positive tangles, and 
3) neurons negative for both CK1δ and pTau. This approach provides a highly sensitive, unbiased 
quantification of proteins at cellular resolution. Specifically, we were able to identify prominent 
cellular mechanisms involved in GVD, and show the coherence between GVD affected neurons 
and those with neurofibrillary tangles, supporting a model in which GVD is part of an early 
phase in tau pathology.

MATERIAL AND METHODS

Case selection
Post mortem brain tissue was obtained from the Netherlands Brain Bank (NBB), Netherlands 
Institute for Neuroscience (NIN), Amsterdam. All brain tissue was collected from donors with 
written informed consent for brain autopsy and the use of brain tissue and clinical information 
for research purposes. The brain donor program of the NBB was approved by the local medical 
ethics committee of the VU university medical center (Ref#2009/148). Brain tissue was selected 
based on clinical and neuropathological reports. Control cases used for proteomics had 
very little to no abnormalities including Aβ, tau, GVD, α-synuclein or p62 pathology in the 
hippocampus and were cognitively healthy. AD cases used for proteomics were typical AD cases 
with severe tau pathology in the hippocampus, but no other comorbidities in the hippocampal 
region. Per group 12 cases were used for LC/MS-MS analysis which are listed in Table 1. Samples 
were analysed in two separate batches which consisted of 6 cases per group, marked by batch 
“A” and batch “B” in table 1. Cases used for validation are listed in Table S1. AD pathology present 
as Aβ deposits, neurofibrillary tangles and neuritic plaques was staged [2, 3, 40] and also the 
ABC score is provided [2, 3, 40, 41, 67].
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TABLE 1 | Cases used for mass spectrometry analysis

Batch Case Braak tau Braak Aβ ABC score Gender Age at 
death

PMD
hh:mm

APOE
genotype

1 Control 1 0 0 A0B0C0 M 56 9:15 ε3 ε4

1 Control 2 0 0 A0B0C0 M 74 8:05 ε3 ε3

1 Control 3 0 0 A0B0C0 M 49 6:15 ε2 ε3

1 Control 4 0 0 A0B0C0 M 76 6:45 ε3 ε3

1 Control 5 0 0 A0B0C0 F 62 5:00 ND

1 Control 6 0 0 A0B0C0 F 64 5:40 ε2 ε3

2 Control 7 1 A A1B1C0 F 71 7:10 ε2 ε3

2 Control 8 1 0 A0B1C0 M 64 8:25 ε3 ε3

2 Control 9 0 0 A0B0C0 M 51 7:45 ε3 ε4

2 Control 10 1 0 A0B1C0 M 78 17:40 ε3 ε3

2 Control 11 1 0 A0B1C0 F 50 4:10 ND

2 Control 12 1 B A1B1C0 M 80 3:18 ND

1 AD 1 6 B A2B3C3 M 65 5:40 ε3 ε3

1 AD 2 5 C A3B3C3 F 77 7:00 ε3 ε3

1 AD 3 5 C A3B3C3 F 89 10:20 ε3 ε3

1 AD 4 5 C A3B3C3 F 78 4:35 ε3 ε4

1 AD 5 6 C A3B3C3 F 64 5:30 ε3 ε4

1 AD 6 5 C A3B3C3 F 82 6:00 ε4 ε4

2 AD 7 5 C A3B3C3 M 84 4:50 ε3 ε4

2 AD 8 5 C A3B3C3 F 78 8:25 ND

2 AD 9 5 C A3B3C3 F 81 6:10 ND

2 AD 10 5 C A3B3C3 M 65 6:50 ε3 ε4

2 AD 11 6 C A3B3C3 F 65 6:40 ε3 ε3

2 AD 12 6 C A3B3C3 M 62 8:15 ND

AD: Alzheimer’s disease, PMD: post-mortem delay, M: male, F: female, ND: not determined.

Fast immunohistochemistry for laser microdissection (LMD)
Sample preparation for mass spectrometry was performed as previously described [17]. Briefly, 
sections (10 µm) of fresh-frozen human hippocampus were mounted on PEN-membrane slides 
(Leica Wetzlar, Germany), air-dried and fixed in 100% ethanol for 1 minute. After air-drying the 
tissue was wetted with sterile phosphate-buffered saline (PBS) pH 7.4.

Tissue sections were immunostained for CK1δ (SantaCruz, sc-55553) at a 1:25 dilution in PBS pH 
7.4 to detect GVD bodies, neurofibrillary tangles were detected using a pTau (AT8) antibody 
(Pierce Biotechnology, Rockford, IL, USA) at a 1:100 dilution in PBS pH 7.4. Both were incubated 
for 20 minutes and then briefly washed in sterile PBS pH 7.4 (3 x 30 sec). Next, HRP labelled 
rabbit anti-mouse (DAKO, Glostrup, Denmark) was applied at a 1:100 dilution in sterile PBS and 
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incubated for 15 minutes at RT and again briefly washed in sterile PBS pH 7.4 (3 x 30 sec). Freshly 
prepared 3,3’ diaminobenzidine (DAB) solution (DAKO) was applied and left to incubate for 5 
minutes to visualize antibody binding. Sections were thoroughly washed in ultra-pure H2O and 
incubated with 1% (w/v) toluidine blue (Fluka Analytical, Buchs, Switzerland) in ultrapure H2O 
for 1 minute as a counterstain. The toluidine blue counterstain allowed identification of control 
neurons in which no immunoreactivity was present. Sections were then washed in ultra-pure 
H2O twice for 1 minute and twice in 100% ethanol for 1 minute and air dried.

Isolation of individual neurons using LMD
LMD was performed using a Leica LMD6500 system (Leica, Wetzlar, Germany). Control neurons 
were isolated from the CA1 and subiculum region in the hippocampus from healthy control 
cases that were negative for AT8 immunoreactivity and had no GVD marked by granular CK1δ 
staining. Neurons with GVD, marked by CK1δ staining, and tangle bearing neurons marked by 
AT8 positivity were isolated from the same region from AD cases (Fig. 1).

Per sample approximately 3.000 individual neurons were collected into caps of tubes (Sapphire 
PCR/Tubes, 0.5ml Greiner Bio-One, Solingen, Germany) containing 30 µl M-PER lysis buffer 
(Thermo Scientific) supplemented with reducing SDS sample buffer (Thermo Scientific). Micro-
dissected tissue was stored at -80 °C until further use.

Protein in-gel digestion
Micro-dissected tissue lysates were incubated at 95 °C for 5 min to denature the proteins 
followed by incubation with 50 mM iodoacetamide for 30 minutes at room temperature (RT) 
in the dark. Samples were loaded onto a 10% acrylamide gel, of 1 mm thickness. Gels were 
composed of 10% acrylamide, 0.375M Tris–HCl (pH 8.8), ultra-pure H2O, 0.1% (w/v) APS and 6 
mL N,N,N’,N’-tetramethylethylene-diamine (TEMED) per gel. Proteins were allowed to migrate 
into the gel by electrophoresis (150 V), until the sample progressed in the gel for a length of 
approximately 8–10 mm.

Gels were fixed overnight in a solution containing 50% (v/v) ethanol and 3% (v/v) phosphoric 
acid in H2O at RT and stained with Colloidal Coomassie Blue (34% (v/v) methanol, 3% (v/v) 
phosphoric acid, 15% (w/v) ammonium Sulphate, and 0.1% (w/v) Coomassie brilliant blue G-250, 
for 1h while shaking. The gel was washed in ultra-pure water under gentle agitation for several 
hours to reduce background staining. Per sample the part of the gel containing the proteins was 
separated and cut into blocks of approximately 1 mm3 and collected in an Eppendorf tube. Gel 
fragments were destained in ultrapure water with 50 mM NH4HCO3 and 50% (v/v) acetonitrile 
overnight. Gel fragments were dehydrated using acetonitrile for 20 min and dried for 30 min 
using a speedvac. The gel parts were rehydrated in 70 µl of ultra-pure water containing 50 mM 
NH4HCO3 and 10 ug/ ml trypsin (sequence grade; Promega) and incubated overnight at 37 °C 
to facilitate digestion of the proteins. Peptides were extracted twice with a solution containing 
0.1% (v/v) trifluoroacetic acid and 50% (v/v) acetonitrile for 20 min. The samples were dried 
using a speedvac and stored at -20 °C until further analysis.
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Mass spectrometry analysis
Peptides of the individual sample fractions were dissolved in 12 µL of 0.1% (v/v) acetic acid. 
In the first set, the sample was loaded onto an Ultimate 3000 LC system (Dionex, Thermo 
Scientific). Peptides were trapped on a 5mm Pepmap100 C18 column (Dionex) and fractionated 
on a 200 mm Alltima C18 column (100 μm id,3 μm particle size). In the second set, the sample 
was loaded onto a nanoLC 425 system (Sciex) and fractionated on a 120 mm C18 column (150 
µm id column packed with 1.9 µm Reprosil-Pur 120 C18-AQ beads). Acetonitrile concentration 
in the mobile phase in 0.1% formic acid was increased from 5 to 18% in 88 min, to 25% at 98 
min, 40% at 108 min, and to 90% at 110 min. The flow rate was 400nL/min. Peptides were 
electrosprayed into an SCIEX TripleTOF® 5600 mass spectrometer using an ion spray voltage of 
2.5 kV, curtain gas at 35 p.s.i., nebulizer gas at 15 p.s.i., and an interface heater temperature of 
150 °C. The MS survey scan range was m/z 350–1250 acquired for 250ms. The top 20 precursor 
ions were selected for 85 ms per MS/MS acquisition, with a threshold of 90 counts. Dynamic 
exclusion was 16 s. Rolling CID function was activated, with an energy spread of 15 eV. Analysis 
of one sample (tangle bearing neurons) failed due to technical problems and was removed 
from the analysis leaving an n=11 for the tangle bearing neurons.

Protein inference and relative protein quantification
Raw files were first converted from WIFF to mzML using ProteoWizard’s qtofpeakpicker (version 
3) with parameters “ --resolution 20000 --area 1 --threshold 1 --smoothwidth 1.1” analogous 
to Schubert et al [61].

MetaMorpheus (version 0.0.311) was used to analyse the raw data [64]. The Uniprot human 
reference proteome database (SwissProt + TrEMBL, version 2020-04) was used to annotate 
spectra. Mass calibration was based on an initial search with 25ppm mass tolerance for both 
precursor and product ions, the dissociation type was set to CID and Carbaminomethyl(C) and 
Oxidation(M) were set as fixed and variable modifications respectively. For the main search, 
mass tolerances from the calibration task were used and acetylation of protein N-terminus 
was added as a variable modification. Label-free quantification by FlashLFQ was performed at 
5ppm peakfinding tolerance with match-between-runs enabled. Normalization was disabled 
in MetaMorpheus. All other settings were left at default. The false discovery rate (FDR) cutoff 
for peptide and proteins identification using MetaMorpheus was set to 1%.

Statistical analysis of differential protein expression
MS-DAP 0.2.6.3 (https://github.com/ftwkoopmans/msdap) was used for downstream analysis 
of the MetaMorpheus output. In each statistical contrast of condition A versus B, only peptides 
observed in both sample group A and B in at least 2 samples were selected (per cohort). 
Normalization of peptide abundance values was then applied to this data subset and finally 
MSqRob was used for differential testing at the peptide level, accounting for the cohorts 
as a random variable in the regression model [13, 14]. P-values were adjusted for multiple 
testing with the Benjamini-Hochberg False Discovery Rate (FDR) procedure, the threshold 
for significance was set to 5% FDR. All statistical results are available in Table S3. The mass 
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spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via 
the PRIDE [52] partner repository with the dataset identifier PXD023199.

FIGURE 1 | Analysis workflow. Individual neurons were isolated from postmortem human 
hippocampal brain tissue by laser microdissection (LMD). Using immunohistochemistry three 
populations of neurons were visualized and isolated with high accuracy: 1. Control neurons, 
from cognitively healthy control cases that were negative for CK1δ and pTau (AT8) immunore-
activity, 2. granulovacuolar degeneration (GVD) bearing neurons, as recognised by the typical 
CK1δ positive granular staining pattern, and 3. pTau positive neurons, mostly tangle-bearing 
neurons, were isolated from AD cases. For each neuronal population 3000 individual neurons 
were isolated per case. The protein content of each sample was then analysed using mass 
spectrometry (a). Peptide level statistics were applied to identify proteins that are differentially 
expressed in neurons with GVD and neurons with pTau compared to control neurons (b). All 
resulting proteins are listed in table S2. The subset of proteins which are increased in GVD are 
listed in Table 3.

Immunohistochemical analysis
Paraffin embedded human hippocampus, of 71 cases representing all Braak stages for NFT 
pathology, was cut (5 µm) and the sections were placed on SuperFrost microscope slides (VWR) 
and air-dried overnight at 37 °C. Prior to staining the paraffin was removed by washing in xylene. 
Next, the sections were washed in decreasing concentrations of ethanol (100%, 96% and 70% 
(v/v)). Endogenous peroxidase activity was quenched by incubating in methanol with 0.3% 
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H2O2 for 30 minutes at RT. Next, antigen retrieval was performed by submerging the slides in 
citrate buffer (pH 6) and heating in an autoclave to 126 °C.

Primary antibodies (Table 2, Table S4) were diluted in normal antibody diluent (ImmunoLogic, 
Duiven, The Netherlands) and incubation was performed overnight at RT. After incubation the 
sections were thoroughly washed in PBS (pH 7.4), 3 times for 10 minutes followed by incubation 
with an HRP-labelled secondary antibody (Envision, DAKO) for 30 minutes. Again, the sections 
were thoroughly washed in PBS (pH 7.4) 3 times for 10 minutes and then incubated with DAB 
to visualize antibody binding. Counterstaining of the nuclei was performed by incubation in 
hematoxylin for 3 minutes followed by extensive washing in running tab water for 5 minutes. 
Next, the sections were dehydrated by incubation in increasing concentrations of ethanol 
consisting of 70% (v/v), 96% (v/v) and 100% (v/v) ethanol. The slides were then incubated 
in xylene and mounted using Quick-D mounting medium. A negative control was made by 
omission of the primary antibody. Primary antibodies used for data presented in the figures 
are present in Table 2 and all tested antibodies are listed in Table S4. Optimization of antibody 
dilution was achieved by titration of antibodies using both control and AD brain tissue.

TABLE 2 | Antibodies used in this study

Gene Manufacturer Order nr. Clone Species Dilution 
IHC

Immunoblot Fast IHC 
for MS

CK1δ Santa Cruz sc-55553 C-8 Mouse 1:800  1:25

Ck1ε Santa Cruz sc-25423 Polyclonal Rabbit 1:1000

pTau ThermoFisher MN1020 AT8 Mouse 1:800  1:100

VXN OriGene TA334828 Polyclonal Rabbit 1:800 1:1000

PPIA Abcam ab42408 Polyclonal Rabbit 1:800

TOMM34 Santa Cruz sc-101284 S-05 Mouse 1:6400

TOMM34 Protein tech 12196-1-AP Polyclonal Rabbit 1:6400

HSP70 Santa Cruz sc-24 W27 Mouse 1:200 1:1000

CHMP1A Santa Cruz sc-271617 B-5 Mouse 1:12800

TPPP Santa Cruz sc-515819 A-6 Mouse 1:3200

CNDP2 Protein Tech 14925-1-AP Polyclonal Rabbit 1:6400

PPIB R&D systems MAB5410 549205 Mouse 1:1000

Assessment of the percentage of neurons with immunoreactivity for pTau and mark-
ers for GVD bodies.
The total number of neurons was determined in the CA1 and subiculum regions of the 
hippocampus. Unstained neurons were identified based on their morphology and the size of 
the nucleus. The number of neurons containing pTau (AT8) immunoreactivity or typical granular 
immunostaining of CK1δ, CK1ε, TOMM34 and VXN and a visible nucleus were determined. 
Differences between groups were identified using an ANOVA followed by Bonferroni’s test for 
multiple comparisons. A p-value of <0.05 was considered significant.
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Immunoblotting analysis
Protein extracts were prepared by lysis of hippocampal tissue in reducing SDS sample buffer. 
Proteins were denatured at 95 °C for 5 min separated by SDS-PAGE using Criterion™ TGX stain-
free™ precast gels (Bio-Rad, Hercules, CA, USA) and transferred (100 V for 2 hours at 4 °C) onto 
a 0.45 µm PVDF membrane (Merck Millipore), which was pre-incubated in 100% methanol. 
Blocking of the membrane after transfer, was achieved using Odyssey blocking buffer (LI-COR). 
Subsequently the membrane was incubated with the primary antibody overnight. Primary 
antibodies and dilutions are listed in table 2.

After washing in Tris-buffered saline (pH 7.5) with 0.1% (v/v) Tween-20 (TBST) for 3 x 10 min, the 
membrane was incubated for 3h with the secondary antibody. Secondary antibodies used were 
IRDye 800 CW Goat anti-Rabbit (LI-COR Biosciences, Lincoln, NE, USA) and IRDye 680 Goat anti-
Mouse (LI-COR Biosciences, Lincoln, NE) both at a 1:7000 dilution in Odyssey blocking buffer. 
Visualization was achieved using an Odyssey imaging system using excitation wavelengths 
of 700 nm and 800 nm. Total protein load was visualized using a chemidoc EZ (Bio-Rad) and 
the protein densitometric values were then used to normalize for their relative protein input. 
Quantification was performed using image-J software.

Gene ontology and pathway analysis
Gene ontology and pathway analysis was performed using g-profiler [56, 57]. The following 
databases were included: Gene ontology (GO), molecular function (MF), GO cellular component 
(CC), GO biological process (BP), KEGG pathways and Reactome pathways. G-profiler databases 
were updated July 2020. All detected proteins were used as a background dataset. Multiple 
testing corrected p-value was determined using Benjamini Hochberg FDR where an adjusted 
p-value of <0.05 was considered significant.
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RESULTS

The proteomes of three populations of neurons from human post-mortem hippocampal tissue 
were assessed. These were (I) neurons with GVD marked by CK1δ positive granules (n=12) and 
(II) pTau (AT8) positive tangle bearing neurons, both from AD cases (n=12), and (III) neurons 
isolated from cognitively healthy control cases that contained no, or very little, AD related 
pathology (n=12) (Fig. 1). This analysis was performed in two separate batches containing an 
n=6 per group. Per case and for each sample 3000 neurons were analysed, resulting in an 
average quantification of 1981 (SD=137.5) proteins in control, 2034 (SD=120.9) proteins in CK1δ 
positive and 1935 (SD=146.6) proteins in pTau positive neurons in batch 1 and 2185 (SD=62.8) 
proteins in control, 2177 (SD=46.5) proteins in CK1δ positive and 2150 (SD=24.1) proteins in pTau 
positive neurons in batch 2. The integrated analysis accumulated in detecting a total of 2596 
different proteins. There was no significant difference between the groups in the number of 
proteins identified within each batch (Fig. S1).

Proteins with altered abundance
To identify differentially expressed proteins in neurons with GVD or tangle bearing neurons 
compared to control a regular statistical approach was used for proteins with quantitative 
data in at least two cases per group (Fig 1b). We identified 92 proteins with significant higher 
expression level and 23 proteins with lower levels in the GVD bearing neurons and 82 proteins 
with significant higher expression level and 115 proteins with lower levels in the tangle bearing 
neurons, compared to control neurons (Fig. 2a). Proteins with increased expression in GVD 
compared to control are shown in Table 3. All proteins with an altered abundance in GVD and/
or tangle bearing neurons are listed in Table S2, the complete dataset, with log2 fold changes 
and q-values in Table S3.

Within the differentially expressed groups of proteins, GVD and/or tangle bearing neurons 
versus controls, there are proteins unique to each group and proteins that are shared in 
GVD and tangle bearing neurons (Fig. 2a). There are relatively few proteins with decreased 
expression in the GVD positive neurons whereas in the tangle bearing neurons many proteins 
with decreased expression are observed.

The protein expression profile based on fold changes in GVD and tangle bearing neurons 
compared to control shows that most changes that occur in GVD and tangle bearing neurons 
are in the same direction, where the tangle bearing neurons generally show the largest change 
versus control. Only a small number of proteins is increased in GVD but not or less increased 
in tangle bearing neurons (Fig. 2b).
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FIGURE 2 | Data overview. Shown are the number of proteins increased and decreased in 
each population and its overlap (a). The protein expression profile based on fold changes in 
GVD and tangle bearing neurons compared to control. Most differentially expressed proteins 
change in the same direction in GVD and tangle bearing neurons, in which tangle bearing 
neurons generally exhibit more severe changes. Few proteins are increased predominantly in 
GVD (b). Log2 fold changes of known markers of GVD, CSNK1A1 (CK1α) and CSNK1D (CK1δ) and 
tangles, MAPT (tau) are shown (c).
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TABLE 3 | Proteins increased in GVD

Gene Log2 FC C vs GVD Log2 FC C vs Tangle FDR C vs GVD FDR C vs Tangle

MAPT 1.949 2.885 0.000 0.000

BRD2 1.785 0.404 0.004 ns

ARHGDIA 1.660 1.463 0.000 0.001

UBE2QL1 1.553 0.932 0.000 0.012

GFAP 1.538 1.575 0.000 0.001

PPIA 1.537 1.344 0.001 0.003

UBB* 1.434 2.051 0.000 0.000

CHMP1A 1.358 0.744 0.000 0.034

UNC13D 1.297 1.477 0.043 0.014

FKBP2 1.188 0.490 0.003 ns

PPIB 1.142 0.768 0.000 0.010

ENO1 1.128 1.070 0.012 0.026

PHPT1 1.065 0.000 0.005 ns

CSNK1A1 1.060 0.721 0.000 0.001

TOLLIP 1.006 0.933 0.023 0.028

PPIA 0.981 0.769 0.013 0.044

PEA15 0.980 0.838 0.000 0.000

PGAM1 0.957 0.914 0.000 0.001

TOMM34 0.944 0.793 0.000 0.000

CALR 0.928 0.416 0.002 ns

ENSG00000276612 0.862 0.797 0.003 0.045

HSPB1 0.807 1.064 0.000 0.000

CNRIP1 0.799 0.693 0.008 ns

PSD3 0.777 0.510 0.000 0.032

PITHD1 0.776 0.000 0.023 ns

ENO2 0.764 0.700 0.008 0.013

CLU 0.763 0.820 0.000 0.000

CBR1 0.755 0.637 0.000 0.009

HPCAL4 0.753 0.624 0.007 0.033

ENO1 0.752 0.829 0.015 0.005

MAP2 0.709 0.441 0.000 0.014

HPCA 0.709 0.432 0.019 ns

PAFAH1B3 0.709 0.365 0.001 ns

MLF2 0.704 0.409 0.000 0.040

DNAJB6 0.666 0.472 0.000 0.005

VIM 0.646 0.832 0.000 0.000

G3BP2 0.644 0.213 0.005 ns
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TABLE 3 | Continued

Gene Log2 FC C vs GVD Log2 FC C vs Tangle FDR C vs GVD FDR C vs Tangle

SCRN1 0.644 0.530 0.005 0.034

CNDP2 0.642 0.642 0.003 0.016

SNX3 0.636 0.302 0.000 ns

EIF4H 0.608 0.439 0.000 0.007

GANAB 0.606 0.181 0.005 ns

HSD17B10 0.598 0.201 0.018 ns

AIMP1 0.577 0.000 0.020 ns

YWHAZ 0.569 0.498 0.002 0.006

CKB 0.568 0.391 0.044 ns

TKT 0.563 0.459 0.005 0.037

HSPA1B 0.554 0.445 0.003 0.020

EEF1B2 0.553 0.000 0.003 ns

TPI1 0.538 0.276 0.034 ns

PRDX5 0.533 0.468 0.008 0.033

GSN 0.523 0.437 0.005 0.064

VTI1B 0.519 0.161 0.044 ns

PALM 0.515 0.825 0.029 0.001

KARS1 0.514 0.183 0.001 ns

BLVRB 0.511 0.629 0.000 0.000

NEFL 0.502 0.398 0.000 0.015

CSNK1D 0.488 0.492 0.001 0.001

PAFAH1B1 0.478 0.325 0.044 ns

NEFM 0.478 0.362 0.000 0.059

SSB 0.478 0.000 0.001 ns

TPPP 0.473 0.462 0.022 0.008

PDIA3 0.456 0.000 0.004 ns

YWHAE 0.449 0.384 0.000 0.001

FSCN1 0.447 0.545 0.026 0.005

SYN1 0.441 0.458 0.043 0.062

PRKRA 0.438 0.000 0.004 ns

RTRAF 0.429 0.194 0.042 ns

AK1 0.405 0.368 0.003 0.020

NCL 0.398 0.000 0.013 ns

SNX12 0.392 0.259 0.026 ns

SDCBP 0.388 0.193 0.027 ns

EIF3CL 0.385 0.000 0.044 ns
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TABLE 3 | Continued

Gene Log2 FC C vs GVD Log2 FC C vs Tangle FDR C vs GVD FDR C vs Tangle

CLINT1 0.379 0.000 0.017 ns

ANXA5 0.374 0.378 0.036 ns

INA 0.370 0.288 0.004 ns

CFL1 0.366 0.000 0.019 ns

PIN1 0.362 0.261 0.004 ns

MAP1B 0.352 0.072 0.002 ns

ATP6V1E1 0.341 0.400 0.008 0.022

VTA1 0.322 0.225 0.026 ns

CRYAB 0.321 0.576 0.048 0.043

HSPA8 0.295 0.331 0.046 0.006

ME1 0.290 0.071 0.001 ns

CAMK2D 0.289 0.070 0.026 ns

SND1 0.281 0.000 0.004 ns

LRRC47 0.275 0.000 0.005 ns

SUGT1 0.251 0.216 0.037 0.043

USO1 0.238 0.000 0.005 ns

PCBP1 0.222 0.000 0.020 ns

RAB6A 0.208 0.267 0.019 0.033

RTN4 0.207 0.129 0.044 ns

All proteins that have an increased abundance in GVD are shown. The full set of regulated proteins is 
presented in Table S2. * indicates this is the leading “razor protein”, but based on the peptide data these 
proteins cannot be distinguished from some other highly similar proteins. These are presented in Table 
S3. FC; fold change, FDR; false discovery rate, ns; not significant, GVD; granulovacuolar degeneration.

Higher abundance and differential localization for selected proteins
Differentially expressed proteins included those known to be increased in AD, for example 
CSNK1A1 (CK1α), CSNK1D (CK1δ) and MAPT (Tau), which are associated with GVD and tau 
pathology respectively (Fig. 2d). The abundance of CK1δ and CK1α is increased in GVD bearing 
neurons and for CK1α to a lesser extent in tangle bearing neurons. MAPT on the other hand is 
increased in GVD and even more so in tangle bearing neurons.

Based on an increase in protein level in neurons with GVD and on antibody availability, 13 
proteins were assessed by IHC (Fig. 3 and 4). Protein association with GVD and/or AD was 
confirmed by IHC with antibodies (Table 1) for PPIA, TOMM34, HSP70 (HSPA1B), CHMP1A and 
TPPP in at least n=3 per group. All tested antibodies are listed in Table S4. In addition, for 
proteins that have very low abundance in a particular group, proper statistical testing can 
be challenging as only few data points are available for statistics. In that case, differences in 
the number of peptides that are detected can be a useful indicator of a potential change in 
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expression. This differential detection in the number of individual peptides is then indicated 
as a z-score (Table S3). An example of a protein with a high z-score and data suggestive of a 
high increase in GVD is VXN (a.k.a. C8orf46), which was confirmed by additional IHC staining.

PPIA shows a strong increase in neuronal immunoreactivity that is localized to the GVD bodies 
(Fig. 4a, b). TOMM34 shows weak diffuse immunoreactivity across the neuronal cell body in 
control neurons. In AD, very strong immunoreactivity is present in cells with GVD bodies and 
the anti-TOMM34 antibody specifically stains GVD structures (Fig. 4c, d). Similar staining was 
observed using two different TOMM34 antibodies (Fig S2). HSP70 (HSPA1B) shows very little 
immunoreactivity in control cases and is increased in AD. Localization is mostly related to 
neurons, staining a proportion of the GVD bodies, and some glial cells (Fig. 4e, f). GVD is also 
visualized using 3 other HSP70 antibodies tested in this study (Fig S3). CHMP1A shows a granular 
staining pattern in control neurons. Surrounding the neurons also some immunoreactivity is 
found, that is possibly related to cellular protrusions. In AD, the level of immunoreactivity is 
largely increased in neurons, and mainly associated with cells containing GVD bodies and to a 
large extent localized in the GVD bodies (Fig. 4g, h). TPPP immunoreactivity is present in GVD 
bodies and in non-neuronal cells (Fig. 4i, j), presumably oligodendrocytes as the staining pattern 
matches a previous study by Kovacs et al. [32]. For VXN we observed a weak diffuse primarily 
neuronal staining in control tissue. An increase in immunoreactivity is seen in AD, that appears 
specifically localized in GVD bodies (Fig. 4m, n). In summary, IHC analysis of selected proteins 
that were found increased in laser-dissected GVD containing neurons, shows higher intensities 
in AD cases compared to control case and confirms the presence of these proteins in GVD.

When performing quantification of CK1ε, VXN, TOMM34 and PPIB using immunoblotting 
on whole hippocampal lysates of 7 control cases versus 6 AD cases, no significant change in 
abundance was found (Fig. S4), indicating that immunoblotting of whole hippocampal lysates 
does not provide sufficient resolution to match the laser-dissected cellular proteomics approach.
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FIGURE 3 | Proteins selected for immunohistochemical analysis. Thirteen proteins that 
were found increased in neurons with GVD using the statistical approach, were selected for 
further analysis using immunohistochemistry (IHC). VXN was included for its high estimated 
fold change and a large increase in the number of individual peptides that was detected in 
GVD compared to control, indicated by a high z-score, suggestive of an increase in GVD. The 
log2 fold changes are indicated in GVD and tangles compared to control (a). * q < 0.05, **q < 
0.001 and *** q < 0.0001.
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FIGURE 4 | Validation of differentially expressed proteins in GVD bearing neurons. Rep-
resentative images are shown from immunohistochemical staining for proteins that are differ-
entially expressed (PPIA, TOMM34, HSP70, CHMP1A, TPPP and VXN) in control cases (a, c, e, g, 
I, k and m, respectively) and AD cases (b, d, f, h, j, l and n, respectively). PPIA, TOMM34, HSP70, 
CHMP1A, TPPP, and VXN are localized in the GVD bodies in AD. All images are taken in the CA1 
or subiculum subregion of the hippocampus. Scale bar in (a) indicates 25μm.

VXN and TOMM34 increase with pathology and parallels the presence of CK1δ, CK1ε 
and pTau in the hippocampus
Next, we selected the newly discovered markers VXN and TOMM34, which showed a high 
degree of association with GVD, to stain a large patient cohort (n=71), encompassing all Braak 
stages for NFT to quantify the percentage of positive neurons. The percentage of stained 
neurons was determined in the CA1 and subiculum subregion of the hippocampus (Fig. 5). 
Over the Braak stages there is a progressive increase in the fraction of neurons that are positive 
for TOMM34 and VXN. This increase proceeds to affect approximately 50% of all neurons in the 
hippocampus. The rate and extent of increase in percentage positive cells was similar to that 
of the known GVD associated proteins CK1δ and CK1ε and pTau (AT8) (Fig. 5).
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FIGURE 5 | Percentage of neurons containing pTau and markers for GVD bodies over the 
Braak stages. In the hippocampal subregions CA1 and Subiculum the percentage of neurons 
that displayed the typical GVD associated granular staining pattern was determined for new 
markers for GVD (TOMM34 and VXN) (a, b) and known markers of GVD (CK1δ, CK1ε) (c, d). In addi-
tion, the percentage of neurons that are positive for pTau (AT8) (e) was determined. A schematic 
representation of a human hippocampus with the quantified area marked in red is shown in 
(f). Significant differences (p < 0.05) compared to Braak stage 0 are indicated with an asterisk.

Processes associated with GVD and/or tangle bearing neurons
To obtain insight in disease mechanisms occurring in GVD and tangle bearing neurons an 
overrepresentation analysis in G-profiler was performed on significantly regulated proteins 
(Table S2). Separate subgroups defined as (I) increased in GVD, (II) decreased in GVD, (III) 
increased in tangle bearing neurons and (IV) decreased in tangle bearing neurons were 
analysed (Table S5).

(I) Considering all 92 proteins that are increased in GVD, this yielded 52 overrepresented terms 
with intermediate filament-based process being the most significant biological process (II) 
Proteins that are decreased in GVD containing neurons provided no enriched terms in our 
analysis. (III) Proteins increased in tangle bearing neurons yielded 159 GO and pathway terms, 
with neurogenesis being the most significantly affected biological process (IV) Proteins that 
were decreased in tangle bearing neurons primarily showed an overrepresentation in 251 terms 
with RNA catabolic process being the most significant biological process, but also included 
ribosomal proteins and cellular responses to stress.
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Combining increased and decreased proteins in GVD or increased and decreased proteins in 
tangle bearing neurons did not result in any additional overrepresented GO terms or pathways 
for GVD but 49 additional significant terms for tangle bearing neurons were found (Table S5).

In addition to the overrepresentation analysis highlighting the proteins affected in GVD and 
tangles, an extensive, neurodegeneration relevant, overview and visualization of functionally 
related proteins and their changes in abundance related to GVD and tangles is presented 
(Fig. 6a – i). These include proteins involved in protein folding, proteasomal degradation, RNA 
processing, ribosome function, microtubule and cytoskeletal-related functions, endo-lysosomal 
function and glycolysis.

In AD, and neurons with GVD, accumulation of misfolded proteins occurs [19, 78]. An important 
response to misfolded proteins is via proteins that are involved in protein folding, as supported 
by GO/pathway analysis. Such proteins include PPIA, PPIB, CALR, HSPB1, CLU, DNAJB6, GANAB, 
HSPA1B, PDIA3, CRYAB, HSPA8 (GO:0006457), FKBP2 [36] and TOMM34 [9]. The mean fold change 
of each protein per group shows an increase in neurons with GVD (fig. 6a), whereas the increase 
in tangle bearing neurons is often less or not significant, appearing as an up-down profile when 
assuming consecutive stages from GVD to tangle bearing neurons. The ER resident proteins 
PDIA6, HSP90B1, HYOU1, PDIA4, MOGS and FKBP8, have functions involving protein folding and 
the unfolded protein response. These proteins are decreased only in tangle bearing neurons 
(Fig. 6b, Table S2). A well-known mechanism of removal of misfolded proteins is by proteasomal 
degradation. We observe a change in the abundance of proteins that are components of the 
proteasome complex including PSMC3, PSMD1, PSMD2, PSMD11, and PSMD12 and an increase 
of ubiquitin (UBB), the latter indicating accumulation of ubiquitinated proteins (Fig 6c, Table 
S2). Misfolded tau is also being degraded via the endolysosomal pathway and is found in early 
endosomes, multivesicular bodies, and lysosomes [72]. Several proteins related to this pathway 
(GO:0005764 lysosome, GO:0005768 endosome, GO:0005771 multivesicular body) are found 
regulated in neurons with GVD (Fig. 6d). These include CHMP1A, SNX3, VTI1B, PDIA3, SNX12, 
VTA1, RAB11A, UNC13D, TOLLIP, SDCBP and ATP6V1E1.

Regarding the neuronal cytoskeleton several proteins that are related to the microtubule, 
including MAPT, are found to have an altered abundance (Fig. 6e, Table S2). Also related to the 
actin cytoskeleton we find increased GSN, and FSCN1 and CFL1 as well as the neurofilament 
components VIM, NEFL, NEFM and INA in GVD and partially in tangles (Fig 6f). A decrease in 
expression was found for actin cytoskeleton regulators CORO1A, MYH9 and NCKAP1 in tangles 
and for ACTR3B in both GVD and tangles.

The abundance RNA processing proteins, specified by presence in “mRNA binding” 
(GO:0003729), “RNA splicing” (GO:0008380), “RNA processing” (GO:0006396), is changed in 
GVD and to even greater extent in tangles (Fig. 6g).
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Ribosomal proteins as assigned to “structural constituent of ribosome” (GO:0003735) include 
RPS2, RPS3, RPL4, RPS4X, RPS7, RPS11, RPS14, RPS16, ENSG00000260836 (40S ribosomal protein 
S17), RPS23, RPS27L, RPL3, RPL7, RPL8, RPL15, RPL23, RPL28 and RPLP0 which are all decreased 
but only in the tangle bearing neurons (Fig. 6h). This indicates that in tangle bearing neurons 
protein synthesis might be impaired. We observe an increase in ENO1, PGAM1, ENO2 and TPI1 
and a decrease of PGM2L1 in GVD and tangles (Fig. 6i) with the exception of TPI which does not 
reach significance in tangle bearing neurons. These proteins are facilitating sequential steps 
in glycolysis, the main energy source for the brain.

Interestingly, no proteins were found that are increased in GVD and decreased in tangle bearing 
neurons when compared to control, indicating no contradictory responses are found when 
comparing GVD to tangle bearing neurons.
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FIGURE 6 | Fold changes of selected proteins that belong to specific functional groups. 
Log2 fold changes compared to control are shown for proteins of different functional catego-
ries in panels a-i. Note that in panel a-i only proteins identified using the statistical approach 
are displayed. We detected increased levels of proteins related to protein folding in neurons 
with GVD compared to control while levels are generally lower in tangles compared to GVD (a). 
Several other proteins involved in protein folding, which in this case all function in the endo-
plasmic reticulum, remain unchanged in neurons with GVD but are reduced in tangles (b). Core 
components of the proteasome are found to be decreased in GVD and tangles while ubiquitin 
(UBB) builds up in GVD and to a greater extent in tangles (c). Several proteins related to the 
endolysosomal pathway are changed in expression, primarily in GVD and to a lesser extent in 
tangle bearing neurons (d). Several proteins related to the microtubule (e) and other neuronal 
cytoskeletal components (f) are elevated in GVD and tangles. Many proteins that are involved in 
RNA processing including several members of the Heterogeneous nuclear ribonucleoproteins 
(HNRNPs) are decreased in neurons with GVD and tangles, except for Nucleolin (NCL), Ras GT-
Pase-activating protein-binding protein 2 (G3BP2), Lupus La protein (SSB) and heterogeneous 
nuclear ribonucleoprotein E1 (PCBP1) which are increased in GVD but unchanged in tangles 
(g). Several ribosomal proteins are decreased but only in tangles (h). Several enzymes facilitat-
ing sequential steps in glycolysis namely Alpha-enolase (ENO1), Phosphoglycerate mutase 1 
(PGAM1), gamma-enolase (ENO2) and triosephosphate isomerase (TPI1) are increased in GVD 
and all, except for TPI1, also in tangles, while glucose 1,6-bisphosphate synthase (PGM2L1) was 
found decreased in GVD and tangle bearing neurons (i). (ns: not significant, nd: not detected)
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DISCUSSION

Mass spectrometry-based proteomics analysis of laser dissected tissue or cells has become a 
useful technology to identify proteins specifically in pathological conditions [7, 16, 20]. In this 
study we applied a single-cell resolution proteomics approach that provides for the first time 
an overview of changes in the proteome of neurons containing GVD and in those containing 
neurofibrillary tangles. Using our approach, we have identified 115 differently expressed 
proteins that show changes in GVD bearing neurons and 197 proteins in tangle bearing neurons 
of which 66 proteins overlap between GVD and tangle bearing neurons. The identification of 
proteins differentially expressed in GVD containing neurons provides insight in the molecular 
mechanisms associated with GVD.

GVD is associated with activation of protein folding and degradation and dysregula-
tion of RNA processing
As indicated by the GO/pathway overrepresentation analysis, several proteins associated with 
protein folding are increased, mostly in GVD containing neurons, and to a lesser extent in tangle 
bearing neurons (Fig.6a). TOMM34 is a cytosolic protein that is involved in protein folding 
and the transport of unfolded proteins into mitochondria [5, 9, 43]. HSP70 binds misfolded 
monomeric tau, oligomeric tau and to a lesser extent aggregated tau and is effective in 
preventing further aggregation [33, 51, 54]. Interestingly, TOMM34 interacts with HSP70 as a 
co-chaperone [70] and both were found in GVD bodies using IHC. The highest fold increase is 
seen in the cyclophilin family of peptidyl-prolyl isomerases PPIA, PPIB and FKBP2. Interestingly, 
inhibition or deficiency of PPIA results in increased aggregation and faster disease progression 
in models for prion disease [1, 50]. Other, mainly ER resident, protein folding associated proteins 
maintain normal expression in GVD but decrease in tangle bearing neurons (Fig. 6b).

A downregulation of components of the proteasome complex was observed, which was 
accompanied by an increase of UBB (Fig. 6c) indicating proteasomal dysfunction. Increased 
UBB has previously been suggested to be relevant in an early stage of tangle formation [4, 75]. 
In addition, several proteins related to early endosomes, multivesicular bodies, and lysosomes 
are found regulated in neurons with GVD. Of these proteins PDIA3, which is upregulated in 
GVD, has previously been implied as a possible therapeutic target by reducing Aβ pathology 
and subsequent tau pathology in an AD model [22, 69]. In addition gene variants of the GVD 
increased protein SNX3 are associated with AD [71]. Together, these results indicate increased 
protein folding mechanisms and impaired protein degradation in GVD affected neurons.

 We also observe cytoskeletal alterations of microtubule, actin and intermediate filament related 
proteins in GVD and continuing in tangle bearing neurons (Fig. 6f). Next to MAPT, MAP2 and 
MAP1B are increased in GVD and could compensate microtubule instability [27]. In addition, 
MAP1B is important for synaptic plasticity and neurite outgrowth [24, 49]. Also TPPP is increased 
and localizes in the GVD bodies. TPPP is involved in modulation of microtubule dynamics and 
stability [32, 48] and can bind and inhibit the activity of tau kinase glycogen synthase kinase 
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3 [53]. Previously the regulator of actin dynamics and synaptic plasticity CFL1 was linked to 
synaptotoxicity in AD and CFL1 positive inclusions were shown associated with plaque and 
tangle pathology in AD [39, 59, 60]. In addition, the neurofilament components VIM, NEFL, NEFM 
and INA are increased in GVD and NEFL is also increased in tangle bearing neurons.

GO/pathway overrepresentation analysis showed a decrease in an exceptionally large number of 
proteins that are involved in the binding and processing of mRNA in GVD and to an even greater 
extent in tangle bearing neurons. Impaired functioning of RNA processing can induce cryptic 
splicing errors and the relation with tau pathology has been indicated recently [21]. In GVD 
bearing neurons several heterogeneous ribonucleoproteins are reduced including HNRNPL, 
HNRNPU, while PCBP1 (hnRNP E1) is increased (Fig. 6g). Moreover, in tangles the abundance of 
additional related proteins from this family, including HNRNPH2, HNRNPM, HNRNPD, HNRNPH3, 
HNRNPH1 and HNRNPR is reduced. This family of proteins is involved in the processing, splicing, 
stability and transport of RNA [11, 55]. The level of TARDBP (TDP43) was found elevated in 
GVD and immunodetection of phosphorylated TARDBP (pTDP-43) has been found associated 
previously with GVD [39]. G3BP2 is a scaffold protein functioning in the development of stress 
granules [35]. Several stress granule markers are also found frequently present in GVD [29]. 
Also increase of SSB, PCBP1 and the known GVD localized protein NCL [39] in GVD suggests 
disturbances in RNA metabolism and protein synthesis [25]. Our findings suggest that pathways 
associated with RNA processing are affected already in the GVD stage of tau pathology.

VXN was found highly increased in neurons with GVD and localized specifically to the GVD 
bodies. As such VXN is a robust and interesting new marker for GVD. VXN has functions in the 
nucleus where it is involved in neurogenesis. Aberrant methylation of VXN gene was found 
associated with development of ALS [42, 66].

In summary, we observed increased presence of proteins and activation of pathways that 
promote protein folding, synaptic plasticity, and neurogenesis could indicate that GVD is a 
homeostatic response to a disturbed homeostasis in the early stages of tau pathology.

Decreased ribosomal proteins and protein folding in the ER in tangle bearing neurons
In comparison with GVD neurons, tangle bearing neurons show further persistence or 
aggravation of changes in relation to protein folding, protein degradation, microtubule and 
other cytoskeletal proteins and RNA processing. In addition, several protein groups that were 
unaffected in GVD show changes in their abundance in tangle bearing neurons. Neurofibrillary 
tangle bearing neurons show a decrease in ER resident proteins which are involved in protein 
folding and the unfolded protein response (Fig. 6b). Also, a large collection of ribosomal 
proteins was selectively decreased in tangle neurons (Fig. 6h). Decreased synthesis of ribosomal 
components can be induced by misfolded, aggregated tau [8]. A decrease in ribosomal subunits 
may indicate a substantial reduction in the capacity for protein synthesis in tangle bearing 
neurons. Our data shows that the levels of these proteins are unchanged in GVD and proper 
ribosomal function might still be maintained in these neurons.
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There is a great deal of overlap between GVD and tangles in regulated proteins and protein 
groups like RNA processing, the proteasome, endolysosomal function and glycolysis as shown 
in figure 6 and 7. In addition, MAPT is the main protein aggregate in the tangle and a 3.9-fold 
increase is already observed in GVD bearing neurons further increasing to approximately 7.4-
fold in the tangle bearing neurons. Furthermore, the aggregation of tau in tangle bearing 
neurons coincides with the decrease of chaperone proteins, involved in protein folding and 
prevention of aggregation.

Recently, Wiersma et al. showed that tau seeds induce GVD-like pathology in primary neurons 
in vitro [74]. This study supports a functional link between tau pathology and GVD. Although 
we cannot draw conclusions on the link between tau seeding and GVD in the present study, 
it is interesting to see that both tau seed induced GVD and GVD in human post mortem brain 
show strong involvement of the endolysosomal pathway. In general, both studies support 
the strong connection between GVD and tau pathology. These results suggest that GVD and 
tangle formation are sequential events.

We propose a model were tau seeds initiate the accumulation of tau, resulting in a gradual 
increase in tau hyper-phosphorylation and misfolding in the neuron. During this process of 
cellular stress, GVD is initiated. While the increase of intracellular pTau levels might elicit GVD 
formation, it is still elusive whether GVD is a protective or degenerative response [73].

Some limitations may apply to this work. For laser dissection of neurons with GVD or tangles, 
we used the marker CK1δ and pTau respectively. A proportion of neurons showing GVD are 
also pTau positive and vice versa, as such there will be a percentage of double positive neurons 
present in both groups in the analysis. In addition, proteins were solubilized using SDS buffer 
under reducing conditions. Although this solubilizes most proteins in a sample it does not 
completely solubilize protein aggregates and consequently the representation of aggregated 
proteins in this analysis may be incomplete. The average age of the control cases used for 
proteome analysis was lower than the AD cases (9,5 years difference). It was recently reported 
that age difference affects the brain proteome only mildly [26], and the proteins involved in 
that study are not part of the processes that we attribute to GVD or tangles nor do these include 
any of the markers highlighted in our study. Age cannot be a contributing factor in changes 
selective for GVD or tangle bearing neurons as these samples are derived from the same group 
of AD cases. However, we cannot exclude that the average age difference has an effect on the 
comparison between control and AD cases.

Furthermore, mass spectrometric results may require confirmation using an independent 
technique to assess cellular changes in protein levels. We confirmed increased abundance of 
several proteins not previously associated with AD or GVD by immunohistochemistry, however, 
changes in the expression and the localization of many other proteins of interest still need to 
be investigated.

3



96

Chapter 3

Previous immunohistochemistry studies have shown the presence of phosphorylated proteins 
in GVD bodies. The technique used in this study was suitable for the detection of proteins 
independent of their phosphorylation state, which provided an unbiased analysis independent 
of the specificity of antibodies directed to phospho-epitopes.

For quantification by immunoblotting, whole hippocampal lysates were used as the protein 
yield from laser-dissected neurons is too low for this technique. The abundance of CK1ε, VXN, 
TOMM34 and PPIB was analysed, but no significant change in abundance was detected. This 
indicates that immunoblotting of whole hippocampal lysates does not provide sufficient 
resolution to detect changes related to the subpopulation of neurons that display GVD. This 
explains why we identified many proteins that have not previously been associated with AD 
and argues for a cell-targeted proteomics discovery approach.

For the proteins with a clear localization to the GVD bodies, like TOMM34, PPIA, VXN, or known 
marker proteins such as CK1δ and CK1ε, we do not observe significant lower abundance in 
tangle bearing neurons. This might be due to several reasons. First, the mass spec analysis is 
on a partly double positive cell population as we cannot exclude the presence of GVD in part 
of the isolated pTau positive neurons. Second, proteins associated with GVD might still have 
elevated levels of these proteins in tangle bearing neurons compared to control, but these 
might be below the detection threshold of the IHC analysis.

FIGURE 7 | Proteins and processes associated with GVD and tangles. Shown are the global 
proteome changes occurring in GVD containing neurons and tangle bearing neurons. In the top 
panel are the processes related to proteins that are increased and at the bottom row the pro-
cesses related to decreased proteins. Several markers identified using LC-MS/MS and found to 
be associated with GVD using IHC in this study are placed at the left of the GVD bearing neuron.
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CONCLUSION

Using a combination of IHC, LMD and LC-MS/MS we analysed the changes in the proteomes 
of neurons with GVD and neurons with tangles compared to control neurons, obtained from 
human post-mortem AD brain tissue. Our data show that GVD and neurofibrillary tangle bearing 
neurons are molecularly closely related and support that GVD represents a neuronal pre-tangle 
stage. Due to the high resolution of the analysis of specific neuronal populations this study 
identified many proteins that have not been associated previously with GVD or NFTs. Our results 
show that GVD bearing neurons have increased presence of proteins associated with protein 
folding, endolysosomal function and glycolysis, while there is a decrease of proteins involved in 
RNA processing and proteasome components. In addition, we find increased levels of proteins 
in GVD that promote protein folding, synaptic plasticity and neurogenesis suggesting that 
GVD is a response to a disturbed neuronal homeostasis in the early stages of tau pathology. 
We present new GVD associated proteins that provide insight in AD pathogenesis and novel 
leads for further research.
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SUPPLEMENTARY MATERIAL

FIGURE S1 | Number of proteins quantified per case. The total number of proteins that 
was quantified using LC/MS-MS per case is shown per individual case. Both detection by MS/
MS and quantification only via the match between runs option (MS1 only) are shown. Samples 
were analysed in two separate batches with each 6 samples per group. No significant differ-
ences exist between groups within each batch with respect to number of quantified proteins.

FIGURE S2 | IHC staining using two different anti-TOMM34 antibodies visualize GVD. 
Both anti-TOMM34 antibodies used in this study visualize GVD.
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FIGURE S3 | IHC staining using three alternative anti-HSP70 antibodies visualize GVD. 
Three alternative anti-HSP70 antibodies that were tested in this studie also visualize GVD 
(arrows).

3
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FIGURE S4 | Levels in whole hippocampus are not changed as determined using im-
munoblotting. Quantification of selected GVD associated proteins was performed on whole 
hippocampal lysates. Control (Braak 0 and I for tau pathology) was compared to AD cases 
(Braak stage V and VI). CK1ε, VXN, TOMM34, and PPIB were quantified and presented in a, b, c, 
and d, respectively. No differences in the abundance was found for any of these proteins when 
comparing control to AD.

TABLE S1 | Cases used for validation.

Case # Braak 
Aβ 1

Braak 
Tau 1,2

ABC 
score 3

Gender Age at 
death 
(y)

Post-
mortem 
delay 
(hh:mm)

APOE 
genotype

Diagnosis

1 0 0 A0B0C0 m 74 08:05 33 Non-demented control

2 0 0 A0B0C0 m 49 06:15 32 Non-demented control

3 0 0 A0B0C0 f 64 05:40 32 Non-demented control

4 0 0 A0B0C0 m 55 07:30 33 Non-demented control

5 0 0 A0B0C0 m 76 06:45 33 Non-demented control

6 0 0 A0B0C0 f 86 04:20 32 Non-demented control

7 0 A1B0C0 m 61 06:15 33 CAA HCHWAD

8 0 1 A0B1C0 m 93 05:05 33 Non-demented control
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TABLE S1 | Continued

Case # Braak 
Aβ 1

Braak 
Tau 1,2

ABC 
score 3

Gender Age at 
death 
(y)

Post-
mortem 
delay 
(hh:mm)

APOE 
genotype

Diagnosis

9 A 1 A1B1C0 f 71 07:10 32 Non-demented control

10 0 1 A0B1C0 f 75 05:25 33 Non-demented control

11 B 1 A1B1C0 f 73 07:45 44 Non-demented control

12 B 1 A1B1C0 m 80 03:18 ND Vascular dementia

13 A 1 A1B1C0 f 86 07:05 33 Non-demented control

14 0 1 A0B1C0 m 82 05:10 32 Non-demented control

15 B 1 A1B1C0 f 83 04:40 32 Non-demented control

16 A 1 A1B1C0 m 92 04:10 32 Dementia with Lewy 
bodies

17 A 1 A1B1C0 m 66 08:30 33 Motor neuron disease

18 B 1 A1B1C0 m 80 07:00 33 Non-demented control

19 B 1 A1B1C0 f 87 07:00 33 Non-demented control

20 0 2 A0B1C0 m 90 05:45 33 Non-demented control

21 B 2 A1B1C0 f 89 04:45 33 Non-demented control

22 C 2 A2B1C0 f 84 05:55 43 Non-demented control

23 A 2 A1B1C0 m 75 06:55 44 Vascular dementia

24 A 2 A1B1C0 f 95 05:15 33 Non-demented control

25 A 2 A1B1C0 f 70 06:15 33 Non-demented control

26 A 2 A1B1C0 m 79 06:30 32 Non-demented control

27 B 2 A2B1C0 f 83 06:03 44 Non-demented control

28 B 2 A1B1C0 f 84 06:45 33 Vascular dementia

29 C 2 A1B1C0 f 99 04:15 ND Non-demented control

30 C 2 A3B1C0 m 80 04:25 43 Non-demented control

31 B 3 A1B2C0 f 96 04:00 32 AD/vascular dementia

32 B 3 A1B2C0 m 82 05:05 33 AD/MCI

33 A 3 A1B2C0 f 81 05:30 33 Non-demented control

34 A 3 A1B2C0 m 90 06:45 33 AD/tauopathy

35 A 3 A1B2C0 f 85 06:25 33 Non-demented control

36 B 3 A2B2C1 m 83 06:40 43 AD/vascular dementia

37 B 3 A1B2C0 f 95 05:40 33 Non-demented control

38 B 3 A1B2C0 f 86 06:25 33 Non-demented control

39 A 3 A1B2C0 f 87 02:35 43 Hippocampal sceloris

40 C 3 A2B2C1 f 94 06:15 43 AD with CAA

41 0 4 A0B2C0 m 88 05:40 43 Primary age related 
tauopathy

3
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TABLE S1 | Continued

Case # Braak 
Aβ 1

Braak 
Tau 1,2

ABC 
score 3

Gender Age at 
death 
(y)

Post-
mortem 
delay 
(hh:mm)

APOE 
genotype

Diagnosis

42 B 4 A2B2C2 m 96 04:10 33 Non-demented control

43 B 4 A2B2C2 f 81 05:50 33 Non-demented control

44 A 4 A1B2C0 f 98 06:05 ND AD

45 B 4 A2B2C1 m 89 04:56 33 AD

46 B 4 A2B2C1 f 96 07:20 33 AD

47 B 4 A2B2C2 f 80 08:55 43 Adrenoleukodystrophy

48 C 4 A2B2C1 f 100 05:15 43 AD

49 C 4 A2B2C2 m 77 05:00 33 AD

50 C 4 A2B2C1 f 87 06:40 33 AD/vascular dementia

51 C 4 A3B2C2 f 83 04:55 ND AD

52 C 4 A2B2C1 m 79 04:05 44 AD

53 B 5 A2B3C1 f 94 06:30 32 AD/vascular dementia

54 C 5 A3B3C3 f 66 08:15 33 AD

55 C 5 A3B3C2 f 71 04:15 43 AD

56 C 5 A3B3C2 m 67 08:20 33 AD

57 C 5 A2B3C2 f 95 04:35 44 AD

58 B 5 A3B3C2 m 80 05:05 44 AD

59 C 5 A3B3C2 m 73 06:30 43 AD

60 C 5 A3B3C2 f 96 04:15 33 AD

61 C 5 A3B3C3 f 65 04:30 43 AD

62 C 5 A3B3C3 f 79 04:20 ND AD

63 C 5 A3B3C3 f 85 04:05 43 AD

64 C 5 A3B3C3 f 75 05:00 ND AD

65 C 6 A3B3C3 m 71 06:35 33 AD

66 C 6 A3B3C3 f 79 05:10 43 AD

67 C 6 A3B3C3 m 70 05:15 44 AD

68 C 6 A3B3C3 f 89 04:00 43 AD

69 C 6 A3B3C3 f 73 05:30 43 AD

70 C 6 A3B3C3 m 65 06:00 43 AD

71 C 6 A3B3C3 f 73 04:55 44 AD

72 C 6 A3B3C3 m 79 04:10 43 AD

73 C 6 A3B3C3 m 88 05:30 43 AD

74 C 6 A3B3C3 f 92 06:10 43 AD

75 C 6 A3B3C3 f 82 05:00 44 AD
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TABLE S2 (adapted) | All proteins with a change in abundance.

Gene FDR Control 
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

MAPT 0.000 1.949 0.000 2.885 1 1

UBB* 0.000 1.434 0.000 2.051 1 1

CLU 0.000 0.763 0.000 0.820 1 1

CSNK1A1 0.000 1.060 0.001 0.721 1 1

HSPB1 0.000 0.807 0.000 1.064 1 1

CHMP1A 0.000 1.358 0.034 0.744 1 1

DNAJB6 0.000 0.666 0.005 0.472 1 1

MAP2 0.000 0.709 0.014 0.441 1 1

NEFL 0.000 0.502 0.015 0.398 1 1

YWHAE 0.000 0.449 0.001 0.384 1 1

BLVRB 0.000 0.511 0.000 0.629 1 1

SNX3 0.000 0.636 0.148 0.302 1 0

PSD3 0.000 0.777 0.032 0.510 1 1

MLF2 0.000 0.704 0.040 0.409 1 1

TOMM34 0.000 0.944 0.000 0.793 1 1

PEA15 0.000 0.980 0.000 0.838 1 1

PGAM1 0.000 0.957 0.001 0.914 1 1

VIM 0.000 0.646 0.000 0.832 1 1

EIF4H 0.000 0.608 0.007 0.439 1 1

PPIB 0.000 1.142 0.010 0.768 1 1

ACTR3B 0.000 -0.371 0.018 -0.359 1 1

ARHGDIA 0.000 1.660 0.001 1.463 1 1

CBR1 0.000 0.755 0.009 0.637 1 1

NEFM 0.000 0.478 0.059 0.362 1 0

UBE2QL1 0.000 1.553 0.012 0.932 1 1

NOVA2 0.000 -0.302 0.000 -0.750 1 1

PSMD1 0.000 -0.241 0.000 -0.484 1 1

GFAP 0.000 1.538 0.001 1.575 1 1

EXOC4 0.000 -0.595 0.000 -0.734 1 1

SSB 0.001 0.478 1.000 0.000 1 0

PAFAH1B3 0.001 0.709 0.227 0.365 1 0

PPIA 0.001 1.537 0.003 1.344 1 1

ME1 0.001 0.290 0.967 0.071 1 0

KARS1 0.001 0.514 0.622 0.183 1 0

CSNK1D 0.001 0.488 0.001 0.492 1 1

3
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

YWHAZ 0.002 0.569 0.006 0.498 1 1

MAP1B 0.002 0.352 0.886 0.072 1 0

CALR 0.002 0.928 0.373 0.416 1 0

EEF1B2 0.003 0.553 1.000 0.000 1 0

FKBP2 0.003 1.188 0.336 0.490 1 0

HSPA1B 0.003 0.554 0.020 0.445 1 1

CNDP2 0.003 0.642 0.016 0.642 1 1

ENSG00000276612 0.003 0.862 0.045 0.797 1 1

AK1 0.003 0.405 0.020 0.368 1 1

CAMK2B 0.004 -0.461 0.000 -0.652 1 1

TP53BP1 0.004 -0.518 0.005 -0.505 1 1

PIN1 0.004 0.362 0.097 0.261 1 0

SND1 0.004 0.281 1.000 0.000 1 0

PRKRA 0.004 0.438 1.000 0.000 1 0

PDIA3 0.004 0.456 1.000 0.000 1 0

INA 0.004 0.370 0.120 0.288 1 0

BRD2 0.004 1.785 0.847 0.404 1 0

TARDBP 0.004 -0.386 0.000 -0.707 1 1

USO1 0.005 0.238 1.000 0.000 1 0

GANAB 0.005 0.606 0.484 0.181 1 0

TKT 0.005 0.563 0.037 0.459 1 1

LRRC47 0.005 0.275 1.000 0.000 1 0

SUGP2 0.005 -0.297 0.000 -0.564 1 1

SYNE1 0.005 -0.415 0.011 -0.502 1 1

SCRN1 0.005 0.644 0.034 0.530 1 1

G3BP2 0.005 0.644 0.675 0.213 1 0

PHPT1 0.005 1.065 1.000 0.000 1 0

GSN 0.005 0.523 0.064 0.437 1 0

HPCAL4 0.007 0.753 0.033 0.624 1 1

ATP6V1E1 0.008 0.341 0.022 0.400 1 1

PRDX5 0.008 0.533 0.033 0.468 1 1

CNRIP1 0.008 0.799 0.057 0.693 1 0

ENO2 0.008 0.764 0.013 0.700 1 1

ENO1 0.012 1.128 0.026 1.070 1 1

PPIA 0.013 0.981 0.044 0.769 1 1
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

NCL 0.013 0.398 1.000 0.000 1 0

SYNGAP1 0.015 -0.404 0.455 -0.248 1 0

ENO1 0.015 0.752 0.005 0.829 1 1

CLINT1 0.017 0.379 1.000 0.000 1 0

HSD17B10 0.018 0.598 0.854 0.201 1 0

DHX15 0.019 -0.236 0.002 -0.409 1 1

HPCA 0.019 0.709 0.163 0.432 1 0

CFL1 0.019 0.366 1.000 0.000 1 0

RAB6A 0.019 0.208 0.033 0.267 1 1

PCBP1 0.020 0.222 1.000 0.000 1 0

AIMP1 0.020 0.577 1.000 0.000 1 0

HNRNPUL2 0.020 -0.287 0.008 -0.416 1 1

RGS14 0.020 -0.507 0.279 -1.106 1 0

TPPP 0.022 0.473 0.008 0.462 1 1

TOLLIP 0.023 1.006 0.028 0.933 1 1

PITHD1 0.023 0.776 1.000 0.000 1 0

PGM2L1 0.023 -0.318 0.001 -0.401 1 1

FSCN1 0.026 0.447 0.005 0.545 1 1

CAMK2D 0.026 0.289 0.893 0.070 1 0

HNRNPL 0.026 -0.339 0.000 -0.857 1 1

SNX12 0.026 0.392 0.106 0.259 1 0

VTA1 0.026 0.322 0.155 0.225 1 0

SDCBP 0.027 0.388 0.549 0.193 1 0

PALM 0.029 0.515 0.001 0.825 1 1

TPI1 0.034 0.538 0.357 0.276 1 0

ANXA5 0.036 0.374 0.058 0.378 1 0

MYEF2 0.036 -0.285 0.001 -0.430 1 1

SUGT1 0.037 0.251 0.043 0.216 1 1

HNRNPU 0.039 -0.333 0.000 -0.928 1 1

RTRAF 0.042 0.429 0.472 0.194 1 0

ALDH5A1 0.042 -0.346 0.563 -0.169 1 0

UNC13D 0.043 1.297 0.014 1.477 1 1

SYN1 0.043 0.441 0.062 0.458 1 0

APMAP 0.043 -0.241 0.001 -0.376 1 1

CKB 0.044 0.568 0.262 0.391 1 0
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

VTI1B 0.044 0.519 1.000 0.161 1 0

PAFAH1B1 0.044 0.478 0.239 0.325 1 0

EIF3CL 0.044 0.385 1.000 0.000 1 0

RTN4 0.044 0.207 0.340 0.129 1 0

CADPS 0.044 -0.165 0.005 -0.212 1 1

GRIA2 0.044 -0.284 0.000 -0.496 1 1

STXBP5L 0.044 -0.494 0.901 -0.139 1 0

PPP3CA 0.044 -0.289 0.896 -0.120 1 0

HSPA8 0.046 0.295 0.006 0.331 1 1

CRYAB 0.048 0.321 0.043 0.576 1 1

PIGR 0.055 0.482 0.038 0.539 0 1

DHX9 0.055 -0.333 0.000 -0.697 0 1

APP 0.067 0.464 0.029 0.641 0 1

CYFIP2 0.070 -0.304 0.000 -0.582 0 1

DOCK4 0.072 -0.710 0.018 -0.943 0 1

GNAQ 0.075 -0.389 0.049 -0.316 0 1

SLC25A12 0.081 -0.225 0.026 -0.255 0 1

DMTN 0.084 0.423 0.002 0.556 0 1

NPTXR 0.093 0.349 0.037 0.398 0 1

SHTN1 0.097 0.324 0.002 0.407 0 1

TRIM28 0.120 -0.302 0.000 -0.759 0 1

VXN 0.121 2.040 0.000 2.383 0 1

SQSTM1 0.127 0.531 0.000 1.334 0 1

C4A 0.162 0.497 0.005 0.792 0 1

PALM 0.163 0.341 0.005 0.620 0 1

FARSA 0.163 0.151 0.001 -0.309 0 1

PSMD11 0.171 -0.112 0.000 -0.294 0 1

HSPA4 0.183 -0.181 0.023 -0.214 0 1

SLC6A1 0.203 -0.498 0.025 -0.607 0 1

SSBP1 0.223 0.369 0.002 0.677 0 1

RPS27L 0.238 -0.310 0.001 -0.724 0 1

NOMO1 0.243 -0.151 0.000 -0.535 0 1

VCAN 0.250 0.334 0.003 0.642 0 1

GLS 0.302 0.254 0.018 0.363 0 1

RAB6B 0.306 0.259 0.049 0.299 0 1
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

HNRNPM 0.316 -0.230 0.000 -0.761 0 1

MAPK1 0.323 0.250 0.049 0.294 0 1

SRP68 0.364 -0.221 0.028 -0.432 0 1

RUVBL2 0.365 -0.147 0.016 -0.265 0 1

CKAP4 0.434 -0.262 0.001 -0.405 0 1

EPB41L2 0.445 0.146 0.001 0.294 0 1

TPR 0.489 -0.147 0.020 -0.254 0 1

ARF1 0.496 0.261 0.033 0.454 0 1

PRKDC 0.505 -0.089 0.000 -0.326 0 1

CADM3 0.509 0.173 0.000 0.744 0 1

NCAM1 0.529 0.147 0.001 0.518 0 1

SH3GL2 0.531 0.189 0.040 0.302 0 1

ATP6V1B2 0.536 0.187 0.040 0.284 0 1

SPHKAP 0.536 -0.145 0.000 -0.566 0 1

HNRNPCL4* 0.536 -0.326 0.049 -0.885 0 1

IDH2 0.588 0.185 0.040 0.330 0 1

CSNK1E 0.605 0.377 0.033 0.558 0 1

PRKACB 0.649 -0.220 0.024 -0.562 0 1

ELAVL4 0.676 -0.144 0.000 -0.657 0 1

HNRNPH1 0.676 -0.159 0.002 -0.522 0 1

RPS11 0.707 -0.144 0.000 -0.682 0 1

LANCL2 0.710 -0.250 0.006 -0.503 0 1

NDRG1 0.742 -0.173 0.049 -0.337 0 1

MYH9 0.763 -0.137 0.000 -0.346 0 1

GSK3A 0.771 -0.124 0.002 -0.313 0 1

CAMK2A 0.775 -0.302 0.027 -0.763 0 1

NCKAP1 0.857 -0.145 0.000 -0.538 0 1

LMAN2 0.877 -0.131 0.005 -0.457 0 1

PSMD2 0.886 -0.156 0.003 -0.510 0 1

PRKAR1B 0.956 -0.093 0.040 -0.302 0 1

L1CAM 0.978 0.086 0.020 0.351 0 1

RAB11A 1.000 0.090 0.002 0.496 0 1

STX12 1.000 0.085 0.009 0.442 0 1

SHANK3 1.000 0.072 0.040 0.260 0 1

DNAJC5 1.000 0.063 0.014 0.737 0 1

3
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

FXYD1 1.000 0.042 0.035 0.559 0 1

SEPTIN11 1.000 0.040 0.045 0.274 0 1

DARS1 1.000 0.032 0.049 -0.185 0 1

HYOU1 1.000 0.032 0.019 -0.282 0 1

HSP90B1 1.000 0.000 0.000 -0.424 0 1

FARSB 1.000 0.000 0.002 -0.464 0 1

RPL8 1.000 0.000 0.008 -0.628 0 1

RPL3 1.000 0.000 0.027 -0.518 0 1

RPL15 1.000 0.000 0.002 -0.753 0 1

RPL4 1.000 0.000 0.033 -0.377 0 1

FUS 1.000 0.000 0.020 -0.818 0 1

LARS1 1.000 0.000 0.000 -0.399 0 1

RPL23 1.000 0.000 0.000 -0.776 0 1

PURA 1.000 0.000 0.000 -0.581 0 1

PDIA6 1.000 0.000 0.000 -0.473 0 1

RPS2 1.000 0.000 0.000 -0.590 0 1

RPS3 1.000 0.000 0.000 -0.531 0 1

DDX3X 1.000 0.000 0.001 -0.393 0 1

PDIA4 1.000 0.000 0.002 -0.445 0 1

THY1 1.000 0.000 0.012 0.781 0 1

SYNJ1 1.000 0.000 0.014 -0.222 0 1

FKBP8 1.000 0.000 0.016 -0.382 0 1

IPO7 1.000 0.000 0.019 1.952 0 1

MATR3 1.000 0.000 0.022 -0.615 0 1

RPL9P8 1.000 0.000 0.027 -0.473 0 1

RPS7 1.000 0.000 0.032 -0.299 0 1

OPCML 1.000 0.000 0.034 0.608 0 1

HACD3 1.000 0.000 0.034 -0.275 0 1

NCLN 1.000 0.000 0.037 -0.335 0 1

SURF4 1.000 0.000 0.045 -0.472 0 1

BCL2L13 1.000 0.000 0.047 1.159 0 1

H3-3B 1.000 0.000 0.024 -0.547 0 1

RPN2 1.000 0.000 0.000 -0.349 0 1

RPS4X 1.000 0.000 0.000 -0.500 0 1

RPL7 1.000 0.000 0.003 -0.590 0 1
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

RPLP0 1.000 0.000 0.000 -0.547 0 1

PSMD12 1.000 0.000 0.019 -0.239 0 1

GAP43 1.000 0.000 0.028 0.317 0 1

ATP2A2 1.000 0.000 0.000 -0.549 0 1

DDOST 1.000 0.000 0.001 -0.497 0 1

HNRNPH2 1.000 0.000 0.000 -0.843 0 1

RPL28 1.000 0.000 0.009 -0.529 0 1

ILF3 1.000 0.000 0.040 -0.401 0 1

CSDE1 1.000 0.000 0.033 -0.256 0 1

RPS16 1.000 0.000 0.000 -0.562 0 1

RALYL 1.000 0.000 0.049 -0.337 0 1

SLC25A12 1.000 0.000 0.049 -0.244 0 1

HDLBP 1.000 -0.009 0.005 -0.298 0 1

RPS14 1.000 -0.009 0.000 -0.868 0 1

NNT 1.000 -0.010 0.020 -0.287 0 1

PSMC3 1.000 -0.018 0.002 -0.264 0 1

CYRIB 1.000 -0.018 0.012 -4.460 0 1

CELF2 1.000 -0.019 0.047 -0.482 0 1

ACSL1 1.000 -0.033 0.046 -0.654 0 1

ATP5MG 1.000 -0.039 0.019 -0.401 0 1

RPN1 1.000 -0.041 0.002 -0.344 0 1

MOGS 1.000 -0.050 0.039 -0.357 0 1

TOMM70 1.000 -0.050 0.022 -0.194 0 1

HNRNPH3 1.000 -0.056 0.000 -0.606 0 1

ILF2 1.000 -0.061 0.032 -0.368 0 1

RNF170 1.000 -0.062 0.026 -0.372 0 1

ENSG00000 
260836*

1.000 -0.062 0.045 -0.540 0 1

AP2M1 1.000 -0.065 0.027 -0.234 0 1

CORO1A 1.000 -0.080 0.016 -0.317 0 1

HNRNPR 1.000 -0.084 0.002 -0.508 0 1

KPNB1 1.000 -0.088 0.001 -0.350 0 1

SORT1 1.000 -0.098 0.000 -0.427 0 1

HNRNPD 1.000 -0.102 0.000 -0.637 0 1

SLC2A3 1.000 -0.110 0.020 -0.406 0 1

3
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TABLE S2 | Continued

Gene FDR 
Control  
vs GVD

log2 FC 
Control
vs GVD

FDR Control 
vs Tangle

log2 FC 
Control  
vs Tangle

Changed 
in GVD

Changed 
in Tangle

SEC61A1 1.000 -0.141 0.029 -0.578 0 1

RPS23 1.000 -0.241 0.020 -1.020 0 1

TABLE S3 | Quantitative data on all proteins detected, with log2 fold changes and q-values. 
Can be found at: https://link.springer.com/article/10.1007/s00401-020-02261-4#Sec23 as 
“Supplementary file 8 (XLSX 370 KB)”.

TABLE S4 | All antibodies tested for IHC on FFPE tissue sections in this study.

Protein Company Order # Species Dilution IHC IHC associated 
with GVD/AD

Remarks

VXN 
(C8orf46)

OriGene TA334828 Rabbit  1:800 Yes GVD

ARHGDIA Santa Cruz sc-271108 Mouse 1:3200 No Probably microglia, 
some vessels

Santa Cruz sc-376473 Mouse  1:200 No Neuronal staining, 
some microglia

PPIA Abcam ab42408 Rabbit 1:800 Yes GVD

Santa Cruz sc-134310 Mouse 1:50 Weak Hazy and 
some weak 
immunoreactivity 
to GVD

CHMP1A Santa Cruz sc-271617 Mouse 1:12800 Yes GVD

PPIB Santa Cruz sc-390193 Mouse 1:400 No Neuronal staining

Santa Cruz sc-130626 Mouse 1:50 No Glia, some 
neuronal staining

PGAM1 Santa Cruz sc-130334 Mouse No Neuronal cell body 
negative, diffuse 
staining

Santa Cruz sc-365677 Mouse No Neuronal cell body 
negative, diffuse 
staining

PEA15 Santa Cruz sc-166678 Mouse 1:3200 No Some neurons 
positive

TOMM34 Protein tech 12196-1-AP Rabbit 1:6400 Yes GVD

Santa Cruz sc-101284 Mouse 1:6400 Yes GVD

ENO1 Santa Cruz sc-101513 Mouse 1:50 No Vascular staining, 
few neurons

Santa Cruz sc-271384 Mouse  1:3200 No High background, 
vascular
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TABLE S4 | Continued

Protein Company Order # Species Dilution IHC IHC associated 
with GVD/AD

Remarks

CALR Santa Cruz sc-166837 Mouse 1:51200 No Neuronal staining

Santa Cruz sc-373863 Mouse 1:3200 No Neuronal staining

CNDP2 Protein tech 14925-1-AP Rabbit  1:6400 Weak Possibly some GVD, 
inconsistent

HSP70 
(HSPA1B)

Santa Cruz sc-24 Mouse 1:100/200 Yes Part of the GVD 
positive, glia

Santa Cruz sc-32239 Mouse Yes Part of the GVD 
positive

Santa Cruz sc-373867 Mouse Yes Part of the GVD 
positive, neuronal 
cellbodies, 
surrounding tissue

Santa Cruz sc-66048 Mouse Yes Part of the GVD 
positive

Santa Cruz sc-66049 Mouse No No 
immunoreactivity 
at tested dillutions

TPPP Santa Cruz sc-515819 Mouse 1:3200 Yes GVD

PDIA3 Santa Cruz sc-23886 Mouse No No 
immunoreactivity 
at tested dillutions

Protein tech 15967-1-AP Rabbit 1:3200 No Neuronal staining

TABLE S5 | Complete gene ontology/pathway analysis as performed using G:profiler. 
Can be found at: https://link.springer.com/article/10.1007/s00401-020-02261-4#Sec23 as 
“Supplementary file 10 (1949 KB)”.

3
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ABSTRACT

Alzheimer’s disease (AD) is characterized by amyloid beta (Aβ) deposits as plaques in the 
parenchyma and in the walls of cortical and leptomeningeal blood vessels of the brain called 
cerebral amyloid angiopathy (CAA). It is suggested that CAA type-1, which refers to amyloid 
deposition in both capillaries and larger vessels, adds to the symptomatic manifestation of 
AD and correlates with disease severity. Currently, CAA cannot be diagnosed pre-mortem and 
disease mechanisms involved in CAA are elusive. To obtain insight in the disease mechanism 
of CAA and to identify marker proteins specifically associated with CAA we performed a laser 
dissection microscopy assisted mass spectrometry analysis of post-mortem human brain 
tissue of (I) AD cases with only amyloid deposits in the brain parenchyma and no vascular 
related amyloid, (II) AD cases with severe CAA type-1 and no or low numbers of parenchymal 
amyloid deposits and (III) cognitively healthy controls without amyloid deposits. By contrasting 
the quantitative proteomics data between the three groups, 29 potential CAA-selective 
proteins were identified. A selection of these proteins was analysed by immunoblotting and 
immunohistochemistry to confirm regulation and to determine protein localization and their 
relation to brain pathology. In addition, specificity of these markers in relation to other small 
vessel diseases including prion CAA, CADASIL, CARASAL and hypertension related small vessel 
disease was assessed using immunohistochemistry.

Increased levels of clusterin (CLU), apolipoprotein E (APOE) and serum amyloid P-component 
(APCS) were observed in AD cases with CAA. In addition, we identified norrin (NDP) and 
collagen alpha-2(VI) (COL6A2) as highly selective markers that are clearly present in CAA 
yet virtually absent in relation to parenchymal amyloid plaque pathology. NDP showed the 
highest specificity to CAA when compared to other small vessel diseases. The specific changes 
in the proteome of CAA provide new insight in the pathogenesis and yields valuable selective 
biomarkers for the diagnosis of CAA.
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INTRODUCTION

Alzheimer’s disease (AD) pathology is characterized by the deposition of amyloid beta 
(Aβ) in the brain parenchyma as amyloid plaques and at the brain vasculature. The latter is 
referred to as cerebral amyloid angiopathy (CAA). Approximately 80 percent of AD cases have 
CAA pathology in varying degrees. When restricted to the larger blood vessels, including 
leptomeningeal vessels, cortical arteries and arterioles, this is referred to as CAA type-2. In 
approximately 50% of the AD cases also brain capillaries are affected, which is designated 
as CAA type-1 [3, 31]. Especially around the capillaries the Aβ deposits can extend into the 
parenchyma as perivascular Aβ also referred to as dyshoric changes [2]. In AD the observed 
plaque pathology and CAA type-1 capillary deposits have an inverse correlation [30].

Aβ deposition at the vessel wall in CAA correlates with an increase in the occurrence of cerebral 
infarction, cerebral haemorrhage and micro-bleeds. In addition, it causes a structural disruption 
of the vascular wall and might indirectly deteriorate the integrity of the microvascular network 
[41, 44]. Aβ peptide transport through the blood brain barrier (BBB) or via perivascular drainage 
is an important mechanism to clear the brain from Aβ. Disruption of Aβ clearance is thought 
to lead to increase in Aβ deposition in the walls of capillaries and blood vessels, which in turn 
further decreases drainage capacity resulting in further enhancement of Aβ deposition [5, 45].

CAA type-1 is clinically highly relevant, as it contributes to the symptomatic appearance of AD 
and, in severe form, CAA type-1 can present itself as the primary cause of rapidly progressive 
dementia [4, 16].

Currently, definitive diagnosis of AD and the occurrence of CAA can only be determined post-
mortem. However, the presence or absence of CAA in AD patients might alter therapeutic 
options. In particular, a biomarker to detect CAA in patients might aid in stratification of patient 
groups, which is highly important when initiating, interpreting and improving outcome in 
clinical trials. Moreover, proteins selectively involved in CAA may function as therapeutic targets.

Proteomics analysis using mass spectrometry is a preferred method to obtain an unbiased 
insight into proteins involved in disease. For this, 20 cases were selected encompassing a group 
of AD patients with severe CAA type-1, a group with AD bearing severe plaque pathology but 
devoid of CAA, and a cognitively healthy control group without any pathology in the occipital 
lobe. Subsequently, we performed a proteomics analysis of small laser dissected occipital tissue 
sections containing either high plaque load, or severe CAA or no Aβ deposits. By contrasting 
the protein expression profiles of these subject groups we discovered proteins that are highly 
selective for CAA. These proteins also provide insight in specific pathogenic components of 
CAA, which might offer new targets for therapy.

4
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MATERIAL AND METHODS

Case selection
Post mortem brain tissue was obtained from the Netherlands Brain Bank (NBB), Netherlands 
Institute for Neuroscience (NIN), Amsterdam. All brain tissue was collected from donors with 
written informed consent for brain autopsy and the use of the material and clinical information 
for research purposes has been obtained by the NBB. Brain tissue was selected based on clinical 
and neuropathological reports. Three groups were composed. Cognitively healthy control cases 
lacking any pathology, AD cases with severe plaque pathology but devoid of CAA and CAA type-1 
cases with severe and (nearly) pure capillary CAA pathology (Thal stages 2 and 3 for CAA)[36]. All 
cases are listed in Table 1. Alzheimer’s disease pathology present as Aβ deposits, neurofibrillary 
tangles and neuritic plaques is staged [9, 24, 37] and indicated conform the ABC criteria [26].

Fast immunohistochemistry for LCM
Sections (10 µm) of fresh frozen occipital tissue were mounted on PEN-membrane slides (Leica), 
air-dried and fixed in 100% ethanol for 1 minute. After air drying the tissue was wetted with sterile 
PBS. Anti-Aβ (clone IC16, detecting N-terminal part of Aβ [43]) was applied at a 1:100 dilution in 
sterile PBS (pH 7.5) and incubated for 20 minutes at RT. After washing 3 times for 30 seconds in 
sterile PBS, HRP labelled rabbit anti-mouse (DAKO) was applied at a 1:100 dilution in sterile PBS 
and incubated for 15 minutes at RT. Sections were briefly washed (3 x 30 s) and freshly prepared 
3,3’ diaminobenzidine (DAB) solution was applied and left to incubate for 5 minutes to visualize 
antibody binding. Sections were thoroughly washed in ultra-pure H2O and incubated with 1% 
(w/v) toluidine blue in ultrapure H2O for 1 minute as a counterstain. Sections were then washed 
in ultra-pure H2O twice for 1 minute and twice in 100% ethanol for 1 minute and air dried.

TABLE 1 | Patient data.

MS/ Validation Case # Diagnosis M/F Age (years) Abeta Tau CERAD PMD APOE

MS 1 CAA type-1 F 75 A3 B3 C0‡ 6:00 44

MS 2 CAA type-1 F 96 A3 B3 C0‡ 4:20 43

MS 3 CAA type-1 M 68 A3* B1 C0‡ 6:05 44

MS 4 CAA type-1 F 78 A3 NA C0‡ 4:20 44

MS 5 CAA type-1 M 81 A3 B3 C2 6:30 44

MS 6 CAA type-1 F 95 A3 B3 C2 4:35 44

MS 7 CAA type-1 M 80 A3 B3 C0‡ 5:05 44

MS 8 AD F 82 A3 B3 C3 6:00 42

MS 9 AD F 72 A3 B3 C3 6:30 44

MS 10 AD F 81 A3 B3 C3 6:00 33

MS 11 AD F 73 A3 B3 C3 5:55 44

MS 12 AD M 84 A3 B3 C3 8:05 NA

MS 13 AD F 87 A3 B3 C3 5:45 43

MS 14 AD F 72 A3 B3 C3 5:55 23
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TABLE 1 | Continued

MS/ Validation Case # Diagnosis M/F Age (years) Abeta Tau CERAD PMD APOE

MS 15 Control M 74 A0 B0 C0 8:05 33

MS 16 Control F 80 A1 B1 C0 6:58 43

MS 17 Control M 82 A0 B1 C0 5:10 23

MS 18 Control M 78 A0 B1 C0 17:40 33

MS 19 Control F 79 A0 B1 C0 18:13 33

MS 20 Control F 81 A0 B1 C0 4:25 33

V 21 CAA type-1 F 94 A3 B3 C3 04:30 43

V 22 CAA type-1 M 74 A3 B3 C3 03:25 NA

V 23 CAA type-1 F 87 A3 B3 C3 08:00 44

V 24 CAA type-1 F 84 A3 B3 C2 04:45 NA

V 25 CAA type-1 M 88 A3 B3 C3 03:55 NA

V 26 CAA type-1 M 75 A3 B3 C0 03:15 NA

V 27 AD M 64 A3 B3 C3 07:30 33

V 28 AD F 81 A3 B3 C3 05:15 43

V 29 AD F 90 A3 B3 C3 04:45 33

V 30 AD M 65 A3 B3 C3 06:00 43

V 31 AD F 73 A3 B3 C3 NA NA

V 32 AD F 90 A3 B3 C3 03:55 32

V 33 AD M 88 A3 B3 C3 04:40 43

V 34 AD M 74 A3 B3 C3 05:10 NA

V 35 Control M 73 A0 B0 C0 24:45 33

V 36 Control M 71 A0 B1 C0 07:40 33

V 37 Control F 82 A0 B1 C0 07:00 33

V 38 Control M 56 A0 B0 C0 09:15 43

V 39 Control M 62 A0 B1 C0 07:20 33

V 40 Control M 76 A0 B0 C0 06:45 33

V 41 Control M 93 A0 B1 C0 05:05 33

V 42 Control F 60 A0 B0 C0 08:10 32

V 43 Cotton wool M 72 A3 B3 C0‡ 05:15 43

V 44 Prp-CAA F 57 A0 B0# C0 24:00 NA

V 45 CADASIL M 73 A0 B0 C0 31:45 NA

V 46 CARASAL F 55 A1 B1 C0 04:00 NA

V 47 Hyper tension 
related SVD

F 92 A1 B2 C0 07:25 NA

Alzheimer’s disease: AD, cerebral amyloid angiopathy: CAA, M: male, F: female, post mortem delay: PMD, 
not available / not applicable: NA, used for mass spectrometry analysis: MS, used for validation: V. (* Aβ 
only present as dysphoric CAA) (#Focal tau accumulation around blood vessels with prp-amyloid deposits) 
(‡ only dyshoric angiopathy in gallyas staining)

4
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Brain tissue preparation and laser capture microdissection (LCM)
Laser capture microdissection (LCM) was performed as described previously [19]. LCM was 
performed using a Leica AS LMD system (Leica). Cortical layers II to VI which were randomly 
selected from control tissue and selected based on the presence of severe Aβ pathology in 
the case of AD and CAA were collected in Eppendorf tubes containing 30 µl M-PER lysis buffer 
(Thermo Scientific) supplemented with reducing SDS sample buffer (Thermo Scientific). Between 
10 and 20 tissue sections with a thickness of 10 µm were captured using LCM, yielding an equal 
volume each of 1.0 x 109 µm3. Micro-dissected tissue was stored at -80 °C until further use.

Protein separation by electrophoresis and in-gel digestion
Micro-dissected tissue lysates were incubated at 95 °C for 5 min to denature the proteins, 
followed by incubation with 50 mM iodoacetamide for 30 min at RT in the dark to alkylate the 
cysteine residues. To reduce protein complexity, samples were size separated on a NuPAGE® 
4-12% Bis-Tris acrylamide gel using MOPS SDS running buffer (Invitrogen) according to the 
manufacturers’ protocol.

Gels were fixed in a solution containing 50% (v/v) ethanol and 3% (v/v) phosphoric acid in H2O 
for 3h at RT and stained with Colloidal Coomassie Blue (34% (v/v) methanol, 3% (v/v) phosphoric 
acid, 15% (w/v) ammonium Sulphate, and 0.1% (w/v) Coomassie brilliant blue G-250 (Thermo 
Scientific), overnight while shaking. Destaining was performed in ultra-pure water under gentle 
agitation for several hours to reduce background staining (Fig. S1). Each gel lane was sliced into 
12 equal sized parts to reduce sample complexity during later mass spectrometry analysis and 
each part was cut into blocks of approximately 1 mm3 and collected in an Eppendorf tube. Gel 
fragments were destained in ultrapure water with 50 mM NH4HCO3 and 50% (v/v) acetonitrile 
overnight. Gel fragments were dehydrated using acetonitrile for 20 min and dried for 30 min 
using a SpeedVac. The gel parts were rehydrated in 70 µl of ultra-pure water containing 50 mM 
NH4HCO3 and 10 ug/ ml trypsin (sequence grade; Promega) and incubated overnight at 37 °C 
to facilitate digestion of the proteins. Peptides were extracted twice with a solution containing 
0.1% (v/v) trifluoric acid and 50% (v/v) acetonitrile for 20 min. The samples were dried using a 
SpeedVac and stored at -20 °C until further analysis.

Mass spectrometry analysis
The peptides of the individual sample fractions were dissolved in 15 µL of 0.1% (v/v) acetic acid 
of which 10 µL was loaded onto a nano-liquid chromatography (nano-LC) system (Eksigent). 
The peptides were separated using a capillary reversed phase C18 column that had been 
equilibrated with 0.1% (v/v) acetic acid at a flow rate of 400 nL/min. The peptides were eluted 
by increasing the acetonitrile concentration linearly from 5 to 40% in 80 min and to 90% in 
10 min, using the same flow rate. Eluted peptides were transferred into the LTQ/Orbitrap MS 
(Thermo Scientific) by Electro Spray Ionisation (ESI). The Orbitrap was operated in the range 
of m/z 350-2000 at a full width at half maximum resolution of 30,000 after accumulation to 
500,000 in the LTQ with one microscan. The five most abundant precursor ions were selected 
for fragmentation by collision-induced dissociation (CID) with an isolation width of 2 Da.
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Protein inference and relative protein quantification
MaxQuant software was used for spectrum annotation, protein inference, and relative protein 
quantification [14]. Spectra were annotated against the Uniprot human reference proteome 
database (version 2016_04). Enzyme specificity was set to Trypsin/P, allowing at most two 
missed cleavages. Carbamido-methylation of cysteine was set as a fixed modification, and 
N-acetylation and methionine oxidation were set as variable modifications. Mass deviation 
tolerance was set to 20 ppm for monoisotopic precursor ions and 0.5 Da for MS/MS peaks. 
False-discovery rate cut-offs for peptide and protein identifications were set to 1% for both. The 
minimum peptide length was seven amino acids. Identified proteins that had the same set of 
peptides or a subset of peptides compared to another protein, were merged into one protein 
group. Peptides that were shared between different proteins were assigned to the protein with 
most peptide evidence (so-called ‘Razor’ peptides). Only protein groups with at least a single 
unique and a single Razor peptide were included. For relative protein quantification MaxQuant 
LFQ intensities based on at least a single shared peptide ratio were used [13].

FIGURE 1 | Workflow used in this study. Amyloid Beta pathology was visualized in human 
postmortem occipital lobe tissue. Unaffected grey matter was isolated from healthy control 
cases. Grey matter with high burden of Aβ pathology was isolated from the AD and CAA 
cases thereby isolating tissue with high plaque load or high CAA type-1 burden, respectively.

Tissue was lysed and the proteins were separated using SDS-PAGE and subjected to in-gel 
trypsin digestion. Peptides were analysed using LC-MS-MS. A database search for protein 
identification and protein quantification was performed using MaxQuant software. ANOVA 
(Kruskall Wallis) and t-tests were performed to identify significantly regulated proteins.

4
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Statistical analysis of differential protein expression
To identify proteins that differ in abundance between the different experimental groups an 
ANOVA (Kruskal–Wallis test) was performed using the Perseus software platform [40], adhering 
to a significance cut-off of p≤0.05. The p values were not corrected for multiple testing to 
include more proteins and provide a broad impression of the differences in the proteome.

Conditions that were set for inclusion of CAA selective proteins comprise of three approaches 
(A, B and C) that are visualized in figure 2. Approach A: T-tests (two-sided, assuming unequal 
variances, performed using Excel (Microsoft)) were performed contrasting the three 
experimental groups. When there was a significant difference (p<0.05) between both the 
control group versus CAA, and the AD group versus CAA, a protein was labelled as CAA 
specific. Approach B: If the number of quantitative values in the control group was zero or 
one while the AD and CAA groups both had two or more quantitative values, than a t-test 
was performed between the AD and the CAA group. When the AD group had zero or one 
quantitative values while the control and CAA groups both had two or more quantitative values 
a t-test was performed between the CAA and control group. Approach C: In the case of zero 
or single quantitative values in both the control and AD groups, proteins were included based 
exclusively on a minimum of four quantitative values in the CAA group. Also, we included 
proteins with zero or single quantitative values in the CAA group and four or more values in 
both the AD and control groups.

ANOVA (Kruskal–Wallis test) and posthoc Dunn’s multiple comparison tests on immunoblot data 
and immunohistochemical data was performed using Graphpad Prism (GraphPad Software).

FIGURE 2 | Three strategies used to select proteins that are differentially expressed in CAA 
type-1 compared to control and AD brains. Criteria of each of the selection strategies are spec-
ified, numbers of resulted proteins indicated, and selected proteins are listed in tables and 
figures as indicated.
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Immunoblot analysis
Protein extracts were prepared by lysis of whole occipital lobe tissue in reducing SDS sample 
buffer using a 1:20 tissue weight to lysis buffer ratio. Proteins were denatured at 95 °C for 5 min 
and separated by SDS-PAGE using precast Stain Free gradient gels (Bio-Rad) and transferred (40 
V overnight at 4°C) onto a 0.45 µm PVDF membrane (Merck Millipore), which was pre-incubated 
in 100% methanol. The PVDF membrane was incubated in Odyssey blocking buffer for 1h and 
subsequently incubated with the primary antibody overnight. After washing in Tris-buffered 
saline (pH 7.5) with 0.1% (v/v) Tween-20 (TBST) for 3 x 10 min, the membrane was incubated 
for 3h with the secondary antibody. Visualization was achieved using an Odyssey imaging 
system using excitation wavelengths of 700 nm and 800 nm. Total protein load was visualized 
using a chemidoc EZ (Bio-Rad) after electro blotting (Fig. S2) and the protein densitometric 
values were then used to normalize for total protein input. Primary antibodies and dilutions 
are shown in Table 2. Secondary antibodies used were IRDye 800 CW Goat anti-Rabbit (LI-COR) 
and IRDye 680 conjugated Goat anti-Mouse (LI-COR) both were used at a 1:7.000 dilution. All 
antibodies were diluted in Odyssey blocking buffer (LI-COR). Quantification was performed 
using ImageJ software.

Immunohistochemical analysis
Fresh frozen or paraffin embedded human occipital tissue was cut (5 µm). For frozen tissue the 
sections were placed on a SuperFrost Microscope Slide (VWR, PA, USA) and air-dried overnight 
at room temperature (RT). Prior to staining, the sections were fixed in 100% acetone for 10 
minutes. For paraffin sections the paraffin was removed by washing in xylene. Next, the sections 
were washed in decreasing concentrations of ethanol (100%, 96% and 70% (v/v)). Endogenous 
peroxidase activity was quenched by incubating in methanol with 0.3% H2O2 for 30 minutes 
at RT. Next, antigen retrieval was performed by submerging the slides in citrate buffer (pH 6) 
and heating in an autoclave.

Primary antibodies were diluted in antibody diluent (VWR) and incubation was performed 
overnight at 4 °C. All primary antibodies and corresponding dilutions used are listed in Table 2. 
After incubation the sections were thoroughly washed in PBS (pH 7.4) for 30 minutes followed 
by incubation of an HRP-labelled secondary antibody, Envision (DAKO) for 30 minutes. Again, 
the sections were thoroughly washed in PBS (pH 7.4) for 30 minutes and then incubated with 
DAB to visualize antibody binding. Counterstaining of the nuclei was performed by incubation 
in hematoxylin for 3 minutes followed by extensive washing in running tab water for 5 minutes. 
Next, the slides were dehydrated by incubation in increasing concentrations of ethanol 
consisting of 70% (v/v), 96% (v/v) and 100% (v/v) ethanol. The slides were then incubated 
in xylene and mounted using Quick-D mounting medium. A negative control was made by 
omission of the primary antibody. Quantification of the staining was done using ImageJ using 
the threshold colour plugin.

4
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TABLE 2 | Antibodies used in this study.

Antibody Source Species Ordernr. Clone Dilution (IHC)

Amyloid-beta Kind gift of Prof. Dr. Korth, 
Heinrich Heine University, 
Düsseldorf, Germany

Mouse IC16 1:200

APOE Abcam Mouse ab1907 E6D7 1:3200

APOE Santa Cruz Biotechnology Mouse sc-13521 A1.4 Used for 
immunoblot

NDP Novus Biologicals Rabbit NBP1-84769 polyclonal 1:400

NDP R&D systems Mouse MAB3014 #343711 1:800

HTRA1 R&D systems Mouse MAB2916 #275615 1:6400

APCS Statens Serum Institut, SSI 
Antibodies

Mouse #56585 HYB281-05 1:1600

COL6A2 Abnova Mouse H00001292-M01 2C5-F2 1:3200

COL6A2 Santa Cruz Biotechnology Rabbit SC-83607 polyclonal 1:1600

RESULTS

Selection of cases, controls and analysis of brain tissue
Three groups with a total of 20 cases were assembled based on careful neuro-pathological 
inspection: 1) cognitively healthy control cases (n=6) without any Aβ pathology or tau 
pathology, 2) AD cases with severe Aβ plaque pathology but no vascular deposits (no CAA)
(n=7) and 3) AD cases with severe nearly pure CAA type-1 pathology and a negligible amount of 
plaque pathology (n=7). From here, these groups will be mentioned as “control”, “AD” and “CAA”, 
respectively. Inclusion of these cases was done based on histochemical analysis using Congo-
red and additional IHC for Aβ on the occipital frozen tissue intended for LC-MS-MS analysis.

We focussed our analysis on the occipital lobe as this region is the most frequently and severely 
affected by CAA pathology. Tissue sections of human occipital lobe from all selected cases were 
mounted on PEN-foil slides and Aβ pathology was visualized using fast immunohistochemistry. 
Grey matter tissue was isolated using LCM. Tissue isolation from the AD cases and CAA cases 
was focused on occipital lobe grey matter areas with severe Aβ pathology, i.e. high plaque load 
or high CAA type-1 burden, respectively. This was done to selectively enrich the input material 
for the proteomics analysis for these types of Aβ pathology. For control cases occipital lobe 
grey matter areas from the same anatomical region were selected for isolation. LCM-collected 
tissue samples were lysed and proteins were separated using SDS-PAGE. Each PAGE sample 
lane was divided into 12 fractions and subjected to in-gel trypsin digestion (Fig. 1).

Protein quantification and global protein expression profiles
To identify and quantify proteins, liquid chromatography followed by mass spectrometry (LC-
MS-MS) was performed on the 20 laser-dissected tissue samples. This allowed quantification of 
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2427 proteins in total and approximately 1500 proteins identified per individual case (Fig. S3), 
with a minimum of one tryptic peptide detected. All quantified proteins are listed in table S1.

To gain insight into the global similarities and differences between the three groups and the 
individual cases an ANOVA (Kruskall Wallis) was performed. This yielded 309 proteins that have 
a significant difference (p<0.05) in abundance between any of the experimental groups. Using 
these proteins in an unsupervised clustering analysis, three different expression signatures 
were obtained. The protein expression signatures of the AD and CAA groups appeared largely 
similar, whereas both were different from the control group (Fig. S4A). Unsupervised clustering 
analysis of the individual cases using the 309 ANOVA-identified proteins, separated the controls 
from the disease cases (Fig. S4B). The CAA and AD cases were not separated on the basis of 
the full set of differentially expressed proteins indicating that overall their protein expression 
profile is largely similar. One CAA case (case #5) clustered with the control cases indicating that 
the protein expression profile of this sample is more similar to the control cases than to other 
CAA or AD cases. Visualizing the expression profile of case #5 next to the average expression 
profiles of the three groups confirmed the resemblance of case #5 to the control group, but also 
showed several proteins that are similar in expression to the AD and or CAA groups (Fig. S5A).

Identification of proteins selectively altered in CAA type-1
To identify proteins that have a significantly different abundance in CAA type-1 compared to 
both the control and the AD group, and therefore represent unique features of CAA type-1, we 
performed student t-tests (two-sided, assuming unequal variances) for those proteins where at 
least two quantitative values per groups were available. When there was a significant difference 
(p<0.05) between both the control group versus CAA, and the AD group versus CAA, a protein 
was designated as CAA-specific (Fig. 3A and Table 3A). CLU, APOE, SUCLG2, PPP2R4, KTN1, 
ACTG1, TNR, COL6A3 and NFASC met these criteria. In addition, levels of CLU, APOE, SUCLG2, 
PPP2R4 and ACTG1 were also significantly different (p<0.05) when comparing the AD group 
with the control group.

After calculating the multiple testing corrected false discovery rate (FDR) only CLU was 
considered significant. This is likely due to the relatively low sample size of this exploratory 
study and the high inter-individual variance that is inevitably associated with the use of 
human tissue. Given the explorative nature of this study we relaxed criteria and adhered to 
the uncorrected p-values for protein inclusion.

Importantly, using label-free mass spectrometry to identify and quantify proteins, the absence 
of data for a number of proteins is observed. Despite great improvements in the speed and 
sensitivity of MS analysers missing data is almost unavoidable. When quantitative data are 
absent in one group while being present in the other group(s), this likely indicates differences in 
abundance, which might represent interesting candidate marker proteins. Therefore, absence 
of data in one or more patient groups required 2 additional approaches to also consider these 
proteins in this study. An overview of the 3 complementing strategies for protein inclusion is 
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shown in figure 2 and a complete description is present in the methods section. Note that any 
given protein is only considered using a single approach as these approaches are mutually 
exclusive.

Using approach B (Fig. 2), proteins with a significant difference were included, and APP, UBLCP1, 
SRI, NDP, PNP, C1orf123, DHX15, SYNPO, TPM1, CADPS2 and SERPINA3 (Fig. 3B and Table 3B) 
were identified as proteins selectively present in CAA type-1. Peptide data on APP indicates 
that quantification was based on two peptides in which the most abundantly detected peptide 
(LVFFAEDVGSNK) is part of Aβ.

Approach C (Fig. 2) resulted in the identification of HLA-DRA, HLA-DQA2, HTRA1, APCS, COL6A2, 
MOB2, POTEI, KIAA1468, TMF1 and SGIP1 (Fig. 3C and Table 3C) as CAA specific proteins.

Earlier, Case #5 was identified as having an expression profile resembling a control case. Case 
#5 was found positive for Alzheimer type 2 astrocytes, possibly related to high alcohol intake, 
and exhibited relatively low tau pathology. Otherwise, this case showed no pathological 
abnormalities when compared to the rest of the CAA type-1 group. However, the expression 
of several CAA selective markers that we identified was inspected for case #5. The levels of 
these markers correspond well with the other cases of the CAA group (Fig. S5B), indicating that 
these proteins are inseparably linked to the pathology of CAA type-1. In addition, although 
the number of cases is too small to do valid statistics, we observed no clear relation between 
gender and expression of the markers (Fig. S6).

To determine whether the above-described approaches were indeed appropriate in selecting 
CAA specific proteins, we performed additional immunoblotting and immunohistochemical 
(IHC) analysis.
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FIGURE 3 | Relative abundance of proteins with altered expression in CAA type-1 compared to Alz-
heimer’s disease cases and controls as determined by MS. Three groups of selected proteins (panels 
A-C), with altered levels (MS-derived, log2 LFQ intensity values) in CAA type-1 compared to the 
control groups and the AD groups. Selection criteria are specified in Fig.2. Gene names are indicated.
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Confirmation of MS data using immunoblotting and immunohistochemical analysis
Of the proteins described in table 3 we selected APOE (approach A), NDP (approach B), HTRA1, 
APSC and COL6A2 (approach C), based on the fold change or specific expression in the CAA 
type-1 group compared to the AD and control groups, to confirm our mass spectrometry results. 
Immunoblotting was performed on whole tissue lysates of the same cases as used for the mass 
spectrometry analysis. When comparing the CAA group with the control group we found 
significant differences in NDP expression (Fig. 4). For APOE, APCS and COL6A2, the data showed the 
same trend of increased abundance in the CAA group as the proteomics data, but the differences 
did not reach significance. A likely explanation for this is the higher variation of expression of 
these proteins in the tissue used for immunoblotting, which in contrast to the mass spectrometry 
exploratory analysis, was not selectively enriched for pathological burden using LCM, and instead 
included white matter, leptomeningeal vessels and grey matter with a lower pathological burden. 
To unequivocally demonstrate CAA related expression, we turned to IHC analysis of these same 
proteins, which, in contrast to immunoblotting, allows region specific analysis similar to the LCM-
LC-MS-MS analysis. For this a separate cohort was used consisting of cognitively healthy control 
cases (n=8) without any Aβ or tau pathology, 2) AD cases with severe Aβ plaque pathology but 
no vascular deposits (no CAA)(n=8) and 3) AD cases with severe CAA type-1 pathology (n=6).

FIGURE 4 | Immunoblotting analysis of proteins with altered expression in CAA type-1. (A) 
Immunoblotting was performed for, NDP, COL6A2, APCS and APOE on occipital lobe tissue 
lysates of non-demented controls (N) AD cases (A) and CAA cases (C). Immunoreactivity 
was observed at the correct molecular weight for each protein. (B) A significant difference 
(p <0.05) was found in the expression of NDP in the CAA group when compared to control 
but not when compared to the AD group. For COL6A2, APCS and APOE significance was not 
reached between any of the groups using this technique. Data are expressed as mean ± SEM.
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First, Aβ pathology was visualized and its presence was confirmed in AD and CAA type-1 
cases showing plaques and vascular Aβ pathology, respectively (Fig. 5B and Fig. 5C). Then, IHC 
analysis was performed to gain information on the localization of the selected proteins. IHC for 
NDP showed pronounced immunoreactivity in CAA type-1 cases that appeared associated to 
the vasculature. NDP immunostaining in CAA, appeared to be associated with both compact 
Aβ depositions as well as more diffuse staining in the parenchyma in cases that exhibit dyshoric 
Aβ deposits. Staining was more pronounced related to capillaries compared to larger vessels. 
The AD cases with plaques were nearly devoid of immunoreactivity, controls did not show any 
immunoreactivity for NDP (Fig. 5D, E and F). Different antibodies against NDP showed similar 
results (data not shown).

COL6A2 IHC showed some immunoreactivity in control and AD cases which was restricted 
to leptomeningeal vessels (Fig. S7) and a few large vessels in the brain tissue. In CAA type-1, 
immunoreactivity for COL6A2 was highly increased and includes brain capillaries and larger 
vessels. Immunoreactivity was mostly associated with the endothelium and / or the adventitia 
(Fig. 5G-I). Similar results were obtained using two different antibodies for COL6A2 (data not 
shown). HTRA1 IHC showed clear overlap with Aβ in both AD and CAA. Compact and diffuse 
staining was observed related to the vessels in the CAA cases and showed plaque pathology 
in the AD cases without CAA. Control cases were all negative for HTRA1 (Fig. 5J-L). IHC for 
APOE resulted in pronounced staining of the vasculature in CAA cases and appeared related 
to compact deposits as well as more diffuse dyshoric deposits. Also immunoreactivity of APOE 
was observed in the AD cases related to the Aβ plaques, although the staining was less intense 
than that related to the vascular amyloid in the CAA cases (Fig. 5P-R). APCS IHC illustrated the 
presence of this protein in relation with both diffuse and compact Aβ pathology in both the 
CAA and AD group. However, staining related to the plaque pathology was less intense than 
that related to the vascular Aβ pathology (Fig. 5M-O).
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FIGURE 5 | Immunohistochemical analysis of selected proteins. Representative images were 
taken. Aβ pathology was visualized. (A) The control case does not have any Aβ pathology. (B) 
plaque pathology is confirmed in the AD case and (C) CAA type-1 pathology is confirmed in the 
CAA type-1 case. (D,E,F) Extensive NDP immunoreactivity is observed in the CAA type-1 cases 
whereas absent in both control and AD cases without CAA. (G,H,I) COL6A2 immunoreactivity is 
hardly observed in the control and AD cases, however, extensive immunoreactivity is observed 
in the CAA type cases and includes both capillaries and large vessels. (J,K,L) Immunoreactivity 
for HTRA1 is absent in control tissue, however, is observed both related to plaque pathology 
and CAA at comparable intensity. (M,N,O) Immunoreactivity for APCS is absent in control cases 
but is observed both related to plaque and CAA type-1 pathology. However, the intensity of 
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the staining observed in the AD cases is considerably less. (P,Q,R) Also, APOE immunoreactivity 
is observed related to both plaque and CAA type-1 pathology, yet its intensity in CAA type-1 is 
far greater. Scale bar, 100µm in images A to R. Scale bar in image (C`) 10µm and in all zoomed 
images, which are marked with a grave accent (`).

For quantification of the IHC, images were obtained at sites that, for the AD and CAA cases, had 
high Aβ pathological burden in nearby sections of the same tissue block. The percentage of 
positively stained pixels over a total of 5 images from each case was determined. Although this 
method is semi-quantitative, it allowed a region-specific analysis in line with the tissue obtained 
by laser capture dissection that was at the basis of the original mass spectrometry analysis. 
Using IHC quantification we observed strongly increased immunoreactivity in CAA type-1 
cases for NDP and COL6A2, and moderate increases for APCS, HTRA1 and APOE, confirming 
the MS results (Fig. 6).

FIGURE 6 | Semi-quantitative analysis of immunohistochemical data of proteins with altered 
expression in CAA type-1. Immunohistochemical stainings were quantified by measuring the 
percentage of pixels that showed positive immunoreactivity. Significance was calculated using 
a one-way ANOVA (Kruskal-Wallis test) and posthoc Dunn’s Multiple Comparison Test. A sig-
nificant increase (p<0.05) in immunoreactivity in the CAA group compared to both control 
and AD groups was observed for NDP and COL6A2. For APOE, APCS and HTRA1 significant 
differences were only found when comparing CAA with control, but not with the AD group. 
Data are expressed as mean ± SEM.

Specificity in relation to other small vessel diseases
To assess the specificity of Aβ, NDP, COL6A2, APCS and APOE in relation to other small vessel 
diseases we performed additional IHC on cases that present various types of vascular defects, 
i.e., cotton wool plaque pathology, prion CAA, cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy (CADASIL), hypertension related small vessel 
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disease and Cathepsin A-related arteriopathy with strokes and leukoencephalopathy (CARASAL). 
IHC was performed on sections that exhibited the relevant pathological characteristics of each 
disease, including an additional CAA type 1 case. Immunoreactivity for Aβ, NDP, COL6A2, APOE 
and APCS was confirmed in the CAA type 1 case (Fig. 7A-E). Immunoreactivity for these proteins 
was also assessed and confirmed in case exhibiting hereditary cerebral haemorrhage with 
amyloidosis Dutch type (HCHWA-D), which is a heredity form of CAA-type 1 (Fig. S8).

In tissue with cotton wool plaques, the pathology was confirmed using IHC for Aβ displaying 
pathology around capillaries and larger vessels with dyshoric changes extending deep into the 
parenchyma (Fig. 7F). Intense NDP immunoreactivity was observed related to capillaries and 
the dyshoric changes and to a lesser extend directly lining the larger vessels. COL6A2 showed 
intense immunoreactivity lining the capillaries and larger vessels (Fig. 7G). IHC for APOE and 
APCS presented a highly positive, staining that appeared similar to the Aβ staining.

The PrP-CAA tissue was confirmed negative for Aβ pathology (Fig. 7K) and showed positive for 
Prp (data not shown). NDP immunoreactivity was highly increased and localised to the affected 
vessels. NDP staining was more pronounced around affected capillaries than at affected larger 
vessels. COL6A2 immunoreactivity was clearly present around capillaries and larger affected 
vessels, of which the vascular pathology was clearly observed using haematoxylin. Although 
co-occurring in largely the same vessels COL6A2 did not generally co-localize with the deposits, 
but instead localized more internally as a component of the basal membrane. APOE and APCS 
were also highly present and co-localized with the Prp deposits.

In the white matter no immunoreactivity was seen for Aβ or any of the marker proteins (Fig. 
7P-T) in the control case. The CADASIL case showed characteristic pathology in the white matter, 
thickened vessel walls, in the white matter as is common with this condition. No Aβ pathology 
was present (Fig. 7U) Mild immunoreactivity for NDP was present and of the assessed proteins 
COL62A staining was most pronounced. APOE and APCS also displayed mild immunoreactivity 
related to the affected vessels (Fig. 7V-Y).

In hypertension related small vessel disease the presence of COLA6A2 was most prominent, 
while immunoreactivity for NDP, APOE and APCS was low but present (Fig. 7Z-AD). Interestingly 
IHC analysis of the CARASAL cases showed only the prominent presence of COL6A2 in affected 
vessels while NDP, APOE and APCS were absent.

Taken our data together, from the tested panel of proteins, we recognize COL6A2 as a general 
small vessel disease marker. NDP, APOE and APCS are most prominent in CAA (type 1 and 
cotton wool) and Prp-CAA. Involvement of NDP APOE and APCS in other small vessel diseases 
is varying from non (CARASAL) to mild (CADASIL). Importantly, NDP is explicitly suitable to 
evidently separate CAA from Aβ plaque pathology (Table 4).
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FIGURE 7 | Expression of CAA type-1 markers in other small vessel diseases. IHC for Aβ, NDP, 
COL6A2, APCS and APOE was performed. In a CAA type-1 case immunoreactivity for all marker 
proteins is confirmed (A-E). Also immunoreactivity is seen for all markers in the cotton wool case 
and Aβ pathology was confirmed (F). For NDP, APOE and APCS immunoreactivity is also seen 
localizing to severe dyshoric angiopathy (G, I and J). COL6A2 immunoreactivity is restricted to 
the vessel wall (H). In de Prp-CAA case Aβ pathology was absent (K). Extensive immunoreactivity 
was observed for NDP, COL6A2, APOE and APCS (L-O). No immunoreactivity was observed for 
Aβ, NDP, COL6A2, APOE and APCS in the white matter of control tissue (P-T). In the CADASIL 
case no Aβ pathology was present (U). Mild immunoreactivity for NDP (V) COL62A staining 
was most pronounced (W). APOE and APCS also displayed mild immunoreactivity related to 
the affected vessels (X, Y). In hypertension related small vessel disease no Aβ was detected (Z) 
immunoreactivity of COLA6A2 was moderate (AB) while immunoreactivity for NDP, APOE and 
APCS were low but present (AA, AC and AD). In the CARASAL case only prominent immunore-
activity of COL6A2 was seen in affected vessels (AG) while NDP, APOE and APCS were absent 
(AF, AH and AI). Scale bar in (A) indicates 100 µm.
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TABLE 4 | Scoring of relative immunoreactivity of 5 CAA-1 positive markers in different small 
vessel diseases and AD plaque pathology.

Aβ NDP COL6A2 APOE APCS

CAA type 1 3 3 3 3 3

Cotton wool 3 3 3 3 3

Prp-CAA 0 3 3 3 3

Control white matter 0 0 0 0 0

CADASIL 0 2 2 1 1

Hypertension 0 1 2 1 1

CARASAL 0 0 2 0 0

AD plaques 3 0 0 2 2

0: no immunoreactivity, 1: mild immunoreactivity, 2: moderate immunoreactivity, 3: extensive immunoreactivity.

DISCUSSION

One of the most prevalent cerebro-vascular diseases in the elderly is sporadic CAA, characterized 
by vascular deposition of amyloid-beta protein. CAA can occur as an isolated disease or as part 
of the pathology in AD. Several studies have indicated CAA as an important cause of cognitive 
decline [1, 8, 16]. Currently, there is no treatment for CAA and its presence cannot be diagnosed 
pre-mortem. Therefore insight in the pathogenic mechanisms and the need for biomarkers are 
urgent. We performed an exploratory laser dissection-assisted LC-MS-MS analysis of AD brain 
tissue exhibiting severe CAA type-1 pathology, AD brain tissue without apparent involvement 
of CAA, and control brain tissue without AD related pathology. We show that the proteome 
of CAA type-1 is different from that of parenchymal plaque pathology in AD, which led to the 
identification of proteins selectively associated with CAA.

Next to identification of new CAA selective proteins, this study also confirmed the presence 
proteins already known to be involved in CAA pathology, e.g., CLU, APOE and APCS [22, 42]. 
Interestingly, CLU was detected in all samples included in the study and its abundance was 
sufficient to completely separate the CAA group from both the control group and the AD group. 
Moreover, CLU, APOE and APCS were markedly increased in AD compared to controls and APOE 
and APCS showed moderate immunoreactivity related to plaque pathology, in accordance 
with previous findings [42, 48]. Interestingly, increased levels of CLU have been reported in the 
plasma of CAA patients diagnosed according the modified Boston criteria [25].

Two recent proteomics studies focussed on CAA analysing leptomeningeal vessels [23] and 
leptomeningeal vessel combined with neocortical arterioles [20]. Some similarities were found 
with these studies, such as the increase in CLU and APOE. As expected also several differences 
exist as our analysis focussed on grey matter of CAA type 1 using micro dissected tissue that is 
enriched for areas with very high capillary associated Aβ pathology. These differences might 
indicate that other mechanisms are involved in the pathogenesis in CAA related to capillaries 
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compared to larger vessels, e.g., the findings of NDP and COL6A2. In contrast to these previous 
studies we compared CAA cases with both control and AD cases with plaque pathology and 
without CAA. There are many similarities in the response to CAA and AD and these proteins 
and processes can be cancelled out against each other, allowing CAA selective proteins to 
become apparent.

Importantly, we identified potential new key players in the development of CAA. NDP is found 
highly upregulated in CAA type 1, cotton wool Aβ pathology and Prp-CAA, and localizes around 
the affected vasculature. NDP immunoreactivity was only mildly increased in CADASIL and 
hypertension related small vessel disease. In addition, these diseases affect different anatomical 
regions, clearly identifiable with imaging studies, and present a distinct clinical picture, leaving 
NDP a promising biomarker for CAA.

NDP is a small, secreted protein with a molecular weight of approximately 15 kD. It has important 
function in the formation of the brain vasculature during development and in maintenance 
of a proper functioning BBB [15]. In the adult brain the NDP gene is primarily expressed by 
astrocytes [47]. NDP activates the canonical Wnt/β-catenin signalling pathway via the frizzled 
(Fzd)4/low-density lipoprotein receptor-related protein (Lrp)5/6 receptor complex [46]. In neural 
progenitor cells (NPCs) derived from FAD mutant PSEN1 subjects it was found that NDP mRNA is 
upregulated, but no increase in mRNA was found in AD human temporal lobe [35]. In the retina 
NDP was found to promote regrowth of capillaries and formation of intra-retinal vessels after 
oxygen-induced retinal damage [27]. Mice overexpressing NDP, had significantly less vascular 
loss following oxygen exposure. Mutations in the NDP gene result in Norrie disease, which is 
primarily an eye disease that leads to blindness. Interestingly, 30-50% of these patients display 
developmental delay, intellectual disability, behavioural abnormalities, or psychotic-like features 
[10, 33]. In addition, NDP has been shown to protect neurons against excitotoxicity induced by 
NMDA [32]. NDP seems to have protective properties for both endothelial cells and neurons, 
but whether NDP upregulation is beneficial in the context of CAA pathology is unknown.

Our proteomics data show COL6A2 expression in CAA cases, which is supported by a strong 
increase in COL6A2 immunoreactivity in the affected brain parenchyma. In addition to COL6A2 
we also found COL6A3 highly increased in CAA type-1. COL6A2 immunoblotting did not 
show a significant difference between the experimental groups. This can be explained by the 
inclusion of leptomeningeal vessels, that express high levels of COL6A2 in all cases in varying 
amounts in the tissue lysates used for immunoblotting, as shown using IHC. COL6A2 was also 
found increased in the other small vessel diseases that were included for IHC analysis. This 
indicates that COL6A2 might be used as valuable indicator of vascular pathology in general, 
but not specific for CAA type pathology. COL6A2 is a non-fibril collagen and COL6 isoforms 
are present in various tissues including the vasculature [29]. COL6A2 encodes one of the three 
alpha chains of type VI collagen, which is found in most connective tissues. Type VI collagen 
anchors endothelial basement membranes by interacting with type IV collagen [21]. In the 
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brain, collagen VI was shown neuroprotective and its expression increased in animal models 
of AD [11].

HTRA1 is a trypsin-like serine protease which was detected in all CAA samples, with a single value 
in the AD group and zero quantitative values in the control group. Using immunohistochemistry 
we found a significant difference with the control groups but not with the AD group as HTRA1 
marks normal plaque pathology as well. HTRA1 is relevant in neurodegeneration as this 
protease is involved in the degradation of APP and Aβ [17]. In addition, HTRA1 was found to 
degrade APOE4 more efficiently than APOE3 and the presence of APOE4 reduces digestion 
of MAPT by HTRA1 [12]. Moreover, mutations in HTRA1 are the cause of the hereditary small 
vessel disease CARASIL (cerebral autosomal recessive arteriopathy with subcortical infarcts 
and leukoencephalopathy) [18, 38].

As part of our LC-MS-MS exploratory study we identified other proteins that are potentially 
interesting for additional research in relation to CAA, but were not specifically followed up in 
this study. For instance, we observed significant high levels of HLA-DR/HLA-DQ in CAA type-1. 
This protein is associated with inflammation and high numbers of activated microglia [30]. PNP 
for which a single nucleotide polymorphism was found to be associated with faster progression 
of AD[39]. Its relation to CAA is yet unknown. SUCLG2 which is involved in clearance of Aβ1-42 
[28] was found increased in CAA compared to control and even higher levels were observed in 
the AD cases. APP was identified with increased levels in CAA. Peptide data indicates that the 
most abundantly detected peptide is a part of Aβ, however this analysis cannot discriminate 
between Aβ or APP.

The proteins in this study, that show selective association with CAA type-1 pathology might 
serve as potential CAA type-1 biomarkers in patients. As larger vessels are also positive for the 
markers that were assessed using IHC, these markers might also be relevant in CAA type-2, 
although in the case of NDP the intensity of immunoreactivity is less in larger vessels compared 
to affected capillaries in CAA.

CAA selective markers might be used for pathological assessment of the severity of CAA. The 
association of Aβ with the vasculature, and in particular capillaries, is not always obvious in thin 
microscopic sections. Also, the use of these proteins as potential diagnostic markers should 
be explored. The need for a biomarker for CAA is urgent, in part for (early) diagnosis of CAA, 
but also for stratification of patients involved in clinical trials for AD. For instance, anti-amyloid 
immunotherapies in development may warrant separation of AD patients with or without 
CAA because of expected side effects associated with CAA, including vasogenic oedema 
and cerebral microhemorrhages [7, 34]. In addition, these markers would help to improve the 
assessment of the safety of anticoagulation therapy in patients with CAA as they increase the 
risk of intracerebral haemorrhage [6].



143

Proteomics analysis of capillary cerebral amyloid angiopathy

CONCLUSION

In conclusion, we present a set of marker proteins containing known and new markers 
representing valuable tools for both clinical and neuropathological diagnosis which can 
contribute to studies investigating the role of CAA in AD pathology. In addition to their 
use as biomarkers, the newly found proteins might be further investigated to increase our 
understanding of etiology and disease mechanism related to CAA, and ultimately may be 
used as therapeutic targets.
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SUPPLEMENTARY MATERIAL

TABLE S1 | Complete dataset, containing log2 transformed quantitative values (LFQ values) of 
all quantified proteins per individual case. Table S1 can be found at : https://actaneurocomms.
biomedcentral.com/articles/10.1186/s40478-018-0540-2

FIGURE S1 | Coomassie blue staining of the SDS PAGE gels containing the microdissected 
tissue lysates.

FIGURE S2 | Total protein fluorescent signal from blots used for immunoblot analysis. Total 
protein load was visualized using a chemidoc EZ (Bio-Rad) after electroblotting and used to 
obtain densitometric values which were then used to normalize for total protein input.
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FIGURE S3 | Number of proteins detected per individual case. Proteins were quantified based 
on a minimum of one peptide and adhering to an FDR of < 0.01.

FIGURE S4 | Clustering analysis of experimental groups and individual cases. Clustering anal-
ysis and heat maps of the different experimental groups (A) and individual cases (B) based on 
proteins with a significant difference (ANOVA, p < 0.05) in expression between any of the groups.

4



150

Chapter 4

FIGURE S5 | Protein expression of CAA case #5 relative to the experimental groups and individ-
ual cases. (A) On the left the expression profile of case #5 compared to the average expression 
profile of the control group (2nd row), AD group (3rd row) and the CAA group (4th row). Green, 
expression below the overall mean; red, above the overall mean. The expression profile of case 
#5 is largely similar to that of the control groups but some proteins show a similar expression as 
in the AD and/or CAA groups. (B) Expression values (LFQ values) of several CAA specific proteins 
identified in this study with case #5 indicated as empty triangle pointing down. Case #5 does 
not differ from the CAA group in these markers.
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FIGURE S6 | Protein expression of males versus females. Quantitative data on several CAA 
selective data was plotted with males represented as triangles and females as dots. No clear 
relationship between gender and protein abundance was observed.

FIGURE S7 | Immunoreactivity for COL6A2 is equally present in leptomeningeal vessels in 
control, AD and CAA tissue.
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FIGURE S8 | Immunohistochemistry of Amyloid-beta, NDP, COL6A2, APOE and APCS on multi-
ple brain regions of a HCHWA-D CAA type-1 case. Brain tissue of a case exhibiting a hereditary 
form of CAA type-1 was analyzed by immunohistochemistry of Amyloid-beta, NDP, COL6A2, 
APOE and APCS. Aβ pathology was confirmed and immunoreactivity associated with CAA 
type-1 pathology was found present for all markers. Scale bar in upper left picture represents 
100 μm.
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ABSTRACT

Improved speed and sensitivity of mass spectrometry allow the simultaneous quantification 
of high numbers of proteins from increasingly smaller quantities of tissue sample. Quantitative 
data of the proteome is highly valuable for providing unbiased information on, for example, 
protein expression changes related to disease or identifying related biomarkers. In brain 
diseases the affected area can be small and pathogenic events can be related to a specific 
cell type in an otherwise heterogeneous tissue type. An emerging approach dedicated to 
analyzing this type of samples is laser micro-dissection (LMD) combined with LC-MS/MS into 
a single workflow. In this chapter, we describe different options for isolating tissue suitable for 
LC-MS/MS analysis.
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1. INTRODUCTION.

Improved speed and sensitivity of mass spectrometry allow the simultaneous quantification 
of high numbers of proteins from increasingly smaller quantities of tissue sample. Quantitative 
data of the proteome is highly valuable for providing unbiased information on, for example, 
protein expression changes related to disease or identifying related biomarkers.

In brain diseases the affected area can be small and pathogenic events can be related to a 
specific cell type in an otherwise heterogeneous tissue type. An emerging approach dedicated 
to analyzing this type of samples is laser micro-dissection (LMD) combined with LC-MS/MS into 
a single workflow. LMD enables isolation of small pieces of tissue, down to cells or even cellular 
inclusions, with high precision for mass spectrometric analysis [2].

In this chapter, we describe different options for isolating tissue suitable for LC-MS/MS analysis. 
Methods are divided into four variants. Protocol A describes tissue isolation from a specific 
brain area exemplified by the isolation of CA1 and subiculum from hippocampus, as published 
previously [1]. Protocol B describes tissue isolation of areas with high pathological burden, as 
visualized with a fast immunohistochemical (IHC) protocol. Protocol C describes isolation of 
inclusion bodies from separate cells using histochemical (HC) staining as published previously [3].  
Protocol D describes isolation of separate cells that are positive for a specific marker using a 
fast IHC protocol.

The methods described here include tissue preparation, different visualization methods, know-
how on the LMD procedure and further processing for MS analysis. Generally, we have made 
use of a Leica LMD 6500 system and in some cases of a Zeiss PALM microbeam system. We 
found that both systems deliver outstanding results. Depending on the tissue and the research 
question, the methods might require some adjustment. This chapter aims at providing the 
protocols to apply the LMD - LC-MS/MS workflow successfully.

2. MATERIALS

Prepare all solutions using ultrapure (sterile) water. Prepare and store all reagents at room 
temperature (unless indicated otherwise). It is important to work as clean as possible 
considering that the downstream MS analysis is very sensitive and will detect impurities that 
were introduced while preparing the tissue samples.

2.1. Preparation of tissue for LMD including (Immuno-)histochemical staining ((I)HC)
1. Snap frozen, post-mortem, human brain tissue with short (<12h) post-mortem delay (see Note 1).
2. Cryostat (Leica).
3. Polyethylene naphthalate (PEN)-foil membrane slides (Leica).
4. Ethanol 100%.
5. Ultrapure sterile H2O.

5
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6. Toluidine blue (Sigma-Aldrich) 1% (w/v) in sterile H2O.
7. Hair dryer.
8. For additional protocol-specific requirements, see Subheading 2.1.2 (for protocols B and D)  

and Subheading 2.1.3 (for protocol C).

2.1.2. Preparation of tissue for LMD using an immunostaining (IHC) (Protocol B and D only)
1. Sterile PBS, (pH 7.4): NaCl 8.2g, Na2HPO4 12H2O 3.1g, NaH2PO4 2H2O 0.3g in 1000 mL.
2. Primary antibody (anti beta-amyloid (clone IC16, Kind gift of Prof. Carsten Korth) and anti 

phospho-tau (clone AT8, Thermo scientific) for protocol B and D, respectively).
3. HRP-labelled secondary antibody (protocol B and C only) Goat anti-mouse-HRP (DAKO).
4. 3,3’-diaminobenzidine (DAB) in chromogen solution (DAKO).

2.1.3. Preparation of tissue for LMD, applying a histochemical (HC) staining using eosin (Protocol C only)
1. Eosin staining solution: 50% (v/v) ethanol 0.2% (w/v) eosin and 0.04% (v/v) acetic acid.

2.2. Laser microdissection
1. Laser dissection microscope (here a Leica LMD6500 system was mostly used. Some 

experiments have also been performed using a Zeiss PALM MicroBeam system.)
2. 0.5 mL cap (Greiner Bio-one) or adhesive caps (Zeiss). Adhesive caps are obligatory when 

using a Zeiss PALM system but are useful in certain cases for the Leica system as well (see 
Note 2).

3. Pierce™ Lane Marker Reducing Sample Buffer 5x (Thermo scientific) (see Note 2).
4. M-PER lysis buffer (Thermo scientific).

2.3. SDS-PAGE
1. Centrifuge (Eppendorf, 5415D or comparable).
2. Pierce™ Lane Marker Reducing Sample Buffer 5x (Thermo scientific).
3. M-PER lysis buffer (Thermo scientific).
4. Water bath at 95°C.
5. Pre-stained protein ladder (Bio-Rad).
6. Gel fixation solution: 50% Ethanol (v/v), 3% Phosphoric Acid (from 85% stock) in H2O.
7. Colloidal Coomassie blue: 34% (v/v) Methanol, 3% (v/v) Phosphoric Acid (from 85% stock) 

(Sigma Aldrich), 150g Ammonium Sulphate, 1g Coomassie brilliant blue G-250 (Thermo 
Scientific) in H2O.

2.2.1. SDS PAGE for larger isolated areas (multiple fractions) (protocol A and B)
1. NuPAGE® 4-12% Bis-Tris acrylamide gel (Invitrogen).
2. MOPS running buffer (Invitrogen).
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2.2.2. SDS page for single cell / inclusion body analysis (single fraction) (protocol C and D)
1. Acrylamide/Bis Solution, 19:1 (Bio-rad).
2. Tris 1.5 M, adjusted to pH 8.8 using HCl.
3. 10% w/v SDS.
4. Ultra pure (sterile) H2O.
5. Ammonium persulfate: 10 % (w/v) solution in H2O.
6. TEMED (Bio-rad).
7. Mini-PROTEAN® 3 Cell (Bio-rad).
8. Glass plates with 1mm spacers.
9. 10-well comb.
10. 10x Tris/Glycine/SDS (Bio-rad).

2.3. In gel digestion
1. Ammonium bicarbonate (100 mM): 0.78 g NH3HCO3 fill up to 100 mL with deionized water.
2. Acetonitrile (HPLC grade).
3. Capillary gel loading pipet tips (VWR)
4. Trypsin/Lys-C Mix, Mass spec Grade (20 µg per vial from Promega).

2.4. Mass spectrometry analysis
1. A capillary HPLC system with autosampler.
2. HPLC solvents A: 94.9% deionized water/5% acetonitrile/0.1% formic acid, and B: 95% 

acetonitrile/5% deionized water/0.1% formic acid.
3. An electrospray mass spectrometer. Mass spectrometers based on the use of either 

Orbitrap or quadrupole-time of flight mass analyser are preferred. We describe the use 
of the Sciex Triple TOF 5600 system as an example.

3. METHODS

Carry out all the procedures at room temperature unless otherwise specified.

3.1. Preparation of the slides for microdissection.
1. Prepare PEN-foil slides by placing them in UV light for 30 minutes according to the 

manufacturer’s instructions.
2. Tissue sections are cut at the desired thickness in a cryostat at a temperature of -16°C to 

-18°C and applied on PEN-foil slides (see Note 3). For experiments A and B (larger areas of 
interest) typically the thickness used is between 10 - 50 µm depending on the tissue and 
the type of laser dissection microscope (see Note 4). For experiments C and D (separate 
cells/inclusion bodies) the thickness used is typically 10 µm or less (see Note 5).

3. Let the tissue sections air dry for at least 10 minutes.
4. Fix the sections in 100% ethanol for 1 minute (see Note 6 and 7).
5. Air dry for 10 minutes (or dry using a hair dryer, set to cool air, for 1 minute).

5
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6. Proceed with Subheading 3.1.1 (protocol A), Subheading 3.1.2 (protocols B and D) or 
Subheading 3.1.3 (protocol D).

3.1.1. preparing section with toluidine blue staining (protocol A)
1. Briefly wet the sections with sterile ultra-pure H2O by pipetting it on the sections.
2. Remove excess H2O by tilting the slide.
3. Apply a few drops of toluidine (1% v/v in H2O) onto the tissue in such a manner that all 

the tissue is covered. Incubate for 1 minute.
4. Wash the slides twice for 30 seconds in H2O. (Use 2 containers with H2O of 250 mL or more 

to do the washing).
5. Wash the slides in ethanol 100% three times 30 seconds.
6. Air dry for 10 minutes (or dry using a hair dryer, set to cool air, for 1 minute).
7. Store at room temperature (RT) till further use (within 1 week) (see Note 8).

a. A typical image obtained using this protocol is shown in figure 1A.
8. Proceed to Subheading 3.2.

3.1.2. Fast IHC staining (protocol B and D)
1. Prepare all antibody dilutions in sterile PBS (see Note 9). Although depending on the 

section size, approximately 100 µl of diluted antibody is sufficient to completely cover 
the tissue section.

2. Prepare DAB solution according to the manufacturer’s protocol.
3. Briefly wet the sections using sterile PBS (pH 7.4).
4. Remove excess fluid by tilting the slide.
5. Apply the primary antibody. Make sure the entire tissue section is covered. This can be 

done by distributing the liquid with the back of a pipet tip. Make sure not to touch the 
tissue or damage the membrane. Incubate for 20 minutes.

6. Wash 3 times 30 seconds in sterile PBS (pH 7.4) (Use 3 containers with H2O of 250 mL or 
more to do the washing).

7. Apply the secondary HRP-labelled antibody. Use the highest dilution mentioned in the 
accompanying datasheet (DAKO) that is suitable for cytochemistry. Usually 1:100 is used 
but this depends on the antibody. Incubate for 20 minutes.

8. Wash 3 times 30 seconds in sterile PBS (pH 7.4).
9. Apply the DAB solution to the slides. Incubate 5 minutes in the dark.
10. Thoroughly wash repeatedly with ultrapure H2O.
11. Incubate with 1% (w/v) toluidine blue in H2O for 1 minute to implement a counterstain.
12. Wash the slides twice for 30 seconds in H2O.
13. Wash the slides in ethanol 100% three times for 30 seconds.
14. Air dry for 10 minutes (or dry using a hair dryer, set to cool air, for 1 minute).
15. Store at RT till further use (within 1 week) (see Note 8).

a. A typical image using this type of protocol is shown in figure 1B, D
16. Proceed to Subheading 3.2.
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3.1.3. Histochemical staining for isolation of inclusion bodies (Protocol C)
1. Briefly wet the sections with sterile ultrapure H2O by pipetting it on the sections.
2. Incubate in eosin solution for 30 seconds.
3. Wash the slides 30 seconds in H2O.
4. Wash the slides in ethanol 100% 3 times 30 seconds.
5. Air dry for 10 minutes (or dry using a hair dryer, set to cool air, for 1 minute).
6. Store at room temperature (RT) till further use (within 1 week) (see Note 8).

a. Figure 1C displays a typical staining obtained using this method.
7. Proceed to Subheading 3.2.

3.1. Laser dissection procedure
1. Place the PEN-foil slide holding the tissue section with the tissue facing down.
2. Depending on the availability and amount of material that has to be dissected, either load 

the cap with 30 µl of 1x reducing SDS loading buffer (diluted with M-PER lysis buffer), or 
place an adhesive cap in the cap holder below the specimen (see Note 10).

3. Proceed with Subheading 3.2.1 for protocols A and B or Subheading 3.2.2 for protocols C  
and D.

3.2.1. Laser dissection procedure (Protocol A and B)
1. To obtain approximately 40 µg grams of protein, a volume of 1x109 µm3 has to be isolated. This 

is best to be divided over two separate eppendorf tubes (60µl SDS loading buffer in total)
2. Select area(s) of interest and dissect the tissue using the LDM system as indicated by the 

manufacturer.
3. After tissue isolation freeze at -80 °C until further use.
4. Proceed with Subheading 3.3.1.

3.1.2. Laser dissection procedure (Protocol C and D)
1. Start with making a small hole in the PEN membrane at a location without tissue to let 

the air out (see Note 11).
2. Select shapes and dissect shapes as indicated by LCM manufacturer.
3. When the isolated material is in reducing SDS sample buffer, store in -80 °C until further use
4. When the isolated material is in an adhesive cap, then proceed with taking it up in 

reducing SDS sample buffer as follows:
a.  Add 25µl of reducing SDS sample buffer.
b. Incubate for 10 minutes at RT.
c. Pipet “up and down” repeatedly (5-10 times).
d. Transfer to a new Eppendorf tube.
e. Check the adhesive cap under a microscope to convince yourself that all material 

is removed from the adhesive cap.
5. Store at -80 °C until further use.
6. Proceed with Subheading 3.3.2

5
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3.3. SDS-PAGE

3.3.1. SDS-PAGE for large areas of interest (Protocol A and B)
1. Let the sample defrost and warm up to RT.
2. Heat the samples to 95°C and incubate for 5 minutes
3. Let the samples cool down to RT
4. -optional- incubate with 50 mM iodoactamide for 30 min at RT in the dark
5. Separate protein based on their size on a NuPAGE® 4-12% Bis-Tris acrylamide gel (Invitrogen) 

using MOPS SDS running buffer (Invitrogen) according the manufacturers protocol.
6. After electrophoresis, remove the gel from the cassette.
7. Incubate the gel in gel fixing solution for at least 2 hours.
8. Wash the gel in ultra pure sterile water for 10 minutes
9. Incubate in Coomassie blue solution for 10 minutes
10. Wash the gel in ultra pure sterile H2O for several hours, refreshing the H2O repeatedly, 

until the gel is completely de-stained
11. The gel can now be cut into the required number of fractions, which depends on the type 

of mass spectrometer used. For the LTQ-Orbitrap mass spectrometer we used 12 fractions. 
For Triple TOF 5600 system we used 2-4 fractions. For a Fusion Lumos Orbitrap mass 
spectrometer it is possible to quantify 4000 proteins from a single fraction using a 2-3 
hours HPLC gradient (see Subheading 3.3.2 for SDS-PAGE of proteins in a single fraction).

12. Proceed with in gel trypsin digestion protocol (Subheading 3.4)

3.3.2. SDS-PAGE for individually isolated cells or inclusion bodies (Protocol C and D)
1. Make a 10% gel, of 1mm thickness with 10 wells as follows (for 10 mL):

a. Mix 3.3 mL of the 30% acrylamide, 1.5 mL 1.5M Tris (pH8.8) and 4.96 mL ultra pure H2O.
b. Add APS 0.1ml and TEMED 0.006ml, mix gently, and directly pipette this into the 

gel cast as polymerization starts directly. Place the 10 well comb and wait for the 
gel to polymerize (typically < 30 minutes).

2. Place the prepared gel in the Bio-rad electrophoresis system and fill up with TGS running buffer 1x.
3. Remove the comb.
4. Load the samples into the gel wells.
5. Let the proteins run into the gel by electrophoresis (150 V) until the sample is in the gel 

for a length of approximately 8 - 10 mm.
6. Remove the gel from the cask.
7. Incubate the gel in gel fixing solution for at least 2 hours.
8. Wash the gel in ultra pure sterile water for 10 minutes.
9. Incubate in Coomassie blue solution for 10 minutes or longer if desired (see Note 12).
10. Wash the gel in ultra pure sterile H2O for several hours, refreshing the H2O repeatedly, 

until the gel is completely de-stained.
11. Cut out the gel piece containing the sample and proceed with in gel digestion.

a. The gel piece can be divided into two pieces (high and low molecular weight) if desired.
12. Proceed with in gel trypsin digestion protocol (Subheading 3.4).
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3.4. In gel trypsin digestion
1. Cut the gel piece into small fragments of approximately 1 mm3 using a razor blade. We 

often use two razor blades, one to maintain the gel piece in place and the other to cut 
the gel. Transfer the gel fragments into a 1.5 mL Eppendorf tube.

2. Add 1 mL of 50 mM ammonium bicarbonate/50% acetonitrile to the Eppendorf tube, 
invert the tube and put it on Table. This ensures a larger contact surface between the 
gel fragments and the destaining solution. Make sure that the gel fragments are at the 
bottom of the tube. Incubate for 2-3 hours.

3. Remove the solution and discard. Capillary gel loading pipet tips can be used for this.
4. Add 0.5 mL 100% acetonitrile. The gel fragments should turn white and shrink within a 

few minutes.
5. Remove acetonitrile and discard.
6. Add 0.5 mL 50 mM ammonium bicarbonate, incubate for 5 minutes, and then add 0.5 mL 

100% acetonitrile.
7. Invert the Eppendorf tube, place on Table and incubate for 0ne hour or until the gel 

fragments are completely destained.
8. Remove solution and discard.
9. Add 0.5 mL 100% acetonitrile and incubate for 5 minutes.
10. Remove acetonitrile and discard.
11. Dry the gel fragments in Speedvac for 5 minutes.
12. Add 3 mL 50 mM ammonium bicarbonate to one vial of Promega Trypsin/Lys-C Mix, and vortex.
13. Add 0.1 mL Trypsin/Lys-C Mix to each Eppendorf tube containing the gel fragments, wait 

5 minutes to determine if more trypsin/Lys-C Mix solution should be added to completely 
re-swell the gel fragments.

14. Add 0.1 mL 50 mM ammonium bicarbonate to the gel fragments, incubate overnight at 37oC.
15. Transfer the solution from the Eppendorf tube containing the gel fragments into a new 

Eppendorf tube.
16. Add 0.2 mL 50 mM ammonium bicarbonate/50% acetonitrile to the gel fragments, vortex 

for 20 minutes.
17. Transfer this solution to the Eppendorf tube from step 15.
18. Dry the pooled solution in a Speedvac. The samples can be stored in Eppendorf tube at 

-20oC for weeks before mass spectrometry analysis.

3.5. Mass spectometry analysis
1. HPLC and mass spectrometer from different vendors have their own specifications. The 

protocol described here is based on the use of an Ultimate 3000 LC system (Dionex) 
coupled to a Triple Tof 5600 mass spectrometer (Sciex). It services merely as a guideline.

2. Redissolve the dried tryptic peptides in 7 µL of HPLC solvent A. Vortex for 15 minutes.
3. Transfer the solution to a sample vial, cap the vial, and place it in the autosampler tray.
4. Load 6 µL to the 5mm Pepmap 100 C18 trap column (300µm internal diameter, 5µm 

particle size, Dionex).

5
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5. Initiate the separation in the 100 µm (internal diameter) nano-LC column packed with C18 
material (3 µm Altima C18 particle). The gradient is increased from 5 to 18% A in 88 min, 
to 25% at 98 min, 40% at 108 min, and to 90% at 110 min, at a flow rate of 400 nL/min.

6. Peptides are sprayed into the mass spectrometer, using an ion spray voltage of 2.5 kV, 
curtain gas at 35 p.s.i., nebulizer gas at 15 p.s.i., and an interface heater temperature of 
1500C. The MS survey scan range is m/z 350–1250 acquired for 250 ms. Select top 20 
precursor ions for 85ms per MS/MS acquisition, with a threshold of 90 counts. Dynamic 
exclusion was 16 s. Rolling CID function was activated, with an energy spread of 15 eV.

7. Process raw data with MaxQuant. The match-between-run option can be activated to 
minimize the number of missing values across the samples.

4. NOTES

1. It is highly important that tissue is rapidly snap frozen in liquid nitrogen. When the 
freezing procedure is too slow, freezing artefacts will occur destroying the morphology 
and making the tissue crumble, when cutting the tissue, especially at larger thickness.

2. Adhesive caps can also be used on a Leica system. These can be of practical use, especially 
when isolating individual cells of a type that is low abundant and therefore requires 
multiple days of laser dissection. When using adhesive caps no buffer is required to collect 
the sample in.

3. Check if the foil is intact. When the foil is damaged then fluid will get between the foil and 
the glass, rendering the slide unusable for LMD. This is especially relevant when isolating 
larger areas of tissue (protocol A and B).

4. For analysis of larger areas of interest, usually thicker sections are better as that saves 
time in performing laser dissection and reduces the amount of (expensive) PEN-foil slides 
needed. Modern laser dissection microscopes, like the Leica LMD 6500, have sufficient laser 
power to cut through sections up to 50 µm. (Cutting sections on a cryostat does become 
increasingly difficult with increasing thickness. Lowering the temperature in the cryostat 
might help, but often one will have to settle with sections of a thickness below 50 µm.)

5. For the isolation of separate cells/inclusion bodies or other very small structures, sections 
are preferably thin, 10 µm or less. Thickness depends largely on the size of the objects 
that you wish to isolate, considering that when the section is thicker than the object of 
interest then tissue/material surrounding the object will be isolated as well, reducing the 
purity of your sample.

6. Typically we fix tissue in 100% ethanol, however, we experienced that some IHC stainings 
were incompatible with ethanol fixation, but were successful when fixing using 100% 
acetone. No negative effects were observed in the downstream LC-MS/MS analysis.
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7. PEN-foil slides are easily damaged, and if so during the staining they can become unusable 
(also see Note 3). Therefore treat the slides with great care.

8. Proteins in the tissue are, when dry, very resistant to degradation. It is often preferred to 
store the slides at RT instead of freezing them. Freezing introduces the risk of deposition 
of moisture, and freeze thaw cycles are best avoided. However, fast (within a week) 
processing of the sections is recommendable. Meaning finishing the laser dissection and 
storing these in reducing SDS buffer at -80 °C.

9. Usually the antibody concentration used for a fast IHC staining is about tenfold higher as 
used in a normal overnight incubation for IHC. We recommend performing a test series prior 
to the actual experiment. Antibodies that produce a highly contrasted and specific staining 
will give the best chance of success, as the fast IHC protocol will produce a staining of lower 
quality than an overnight incubation. This combined with the absence of mounting medium 
will reduce the visual quality of a given specimen considerably. No blocking proteins are 
used as these are potentially picked up by the mass spectrometer, obscuring the results.

10. To decide for either the cap with SDS sample buffer or an adhesive cap is particularly valid 
when isolation separate cells/inclusion bodies (protocol C or D). For our experiments we 
found a number of 3000 cells/inclusion bodies to provide satisfactory results. Although 
even higher numbers will obviously result in more proteins that can be quantified as well 
as more reliable quantification. When a particular cell or structure of interest is very rare 
in the tissue, it can take several days to isolate sufficient cells for an successful MS analysis. 
Our experience is that it is then useful to capture the material in adhesive caps. It is then 
quite well fixed in place and you can store it at RT and easily continue then next day with 
dissection using the same cap.

11. Usually, dissection of small structures like separate cells, inclusion bodies or protein 
aggregates is done at high magnification, for example using the 20x or the 40x objective. 
The PEN-membrane glass slide usually has some air between the glass and the foil. When 
selecting a number of shapes to be dissected you will find that when the first hole is made in 
the foil, the air will come out and the foil will move to the glass. Consequentially, your tissue 
section will be out of focus for all remaining shapes, which will compromise the precision 
and effectivity of the dissection. This step is not necessary when metal frame slides are used.

12. Since only very little amount of protein is isolated the Coomassie staining will be very 
weak. Longer incubation time can increase the signal. However, complete lack of staining 
does not necessarily indicate absence of proteins. Successful quantification of a high 
number of proteins can still be realized using a very sensitive mass spectrometer.

5
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FIGURE 1 | Typical images obtained using the different (I)HC protocols. (A) Toluidine blue 
staining of human hippocampus. Shown is the CA1 region of the hippocampus. (B) Amyloid 
beta plaques identified using IHC. Immunodetection and visualization of beta-amyloid in 
plaques using DAB (brown). Toluidine blue was used as a counterstain (blue). (C) Inclusion 
body stained using eosin. (D) Cells displaying immunoreactivity for phospho-tau visualized 
using DAB (brown), toluidine blue was used as a counterstain (blue).
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SUMMARY

Alzheimer’s disease (AD) is the main cause of dementia in the elderly and is becoming 
increasingly prevalent due to the increased life expectancy in the ageing population. AD 
pathology is characterized by the presence of amyloid beta (Aβ) aggregates, which occur in 
the brain parenchyma as plaques and in and around the brain vasculature as Cerebral Amyloid 
Angiopathy (CAA). Both plaques and CAA occur as a result of an imbalance in Aβ production 
and clearance. AD pathology is also hallmarked by the presence of intraneuronal aggregates of 
tau protein as neurofibrillary tangles (NFTs) and neuropil threads. Another important feature in 
AD is the increased presence of granulovacuolar degeneration (GVD) bodies. In general, there 
is a positive correlation between the increase and distribution of these features and the clinical 
symptoms. On the other hand, there is a long pre-symptomatic phase of AD, in which brain 
pathology builds up and neurodegeneration starts to occur. Hence, earlier diagnosis is probably 
essential for a better chance of success in treating AD. In addition, AD can be clinically and 
pathologically divers, for example, due to variations in the age of onset, clinical symptoms, rate 
of disease progression and variability in the presence, localization and extend of the individual 
pathological features. Disease heterogeneity, and possible differences in disease mechanisms, 
could also explain why past clinical trials have not yielded satisfying results, as different patients 
or patient groups might require different therapies.

Currently, no treatment options exist that delay, stop or reverse AD. The early changes in AD 
are still poorly described, and increased insight in the early disease mechanisms are highly 
needed. In particular, the early stage of AD may be open for treatment while progressed stages 
have already accumulated neuronal damage beyond the possibility of repair. Thus, increased 
insight in the molecular mechanisms associated with early phases of AD pathogenesis is likely 
of great importance for successfully developing new therapies. In addition, there is a clinical 
need to identify novel biomarkers for early, pre-symptomatic diagnosis, patient stratification 
and assessing therapy responsiveness. An important aspect of identifying potential molecular 
and/or cellular disease mechanisms underlying AD as well as specific markers associated with 
patient subgroups, is to identify changes in protein levels in brain tissue from AD patients. 
This aspect can be addressed by the unique combination of well-characterized human post-
mortem brain tissue, selective isolation of the pathological tissue or cells, and an unbiased 
broad and in-depth assessment such as using proteomics. To identify molecular mechanisms 
that are involved in early phases of AD we analyzed the proteome of successive stages of AD 
as defined by the Braak stage for tau pathology (Chapter 2). The CA1 and subiculum regions 
from the hippocampus, which are early and severely affected subareas in AD brain, were 
isolated using laser microdissection (LMD). Proteome analysis of 40 cases derived from all Braak 
stages for tau pathology allowed differentiation between early and late changes in protein 
abundance during the development of AD pathology. In this pioneering study we showed 
that the abundance of 372 proteins was altered, which included several proteins that had not 
been linked to AD previously. Protein groups that displayed similar expression profiles over the 
disease course were identified and linked to specific cell-types and functional cellular processes. 
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Early changes included proteins related to the extracellular matrix, actin cytoskeleton, the 
synapse, endocytosis, protein folding and metabolic stress. In addition, an early-up, late-down 
expression pattern was observed for several proteins that are linked to synaptic vesicle release, 
the postsynaptic density and various other neuronal processes which together might represent 
a compensatory mechanism for early neuronal impairment.

Thanks to a combination in technical advances in mass spectrometry, laser microdissection and 
optimized IHC protocols, we successfully established a single cell type resolution proteomics 
workflow, which allowed us to obtain insight in the molecular mechanisms associated with 
GVD and early tau pathology in neurons (Chapter 3). GVD is considered to be associated with a 
pre-tangle stage in neuronal tau pathology, during which cellular homeostasis and proteostasis 
can possibly still be restored. Using IHC and LMD, unaffected neurons, neurons with GVD, 
and tangle-bearing neurons were isolated with high precision from human post-mortem 
hippocampus. In total 36 samples, each containing 3000 individually isolated neurons, were 
used for proteome analysis. A significant change in abundance compared to control neurons 
was found for 115 proteins in GVD- and 197 in tangle-bearing neurons. Affected processes 
in GVD-bearing neurons included protein folding, endolysosomal function and glycolysis, 
which are in agreement with findings in Chapter 2. Interestingly, profound alterations in RNA 
processing were apparent in GVD. In tangle-bearing neurons similar processes are affected, 
yet often more extensively, and in addition, ribosomal proteins and protein folding in the 
ER become dysregulated. Overall tangle-bearing neurons present a more severe phenotype 
compared to GVD-bearing neurons. Overlapping protein groups and a progressive increase 
in tau supports the hypothesis that GVD is associated with a pre-tangle stage. Together, 
Chapter 2 and Chapter 3 provided insight into the molecular mechanisms associated 
with early tau pathology, at both the regional (CA1 and subiculum) and the neuronal level. 
Importantly, confirmation of mass spectrometry results as well as association with GVD and 
other pathological lesions was provided by IHC and immunoblotting in independent study 
cohorts. Further assessment of the functional consequences of these early changes in protein 
expression in cellular – or animal models for AD may lead to new clues for future therapeutics.

CAA type-1 is characterized by the deposition of Aβ in the brain vasculature that includes brain 
capillaries next to larger vessels and is present in varying amounts in about 40% of all AD cases. 
CAA type-1 contributes to the clinical manifestation of AD and, in very severe forms, it can be 
the primary cause of dementia. Proteins that are specifically associated with CAA type-1 provide 
insight into associated disease mechanisms and could be used as diagnostic markers for the 
presence and extend of CAA type-1 pathology, which likely influences the treatment options 
for these AD patients. In addition, the presence of CAA can lead to haemorrhages. Therefore, it 
is advised not to use anticoagulants, as a treatment for thrombosis, in patients with CAA. Hence, 
in Chapter 4 the proteome of the occipital lobe was analyzed in cases with severe CAA type-1, 
AD cases with severe plaque pathology but without vascular Aβ and cognitively heathy control 
subjects. IHC combined with LMD was used to visualize and isolate areas with high pathological 
burden from AD and CAA cases and grey matter without pathology from the control donors. 
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Although proteome changes in AD and CAA largely overlapped, 29 proteins were found 
selectively expressed/increased in CAA type-1. IHC analysis of selected proteins in brain tissue 
from AD, CAA type-1 and several other types of small vessel disease (SVD) cases, indicated that 
especially Norrin (NDP) is a highly specific marker for CAA, especially type-1 CAA, and is virtually 
absent in the presence of plaque pathology. In addition to a strong increase in CAA type-1, 
NDP was also associated with capillary pathology in a PrP-CAA case, indicating that increased 
NDP might be a consequence of capillary dysfunction rather than Aβ deposition. Considering 
that NDP is a secreted, low molecular weight protein that is localized to the (damaged) CAA-
affected vessel wall, it represents a promising target for biomarker development, either in the 
form of a CSF or blood-based biomarker or as a target for a PET ligand. In addition, the role of 
NDP and other CAA specific proteins in CAA pathogenesis, e.g. with respect to Aβ transport, 
aggregation and toxicity, should be investigated.

Guidelines for performing a successful proteomics analysis on human post-mortem tissue with 
the aid of (immuno-) histochemistry and LMD are provided in Chapter 5. Different options for 
isolating tissue at the level of a microscopic area, individual cells and intracellular inclusion 
bodies suitable for subsequent LC-MS/MS analysis are described. The methods include tissue 
preparation, different visualization methods, know-how on the LMD procedure and further 
sample processing for LC-MS/MS analysis. The field of proteomics is rapidly evolving and new 
applications emerge allowing increased coverage, providing extensive insight into specific 
protein isoforms, analysis of posttranslational modifications and interaction proteomics in 
small samples, such as laser dissected cells.

Overall the results in this thesis improve insight in the molecular events that are involved at 
various stages in AD, both at a tissue level in different Braak stages for pathology, as well as at 
the cellular level during tangle formation. In addition, our data shows the heterogeneity in AD 
with respect to protein changes associated with Aβ plaque pathology compared to CAA. As 
such, the results presented in this thesis provide a stepping stone to new research directions, 
aimed to implement new biomarkers and further investigating early disease mechanisms in 
human brain tissue and available disease models.
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GENERAL DISCUSSION

Alzheimer’s disease (AD) is the main cause of dementia in the elderly and is currently incurable. 
To generate promising treatment options we need a better understanding of the aetiology and 
pathogenic mechanisms of AD and an accurate diagnosis at an early (pre-symptomatic) stage 
with potential to stratify AD patients into subgroups. Pathological features in human post-
mortem brain tissue, which are associated with the progression of AD, have been extensively 
studied in the past and formed the foundation for our understanding of AD pathogenesis 
and its heterogeneity. To increase our insight in AD pathogenesis, there is an urgent need to 
map proteins and molecular pathways that are involved, as this will likely contribute to the 
development of diagnostics and future therapies.

Proteins that have an altered expression in disease are likely to be involved in disease related 
processes and are potential targets to modify disease progression. Assessment of RNA 
levels, referred to as transcriptomics, using high throughput techniques like microarrays and 
RNAseq, have been used extensively to identify changes in gene expression, and allowed a 
broad coverage of the gene expression profile. However, changes in RNA levels are often not 
reflected at the protein level [47]. With the emergence of high throughput and high sensitivity 
mass spectrometry based proteomics, direct quantification of thousands of proteins from 
relatively small amounts of total protein has become possible [29]. With the possibility to focus 
at high resolution on specific aspects of AD pathology using laser microdissection (LMD), it has 
become a powerful method that can increase our understanding of the molecular mechanisms 
underlying different aspects of AD pathogenesis. In this thesis, an optimized workflow is 
presented that combines (immuno-) histochemistry, LMD and LC-MS/MS, which enables the 
visualization, isolation and proteome analysis of small anatomical regions, pathologic structures 
and specific cell populations from human post mortem brain tissue.

To increase our understanding of the pathogenesis of AD and CAA we aimed to identify and 
quantify differences in protein levels in human post-mortem brain tissue to address the following:

• Proteins and potential pathways associated with the progression of AD, especially in early 
disease stages.

• Proteins and cellular processes involved in granulovacuolar degeneration and tangle 
pathology in neuronal cells, and the relation between these pathological features.

• Identification of proteins that are specifically associated with capillary Cerebral Amyloid 
Angiopathy (CAA type-1).

The long-term aim is to increase our insight in the molecular mechanisms associated with AD 
and CAA pathogenesis, and providing clues for therapeutic targets. Furthermore, the approach 
taken might deliver proteins that are suitable candidates for further assessment as protein 
biomarkers aimed to facilitate early diagnosis, patient stratification, monitoring therapeutic 
efficacy or improved neuropathological characterization.

6
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Early changes in AD pathology
Chapter 2 and 3 describe pioneering studies that focus on the early changes in protein 
expression associated mainly with tangle pathology in AD. The analyses were performed at 
the regional tissue level, involving consecutive disease stages based on the Braak stages for 
tangle pathology [13, 14] in chapter 2 and on the cellular level considering the presence of GVD 
associated with a pre-tangle stage in chapter 3. In chapter 2 the whole CA1 and subiculum of the 
hippocampus regions were isolated using LMD. These regions are early and severely affected in 
AD pathogenesis and we analyzed 40 cases that cover all Braak stages, from 0 to VI, to identify 
changes in protein abundance at different stages of the disease.

In several proteomics studies human brain tissue of control subjects has been compared to AD 
tissue. Most studies were performed on whole tissue lysates. Although several recent studies 
compared control versus clinical AD [1, 26, 87], some studies included different disease stages 
like pre-symptomatic AD and MCI as well [24, 35, 36, 65]. It is important to note that these studies 
did not include control cases that were completely devoid of tau and amyloid pathology, which 
makes detection of early changes related to tau or amyloid beta difficult.

In chapter 2, an altered abundance of 372 proteins was found of which 89 proteins represent 
early changes that take place in Braak stage 0 to III. We observed an increase in proteins related 
to ECM alterations, neuroinflammation, protein folding and chaperoning, cytoskeleton, and 
cellular stress response. Changes in these processes are recurrently being identified in other 
studies as well, indicating good replication [1, 26, 35, 36, 65, 87]. Increased expression of proteins 
as reported in chapter 2 and commonly found in other studies include MAPT, CLU and APOE, 
but also markers that accompany glial activation, like GFAP and CD44. These markers correlate 
well with the classical pathological hallmarks of AD. In addition, in chapter 2 we observe an 
increase in the total number of proteins that show a change in abundance over the course of 
AD, which is also found in several other proteomics studies, pointing towards dysregulation 
of an increasing number of processes in later stages of the disease [24, 35, 36, 65]. Also more 
severely affected regions were found to display an increased number of dysregulated proteins 
[85]. Interestingly, this is also observed when comparing GVD to tangle bearing neurons, which 
supports that tangles are in a more progressed disease stage compared to GVD (Chapter 3).

Proteins related to synapse and neuronal function
In chapter 2 we show that synapse-related proteins and those related to neuronal functioning 
are primarily found decreased in AD, which is in accordance with the literature [43]. However, 
in addition we found that a subset of these proteins displays an early-up-/late-down type of 
expression profile (Chapter 2, Fig. 3b, Fig. 4f,g). Previous studies have not reported such an 
up/down profile, possibly because control cases that do not exhibit any pathology were not 
included in these studies [35, 36, 65].

The transiently increased synapse-related proteins, and other proteins that follow the same up/
down type of expression profile, might represent an early compensatory mechanism to maintain 
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normal hippocampal functioning, in which the transition from Braak stage II to III appears 
to be a turning point, which roughly coincides with the appearance of clinical symptoms.

More specifically, this cluster is composed of proteins related to neuronal function, axonal 
guidance, mitochondrial oxidative phosphorylation, synaptic vesicle release and postsynaptic 
density function. High expression of such proteins was found associated with a stable cognitive 
trajectory at advanced age in a recent proteomics study [79]. This compensatory mechanism is 
likely unrelated to GVD bearing neurons as we did not observe changes in abundance of these 
proteins in GVD (Chapter 3). Hence, the transient increase of these neuronal proteins might be 
essential for maintaining neuronal and synaptic function whereas GVD-related processes are 
considered to counteract cellular stress caused by early tau pathology.

Early synaptic effects are also in agreement with the amyloid cascade hypothesis as increased 
levels of Aβ oligomers correlate with the extent of synaptic loss [44, 49, 64]. However, these 
effects might also relate to incipient tau pathology as we were not able to measure Aβ levels 
in CA1/subiculum samples, while an early increase in the total tau levels was clearly observed. 
In addition, Aβ pathology is not required for tangle pathology as is exemplified by Primary 
Age-related Tauopathy (PART) cases that exhibit AD like tangle pathology without elevated 
soluble Aβ levels or Aβ deposits [6, 34]. A distinction between Aβ- and tau-related changes 
might be made by direct proteomics comparison of PART and AD cases with equal amounts 
of tau pathology. Such a comparison could provide further insight in Aβ related pathological 
processes as well as increased insight in the relation between PART and AD. In addition, cortical 
brain regions are most likely more suitable to assess Aβ related changes as Aβ pathology is 
more prominent in these areas. As such the data from chapter 4 which was focused on the 
occipital lobe can be used to get more insight into differences between brain regions and 
protein expression changes related to general AD and Aβ-related changes.

GVD and neurofibrillary tangles
Prior to our study on GVD and tangle bearing neurons, the analysis of the protein content of 
laser dissected NFTs was performed in two small studies in which one and two samples were 
measured representing 3 and 4 pooled cases, respectively [51, 74]. These studies identified 
GAPDH and UCH-L1 to co-localize with pTau aggregates. In contrast to our study on tangle 
bearing neurons, no comparison was made with NFT negative neurons. As such, chapter 3 
currently provides the largest proteomics study on NFTs, the only one on GVD containing 
neurons to date and is therefore the only study that provides a high level of insight into the 
changing neuronal proteome during tangle formation in AD. In addition, it provides for the 
first time quantitative protein data on the relation between GVD and NFTs and supports the 
model that the tangle bearing neurons are further progressed in the pathological process 
compared to GVD bearing neurons.

Applying mass spectrometry at cellular resolution in Chapter 3 identified changes in protein 
abundance specifically in neurons with GVD and tangle bearing neurons. Several new GVD-
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associated proteins and processes were identified including changes related to protein folding, 
endolysosomal function, microtubules and cytoskeleton related proteins. This is in accordance 
with the identity of GVD bodies which are marked by several endolysosomal proteins and the 
onset of insipient tau pathology marked by disruption of the microtubule and counteracting 
protein misfolding [28, 39, 77].

In addition, reduced glycolysis is a known feature of AD and results in increased oxidative stress 
and reduced neuronal functioning [15]. We found that this process is affected in neurons with 
GVD and tangle bearing neurons as we observe an increase in the levels of proteins related to 
sequential steps in glycolysis. In addition, several proteins were found selectively increased or 
exclusively present in GVD containing neurons which may reflect a response to a disturbed 
homeostasis related to early tau pathology. Moreover, GVD bearing neurons also showed 
a striking difference in proteins related RNA processing. In addition to this, tangle bearing 
neurons also show dysregulation of ribosomal proteins and protein folding in the ER indicating 
disrupted protein synthesis and folding of newly synthesized proteins. Hence, there is a high 
degree of overlap in dysregulated processes between GVD and tangle bearing neurons in 
which tangle bearing neurons show a more extensive degree of dysregulation. This indicates 
a relation between GVD and tangle bearing neurons with the latter being in a more progressed 
phase of the disease. Also the stepwise increase in total tau levels supports the hypothesis that 
GVD is associated with a neuronal pre-tangle stage.

RNA processing
Although dysregulation of RNA metabolism has been linked to AD previously [2, 30, 36, 83] we 
found that it is an early neuronal event, that already occurs in GVD bearing pre-tangle neurons. 
Our results showed a decrease in RNA binding proteins, especially several proteins of the hnRNP 
family. Dysregulation of RNA processing can result in alternatively spliced protein isoforms [36], 
and mis-splicing events resulting in cryptic exon inclusion and synthesis of aberrant proteins 
[4]. As such, dysregulation of RNA processing can result in impaired neuronal functioning and 
decreased survival. In addition, it may affect the levels of different tau isoforms, disrupting the 
3R and 4R tau isoform balance, impairing axonal transport and promoting tau pathology [4, 41].

Moreover, other studies found an increase in RNA binding proteins, especially snRNPs, in AD 
[24, 36, 45]. These RNA binding proteins have been found to bind and co-aggregate with tau 
and this interaction results in a disruption of pre-mRNA splicing in AD [9, 24, 30]. In addition, 
cryptic exon inclusion in AD has been suggested to occur in neurons that have either TDP-43 
inclusions or where TDP-43 is depleted from the nucleus [69]. No changes in RNA metabolism 
were found with proteomics in a normal ageing cohort, which strengthens the connection 
between aberrant RNA processing and a pathogenic process [35].

Functional assessment of early AD regulated proteins
Proteins that showed a change in abundance in early disease stages or an up/down expression 
profile as shown in chapter 2 or those associated with early tau pathology identified in chapter 
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3 could be involved in onset and progression in early stages of AD pathogenesis. Hence, these 
might be used to modify disease progression. Therefore, the functional consequences of 
aberrant protein expression should be assessed in suitable models for AD. Several models 
for AD are available which capture various aspects of AD and are essential to increase our 
understanding of AD pathogenesis, test specific hypotheses and assess potential novel 
therapeutics [22]. Functional consequences and phenotypic alterations by changing the 
expression or activity of proteins associated with early AD can be assessed, for example in glia 
or neuronal cells [61, 62].

Specifically for the proteins found associated with GVD a useful neuronal cell model was 
recently developed by Wiersma et al. [78]. This model clearly shows a connection between 
the development of tau pathology and the presence of GVD bodies, as it shows GVD and its 
associated markers upon seeding induced intracellular tau pathology. The requirement of 
intracellular tau pathology for GVD formation in this model is in agreement with the presence 
of diffuse phosphorylated tau in GVD bearing neurons in post-mortem human brain tissue 
and with the increase in total tau levels detected in GVD bearing neurons (Chapter 3). Also the 
identification of CHMP1A as a GVD selective protein (Chapter 3) complies with the presence 
of late endocytic markers in the GVD bodies as observed in the model of Wiersma et al., as 
well as in post mortem tissue [78, 86]. The tau seed-induced GVD model would allow further 
study on the consequences of GVD formation, tau phosphorylation and tau aggregation 
upon knockdown, overexpression or functional modification of various newly identified GVD 
markers. Subsequently, animal models that display tau pathology and GVD might be used to 
further evaluate their therapeutic potential [40, 50]. Importantly, proper comparison between 
observations done in human post mortem tissue and those in various models are warranted 
to determine which effects are relevant for human disease and which features of the models 
diverge from the human condition.

In addition, to gain insight in the functional consequences of proteins that are early aberrantly 
expressed, or those associated with GVD and tangle formation, it is crucial to gain insight in the 
interaction partners of these proteins. This is possible using various techniques including co-
immunoprecipitation, blue native gel electrophoresis or by proximity-based labelling followed 
by MS analysis [23, 38]. The role of these proteins in GVD and their association with other 
proteins or tau will shed light on their role in disease. Moreover, our findings could also be 
relevant in other neurodegenerative diseases including other tauopathies and proteinopathies.

Proteins with relevance for biomarker studies
Current biomarkers used for the clinical diagnosis of AD are based on the core components 
of its pathological hallmarks, Aβ and tau. This includes determining the levels of different 
Aβ isoforms and pTau and total tau in CSF or visualizing Aβ using a specific PET tracer [32]. 
Likewise, protein biomarkers can be measured in CSF or blood, or directly in the brain via the 
use of a PET tracer. Non-Aβ and non-tau protein biomarkers could be used to reflect processes 
related to various aspects of pathogenesis of AD, like prediction of the cognitive deterioration 
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rate, neuroinflammation and neuronal loss, which can aid to monitor these aspects of disease 
progression and/or therapy responsiveness [10, 56]. In addition, specific biomarkers or a 
combination thereof can be used for early diagnosis of AD and stratification of patients into 
clinically or pathologically defined subgroups. This might be of importance as different patient 
groups may respond differently when included in a clinical trial for a particular therapeutic 
intervention. As such, early diagnosis and stratification of patients into subgroups might pave 
the way to improve the success rate of clinical trials.

Several markers that we identified using a proteomics approach have been shown to be present 
in CSF or plasma and include CLU [37], TNC [25, 67], ANXA5 [68], Complement factor C4 [8, 
17] and SCG2 [68]. Direct proteomics analysis of CSF or blood of patients is also possible for 
biomarker research as this is done in the field of clinical proteomics [57]. For example, detection 
and altered abundance of the early regulated proteins PPIA, YWHAZ, EZR and PBXIP1 was 
demonstrated this way [3, 63, 76]. Such studies would benefit from a post-mortem assessment 
of cases from which collected CSF or blood samples were analyzed. This would provide 
insight into the presence of early pathology in control cases, and provides the opportunity to 
distinguish associated biomarkers. In addition, co-morbidities in AD cases can be recognized, 
and it would allow for assessing correlations with the pathological features of AD [75].

However, detection of low-abundant proteins in CSF by LC-MS/MS is easily hindered by the 
presence of a small number of highly abundant proteins [58]. Low abundant CSF proteins that 
originate from the brain and might reflect a certain aspect of AD pathology, are thus more 
likely to be identified first in human brain tissue and can subsequently be quantified in blood 
or CSF using a targeted (immuno-) assay.

The pathology of CAA and NDP as a selective marker
CAA-specific proteins (Chapter 4) were identified by comparing the proteomes of human 
occipital lobe tissue from AD cases with severe CAA type-1, AD cases with severe plaque 
pathology without vascular Aβ, and control tissue without pathology. IHC was used to visualize 
Aβ pathology in grey matter areas and to select regions of interest for LMD and analysis by mass 
spectrometry. 29 proteins were identified that selectively associate with CAA type-1 of which 
5 (APOE, APCS, HTRA1, NDP and COL6A2) were selected for additional IHC analysis. NDP was 
found to be the most promising marker protein for CAA type-1. NDP is mainly associated with 
capillary pathology as confirmed with IHC. This makes NDP a promising marker for CAA type-1 
and possibly other brain capillary defects as it was not restricted to Aβ capillary pathology but 
was also found highly increased in a prion- (PrP-)CAA case that exhibited PrP accumulation 
around brain capillaries. Hence, increased NDP might be a consequence of capillary dysfunction 
rather than Aβ deposition. Recently, NDP immunoreactivity was also associated with an Aβ 
plaque type termed the “coarse grained plaque”, which is mainly associated with a form 
of early onset AD. This plaque type appears to have a vascular association and is linked to 
capillary damage [11]. Recently, the proteomic comparison of laser-dissected plaques of rapidly 
progressive (rp)AD and typical sporadic AD was described which was used to identify new 
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plaque-associated proteins but also differences in plaque composition between rpAD and 
typical AD [20]. This indicates differences in molecular mechanisms that underlie various types 
of Aβ pathology, which may have consequences for treatment [12, 20, 53].

Other proteomics studies focusing specifically on CAA in post-mortem human brains were 
described by Manousopoulou et al. [48] and Inoue et al. [31]. These studies were designed 
to identify proteins that co-accumulate with Aβ in CAA and were directed at isolated 
leptomeningeal arteries [48] and both leptomeningeal arteries and cerebral neocortical 
arterioles [31], while no comparison was made with AD cases with plaque pathology. We 
found several similarities with these proteomics studies, including the increase in abundance 
of proteins like CLU and APOE in CAA, both implicated in the development of the disease [66, 
71, 82]. NDP was detected but was not found increased in CAA in these studies, supposedly 
because CAA affected capillaries were not included in these studies. Another study, aimed 
specifically at the sarkosyl‐insoluble proteome in typical AD and thereby enriching for Aβ 
deposits and NFTs, indicated the correlation of APCS, NDP and HTRA1 with levels of Aβ 
pathology [24]. However, there is no mentioning of CAA in this study, but likely AD cases were 
included that exhibit capillary CAA, emphasizing the importance of validation, for example by 
IHC, and extensive neuropathological characterization of the cases analyzed by MS.

CAA biomarker proteins
NDP is well suited to be developed into a biomarker in various applications. NDP could serve 
as IHC biomarker in pathology and as a PET target or CSF/blood-based protein marker in the 
clinic. For neuropathological examination it would allow easy indication of any capillary-related 
Aβ pathology by the presence of NDP immunoreactivity. In addition, NDP has potential to 
be developed as a PET tracer for assessing the presence and amount of capillary CAA in AD 
patients. NDP is easily accessible in CAA as it is localized in the vessel wall and its accessibility is 
further improved by a reduced blood brain barrier function as a consequence of CAA [16, 46]. 
Currently, the Aβ binding PET tracer Pittsburgh compound B, cannot be used to distinguish 
between parenchymal Aβ and vascular Aβ depositions due to limited resolution of the scanning 
device. An NDP PET-tracer could provide this distinction.

For CSF or serum based analysis several proteins from this study, that are potentially useful 
biomarkers, were shown det ectable in CSF or serum, including CLU [10], APOE [57], APCS 
[73] and TNR [52]. As NDP is a small sized, secreted protein, which is primarily expressed in 
the brain, it could potentially reach the CSF or blood and show changes in abundance that 
reflect CAA severity or brain capillary dysfunction. This would allow stratification of AD patients 
based on the presence and extend of vascular pathology. In addition, CAA is counter indicative 
for the use of certain medication like anticoagulants, commonly known as blood thinners, as 
these increase the risk and severity of brain hemorrhages in CAA [5]. Although some increased 
NDP immunoreactivity was also found in other small vessel diseases, these can be easily 
distinguished from AD and CAA based on other clinical, CSF and/or genetic markers [33, 72].
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Functional assessment of NDP and other CAA associated proteins
To get more insight in the potential role of NDP in pathogenesis of CAA type-1, it is important 
to clarify the phase in which NDP upregulation takes place and the mechanism by which it is 
induced in capillary CAA. Moreover, the effect of CAA on NDP signaling and the consequence 
of increased NDP on the pathogenesis of CAA needs to be investigated, e.g. by determining 
NDP interaction partners, assessing its effect on aggregation and toxicity of Aβ or its effect on 
blood brain barrier integrity or synaptic function. In addition, the relevance of NDP in existing 
animal models for CAA [18, 19] should be assessed, as well as the effect of modulation of NDP 
expression in these models.

Also, additional research on other identified CAA marker proteins is needed to better 
understand their relevance in CAA. Extensively studied proteins including APOE, CLU and 
APCS are known to affect the clearance, transport and aggregation of Aβ and are important 
for the development of CAA [7, 42, 54, 80–82]. But also less studied proteins could play an 
important role, e.g. TMF1 affects pericyte function and BBB integrity via PDGFRβ [55, 88] and 
the selective reduction of TNR might affect neuronal function and protection against stress [60, 
70]. Increased HLA-DRA corresponds with increased microglial activation, as found previously 
in CAA type-1 especially when dyshoric changes are present [59].

Regional versus cellular resolution proteomics
As mentioned earlier, proteomics can be focused on cell populations, as shown in chapter 3, 
or subcellular disease-associated pathological features using LMD. Our first effort in this field 
is described in a paper from Wong et al. in 2014, in which the proteomics analysis of laser 
dissected intraneuronal inclusion bodies that were present in a neurodegenerative disease 
assisted to find the protein target among a multitude of genetic candidates [84]. As such, our 
proteomics data on the composition of the inclusion body revealed the causative gene of this 
illness. Similar approaches for the proteomics analysis of individual plaques and/or tangles have 
been described for both formalin fixed tissue [21], and fresh frozen brain tissue [27] (Chapter 5).

Several studies, including our own in Chapter 2, have assigned different expression profiles 
to different cell types. However, the best possible physical separation of cells and subcellular 
fractions will be essential to increase our understanding of AD related changes in protein 
expression. In addition, validation by IHC and immunofluorescence greatly contributes to a better 
understanding of spatial changes of protein expression and their relation with AD pathology.

In chapter 2 the complete area of CA1 and subiculum was analyzed whereas in chapter 3 
individual pyramidal neurons from this same area were analyzed. There is some overlap in the 
proteins detected in both studies. However, several proteins that have an altered expression 
in neuronal cells with GVD or tangles do not show a change in expression when the whole 
CA1 and subiculum are assessed, and some were found to change in the opposite direction 
(Fig. 1). This emphasizes the importance of performing a proteomics analysis at various levels 
of resolution, in order to gain a more complete understanding of the proteins and associated 



181

Summary and General Discussion

processes that play a role at different levels of AD pathogenesis. Sources of variation in the 
relative changes of proteins between regional and cellular resolution proteomics, may lie in the 
fact that in a brain area the cellular composition changes during AD by, for example, neuronal 
loss and gliosis. In addition, the same protein can be expressed by multiple cell types, but the 
change in abundance during AD can be different in each cell type.

 

FIGURE 1 | Comparison of changes in expression found in the CA1 and subiculum region as a 
whole as determined in Chapter 2 and in neuronal cells with GVD and tangles as determined 
in Chapter 3. Only proteins detected in both studies are considered. The numbers indicate the 
number of proteins that overlap between the studies in Chapter 2 and Chapter 3. The position 
relative to the x-axis indicates any change in protein abundance in the CA1 and subiculum as 
determined in chapter 2, the position relative to the y-axis indicates any change in protein 
abundance in the CA1 and subiculum as determined in Chapter 3 in cells with GVD (a) and 
tangles (b). For both the x- and y-axes, the number at the crossing point indicates that no 
change has been observed.

Future perspectives of an (LMD assisted) LC-MS/MS workflow
Mass spectrometry-based proteomics is a field that is rapidly evolving. This will allow increasingly 
more in-depth analysis that will be valuable for research on AD and neurodegeneration. For 
example, increased understanding of disease-associated post translational modifications (PTMs) 
would provide insight in activity, localization, and interactions of proteins. In addition, abnormal 
PTMs might represent opportunities for diagnosis and treatment. Moreover, higher coverage 
of proteins in a brain sample will result in increased accuracy of protein quantification, and 
more importantly, it will provide data on an increased number of proteins and more detailed 
and reliable information on specific protein isoforms.

Increased sample number and inclusion of multiple brain regions including those severely 
affected and relatively unaffected may provide insight into the mechanisms underlying the 
relative vulnerability or resistance to different types of pathology. In addition to this, detailed 
comparison with other neurodegenerative diseases will give insight in potentially common 
pathogenic mechanisms, disease specific proteins and pathways, and increased understanding 
on predispositions and vulnerability in different affected regions. Moreover, systematic 
proteome characterization of disease models will increase our understanding of the similarities 

6
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and differences with human brain disease, as disease models may show specific pathological 
features induced in a non-physiological manner [22]. In contrast, disease models may indicate 
dysregulation of processes at early disease stage of which data in human postmortem brain is only 
scarce. Taken together, applied at the regional and cellular resolution, in-depth MS based studies 
will aid in gaining adequate understanding and proper comparison between regions, individuals 
and neurodegenerative diseases and selection or development of suitable disease models.
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