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General Introduction

BODY FLUID BIOMARKERS

Biomolecules, biological structures or biological processes that can be measured in the body 

are known as biological markers or ‘biomarkers’ [1]. Biomarkers circulating in body fluids such 

as cerebrospinal fluid (CSF) and blood are useful for disease diagnosis, monitoring disease 

progression, effect of therapeutic interventions and disease prognosis [2]. CSF is an ultra-filtrate 

of plasma and remains in direct contact with the central nervous system (CNS) thus providing a 

direct window to the brain. Proteins, exosomes, DNA, miRNAs, metabolites, etc. present in the 

CSF may reflect the specific ongoing pathophysiology in the brain. For example, proteins in the 

CSF such as- amyloid beta-42 (Aβ42), total tau (tTau) and phosphorylated tau (pTau) are well 

established biomarkers for diagnosis of Alzheimer’s disease (AD) with dementia and prodromal 

AD in mild cognitive impairment (MCI) cases with high diagnostic accuracy [3].

ALZHEIMER’S DISEASE (AD)

Alzheimer’s disease (AD) is the most common cause of dementia worldwide and is a progressive 

neurodegenerative disorder [4]. The global burden of Alzheimer disease (AD) is further projected 

to increase because of ageing population [5]. AD patients are characterized by Aβ plaque 

pathology in the brain which is reflected by decreased levels of Aβ42 in the CSF, whereas high 

levels of cerebrospinal fluid (CSF) tau mirrors the underlying tangle pathology [6]. In addition, 

synaptic dysfunction [7] and axonal loss [8], which are abnormalities that precede somatic cell 

death [9,10] are early events in the pathogenesis of AD. In fact, synapse loss has been shown 

to correlate with cognitive decline better than plaque and tangle pathology [11]. Therefore, 

identification and validation of such novel biomarkers that can reflect early synaptic/axonal 

pathology will be useful for early diagnosis of AD.

PARKINSON’S DISEASE (PD) AND DEMENTIA WITH 
LEWY BODIES (DLB)

PD is a common neurodegenerative disease that is marked by loss of dopaminergic neurons 

and motor functions [12]. Unlike AD, there are no established biomarkers for early diagnosis of 

PD and the diagnosis is mainly based on clinical symptoms [13,14]. PD has a great clinical and 

pathological overlap with Dementia with Lewy Bodies (DLB). DLB is one of the most prevalent 

forms of dementia after Alzheimer’s disease (AD). DLB is a progressive neurodegenerative 

disorder characterized by main features of psychosis, cognitive impairment, and Parkinsonism 

[15–18]. Both DLB and PD are pathologically characterized by aggregation of alpha-synuclein 
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(α-syn) protein within neurons into structures known as Lewy bodies (LBs) [19]. In PD, LBs are 

found mainly within the dopaminergic neurons of the substantia nigra. In DLB, the LBs are 

diffusely distributed throughout the brain cortex [20]. The distinct pathologies are not often 

very clear among DLB and PD patients and may be confirmed post-mortem. Thus, biomarkers 

are urgently needed that can diagnose PD in early stages and can discriminate PD from DLB and 

other synucleinopathies. Interestingly, synaptic and axonal loss are prevalent in early stages of 

DLB and PD [12],[21–23] and biomarkers reflecting such early pathologies are needed for their 

diagnosis/prognosis.

MULTIPLE SCLEROSIS (MS)

MS is a heterogeneous chronic, immune-mediated and demyelinating disease of the CNS in 

young adults [24]. There is increasing evidence that neurodegeneration through axonal damage 

or dysfunction occurs in early course of the MS and is responsible for irreversible neurologic 

disability [1,2]. In the past few decades, there has been a growing interest in developing CSF 

biomarkers that reflect axonal loss or damage in early stages of MS [3–7]. Furthermore, synaptic 

dysfunction associated with axonal loss has been observed in MS. The number of synapses was 

found to be decreased in the hippocampus and frontotemporal lobe of MS patients compared 

with age-matched controls [25,26]. Thus, a specific signature from a combination of these CSF 

axonal damage and synaptic dysfunction proteins will pave the way for improved prognostic 

accuracy in MS and better monitoring of response to therapies.

CONTACTINS

Contactins are synaptic/axonal cell adhesion molecules (CAMs) that are primarily expressed 

in the central nervous system (CNS) [27]. Contactins are a group of six proteins, contactin-1 to 

contactin-6. Contactins play crucial roles in the organization of axonal domains, axonal guidance, 

myelination, neuritogenesis, neuronal development, synaptogenesis and axo-glia interactions 

[28–31]. Contactin-1 and contactin-2 are the most studied members of the contactin family 

and have been identified in multiple proteomics studies to be altered in neurodegenerative 

diseases [32–34].
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SCOPE AND OUTLINE OF THIS THESIS

Synaptic degeneration is a common (early) pathology in several neurodegenerative disorders 

such as AD, PD and MS [35–38]. Synaptic biomarkers in cerebrospinal fluid (CSF) might closely 

reflect synaptic dysfunction in the brain and they may contribute to improving diagnostic 

accuracy, monitoring disease progression, and serving as markers for assessing response to 

disease modifying therapies.

Contactin-1 and -2 are expressed on synaptic and axonal membranes of neurons and are 

ligands of APP (amyloid precursor protein) and are involved in the processing of APP and 

Aβ production, a major pathway involved in AD pathogenesis. They have been found to be 

differentially expressed in CSF of AD patients compared to non-demented controls. Furthermore, 

a significant up-regulation of contactin-1 in the CSF of patients with dementia with Lewy bodies 

(DLB) compared to healthy controls was observed. Both contactin-1 and -2 are important players 

in regulating axonal domain organization in neurons and are implicated in axo-glial interactions 

and myelination. Thus, in demyelinating disorders such as multiple sclerosis (MS), multiple 

proteomics-based studies have indicated the differential levels of contactin-1 and -2. On the basis 

of previous studies involving contactin-1 and -2 in neurodegenerative and neuroinflammatory 

disorders (which are discussed in detail in Chapter 1), we hypothesized that synaptic/axonal 

proteins such as contactins, may be useful for early diagnosis of such disorders. However, most 

of the previous studies evaluating contactins as prospective biomarkers for neurodegenerative 

diseases were proteomics-based or performed in animal models. Large cohort biomarker studies 

and pathological investigations to shed more light on the role of contactins in such diseases in 

humans are still lacking. The primary goal of this thesis was to identify biomarkers that might 

reflect synaptic degeneration in neurodegenerative and neuroinflammatory diseases in humans. 

Therefore, this thesis aims to investigate the potential of two well-known members of the 

contactin family - contactin-1 and contactin-2 as synaptic (or axonal) biomarkers for AD, PD and 

MS and their possible pathological relationship with these diseases.

The following main research questions were addressed in this thesis:

1. Can synaptic proteins such as contactin-1 and -2 reliably be measured in CSF?

2. Are contactin-1/-2 levels altered in neurodegenerative diseases such as AD, PD and MS? Can 

they serve as diagnostic biomarkers for such diseases?

3. Is alteration of contactin in CSF a reflection of contactin loss in human brain?

4. Are contactin-1 and -2 specific markers for the diseases that were investigated or general 

markers of synaptic degeneration?
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Chapter 1 outlines the general description of contactin family proteins and their role in the 

physiology of the CNS and in neurodegeneration. The potential of contactins as diagnostic/

prognostic biomarkers for neurological disorders have been reviewed in this chapter.

Chapter 2 describes the development of a novel assay, fluorescence correlation spectroscopy 

(FCS) based on single molecule detection method to measure the concentration of contactin-2 

in CSF.

Chapter 3 explores the possibility of employing contactin-2 as a potential diagnostic biomarker 

for synaptic/axonal loss in the CSF of AD patients compared to non-demented controls. Further, 

we investigated whether there is a change in expression of contactin-2 in post-mortem human 

cortex and hippocampus of AD and non-demented controls and its relationship with plaques.

Recent studies have shown that ApoE can influence synaptic loss/dysfunction [39]. In Chapter 4, 

the effect of APOE ε4 allele on CSF contactin-2 levels and on the relationship of contactin-2 with 

other AD biomarkers such as – Aβ38, Aβ40, Aβ42, tTau and pTau were investigated.

Chapter 5 is focused on Parkinson’s disease (PD). This chapter demonstrates the potential of 

contactin-1 and contactin-2 as diagnostic biomarkers for PD and elucidates the relationship of 

contactin-1 and contactin-2 with alpha-synuclein (α-synuclein) both in the CSF as well as post-

mortem PD brains.

Chapter 6a mainly explores the potential of contactins to reflect axonal dysfunction in MS. 

Since contactin-1 and contactin-2 are known to be important for the organization of axonal 

domains, their altered levels in the CSF of MS patients may be useful in a panel of markers for 

monitoring early axonal damage/dysfunction in MS. In addition, in Chapter 6b, we validated a 

serum assay for contactin-1 and performed pilot studies on changes in serum contactin-1 levels 

in MS patients compared to controls.

Finally, in Chapter 7, we discussed the possible over-arching role of contactins in different 

neurodegenerative diseases, their potential as diagnostic/prognostic biomarkers and the 

future implications and directions needed to further understand the involvement of contactins 

in such disorders.
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Chapter 1

ABSTRACT

Contactins are a group of cell adhesion molecules that are mainly expressed in the brain and play 

pivotal roles in the organization of axonal domains, axonal guidance, neuritogenesis, neuronal 

development, synapse formation and plasticity, axo-glia interactions and neural regeneration. 

Contactins comprise a family of six members. Their absence leads to malformed axons and 

impaired nerve conduction. Contactin mediated protein complex formation is critical for the 

organization of the axon in early central nervous system development. Mutations and differential 

expression of contactins have been identified in many neuro-developmental or neurological 

disorders. Taken together, contactins are extensively studied in the context of nervous system 

development but their roles in neurodegenerative diseases are still largely unexplored. This 

chapter summarizes the physiological roles of all six members of the Contactin family in 

neurodevelopment as well as their involvement in neurological/neurodegenerative disorders.
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INTRODUCTION

Contactins are cell adhesion molecules (CAMs) which are mainly expressed in the central nervous 

system and are involved in the most common neurodegenerative diseases such as Alzheimer’s 

disease (AD) and multiple sclerosis (MS) [1–5]. Contactin sub-family has six members, contactin-1 

to -6 that play important roles in the organization of axonal domains, axonal guidance, 

neuritogenesis, neuronal development, synapse formation and axo-glia interactions [6–9]. Their 

absence leads to malformed axons and impaired nerve conduction. Contactins are primarily 

present at the junctions of myelin and axon and facilitate mutual communication among neurons, 

oligodendrocytes and astrocytes [10]. A specific subset of contactins and Casprs (intereacting 

partners of contactins) regulates the clustering of voltage-gated ion channels involved in 

saltatory action potentials propagation and control of axonal excitability [11]. At a number of 

synapses, contactins and Casprs complex with each other and take part in establishing synaptic 

contacts [9,12], modifying synaptic receptor function and regulating dendritic spine morphology 

[13], whereby contactins can be localized to both pre- and post-synaptic compartments [14]. 

Given their pivotal role in maintenance of synaptic and axonal integrity, they may play a role in 

synaptic dysfunction, which is an important pathological feature of several neurodegenerative 

diseases. However, their role in neurodegeneration and their potential as diagnostic/prognostic 

biomarkers for neurodegenerative diseases are still largely unexplored.

The contactin subfamily comprises six structurally related axon-associated nervous system 

specific CAMs, which belong to the Immunoglobulin (Ig) superfamily [13]. These proteins are 

structurally and functionally rather conserved across species and chiefly expressed in neurons 

[15]. Oligodendrocytes and their precursors also express contactins [16,17]. The most studied 

members of this subfamily are: contactin-1 (F3 or F9 or contactin) and contactin-2 (TAG-1) 

[18]. The name of the first protein in the group, contactin (now also called contactin-1), was 

coined in 1988 when it was first characterized [19]. In comparison, investigations on the other 

members namely, contactin-3 (BIG-1), contactin-4 (BIG-2), contactin-5 (NB-2) and contactin-6 

(NB-3) are relatively recent. The extracellular components of these CAMs have six Ig-like repeats 

followed by four fibronectin III-like domains anchored to GPI (glycosylphosphatidylinositol) on 

the cell membrane (See Fig. 1). They do not have any intracellular domain. Contactin-1, -2 and 

-3 are known to exist both in membrane-bound and secreted forms [8,20,21]. Given the similar 

structures of contactin-4 to -6, it is possible that they too may exist in secreted form.

1
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Fig. 1 Structure of Contactin: The six members of the contactin sub family have a common structure. The 
extracellular component has six Immunoglobulin-like domains followed by four fibronectin III-like domains. 
The protein is attached to the plasma membrane with a Glycosylphosphatidylinositol (GPI) anchor and there 
is no intracellular domain.

The role of contactins in CNS-related disorders came into light in the last decade. Recent studies 

have revealed the role of improper functioning and incorrect cellular localization of contactins 

in neurodegenerative disorders such as Alzheimer’s disease (AD) and multiple sclerosis (MS). For 

example, redistribution of contactins and Casprs (interacting partners of contactins) in paranodal 

and juxtaparanodal domains correlated with conduction deficits and demyelination events in 

rodents [22]. In addition, a few studies indicate the differential expression of contactin-1 [23] and 

contactin-2 [24,25] in the CSF of patients with AD and dementia with Lewy bodies (DLB) [26]. In 

MS patients, contactin-1 levels in the CSF differ in various disease subtypes and auto-antibodies 

against contactin-2 have been observed in serum of MS patients [27].

This chapter explores the recent developments in the field of contactins, their roles in 

CNS pathology and the possibility to employ them as genetic or protein biomarkers for 

neurodegenerative disorders such as AD, dementia with Lewy Bodies (DLB) and MS as well as 

other neurological disorders such as autism spectrum disorder (ASD).
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Contactin-1

Expression pattern
Contactin-1 is a 130 kDa protein, which is present in a membrane-bound and soluble form [28].

Its orthologs are named contactin/F11 in chicken and F3 in mouse [29]. The presence of this 

GPI-anchored molecule on neuronal membranes has been observed in the retina, spinal cord, 

cerebral cortex, hippocampus and cerebellum [28,30]. In the postnatal cerebellum, contactin-1 

is highly expressed on migrating granule cells where it shows a primary expression in axonal 

extensions rather than in cell bodies [31,32]. It is also expressed in axons and cell bodies of 

mossy fibers and Golgi cells [33]. Normal astrocytes do not express contactin-1 [29]. However, 

glioblastomas express this protein, which co-localizes with glial fibrillary acidic protein (GFAP) 

[34]. In addition, contactin-1 expression has been found in oligodendrocytes [35].

Role in paranodal junction formation, CNS development and myelination
Contactin-1 is indispensable for early interactions between axons and glia. It bolsters paranodal 

junction formation by establishing a complex with the transmembrane protein Caspr. The 

complex is then transported from endoplasmic reticulum to the axolemma where it interacts 

with glial neurofascin-155 (NF-155) [32,36–38]. The role of contactin-1 in paranodal junction 

formation was further shown by knocking out the CNS Cntn1 (gene encoding Contactin-1) in 

mice. As a result, paranodal junctions were disrupted due to mislocalization of the shaker-type 

potassium Kv1.2 channels typically delineating juxtaparanodal regions [36]. This suggests that 

contactin-1 is needed to keep Kv1.2 in place and thus to contribute to the paranodal outward 

current and thus proper action potential (AP) repolarization during AP conduction. Spontaneous 

mutation in BALB/c mice that results in a null allele of CNTN1 shows a similar phenotype [39]. 

After one week, the homozygous animals are smaller in size than littermates and have abnormal 

locomotion. These mice die after a few weeks which support the previous study of CNTN1 

knock-out mice.

Contactin-1 regulates axon maturation and expansion of oligodendrocyte membranes. Therefore, 

it plays an important role in myelination [16]. This was further supported by a study that showed 

allelic variations in CNTN1 gene in human subjects with defect in transcallosal transmission [40]. The 

maturation and differentiation of oligodendrocytes from oligodendrocyte precursor cells (OPCs) 

depends on the interaction of PTPRZ (Protein Tyrosine Phosphatase, Receptor-Type, Z Polypeptide 

1) and contactin-1 mediated by the carbonic anhydrase-like domain of PTPRZ. PTPRZ is expressed 

primarily by OPCs, astrocytes, and mature oligodendrocytes in the developing and adult nervous 

systems [41–44]. In addition, it was found that F3/Contactin aids in oligodendrocyte generation 

from progenitor cells by acting as ligand of notch [45]. Binding of contactin to notch leads to 

the release of the intracellular domain of notch (NICD). NICD then translocates into the nucleus 

1
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and increases notch1 and notch2 expression thus positively regulating oligodendrogliogenesis. 

Furthermore, contactin-1 regulates myelination by participating in the tripartite complex of 

contactin1-fyn-PTPα promoting the interaction of PTPα (Receptor Protein Tyrosine Phosphatase) 

and fyn thus controlling dephosphorylation and subsequent activation of Fyn by PTPα [44,46]. 

Regulation of fyn is important as it is a Src family kinase, which regulates myelination by 

oligodendrocytes [45–48]. These findings suggest that contactin-1 can also be a major player in a 

novel signal transduction mechanism and may thereby have a central role in myelination pathways 

of CNS due to its interactions with PTPRZ, notch, PTPα and fyn.

Role in synaptic plasticity and memory
Contactin-1 has a crucial function in the hippocampus, where it augments synaptic plasticity, 

neurogenesis, and memory in adult mice [49]. In hippocampus of aged mice, reduced contactin-1 

protein and mRNA was observed in the pyramidal neurons of CA1 and the granule cells in dentate 

gyrus, indicating its potential role in age-related loss of memory and cognition [50]. Moreover, 

in aged mice, over-expression of contactin-1 improved hippocampal long-term potentiation and 

memory compared with wild-type littermates [51]. When F3/contactin-1 was over-expressed 

within the CA region of hippocampus, it regulated proliferation of neuronal precursors and their 

commitment towards neuronal fate in a positive manner [49]. Interestingly, over-expression 

of contactin-1 also rescued reduced memory functions and enhanced adult neurogenesis and 

long-term potentiation in aged mice. Contactin-1 also controls interactions among cerebellar 

interneurons. This was found by studying Cntn−/− mice where granule cell axon guidance and 

dendritic projections from granule and golgi cells were impaired [52].

Implications in AD, DLB and MS
Contactin-1 is especially interesting in the context of AD since it is a ligand of amyloid precursor 

protein (APP). APP is processed by sequential cleavage by beta and gamma secretases to produce 

Ab42 peptides that aggregate and form plaques in Alzheimer’s disease brain [53]. It is not clearly 

known whether contactin-1 upon binding with APP, influences Ab production or accumulation. A 

mice study involving TAG/F3 (contactin-2/contactin-1) mice showed a shift of amyloid precursor 

protein (APP) processing pathway towards non-amyloidogenic fate (absence of Aβ40 and Aβ42 

formation) indicating regulation of BACE1 activity by these molecules [2]. In humans, a study 

found contactin-1 as one of the differentially expressed proteins when CSF of AD versus non-AD 

patients were analyzed by 2D gel electrophoresis [23]. Furthermore, another group reported a 

significant up-regulation of contactin-1 in the CSF of patients with dementia with Lewy bodies 

(DLB) compared to healthy controls, by applying 2D fluorescence difference gel electrophoresis 

and mass spectrometry analysis of CSF after depleting twelve abundant proteins [54]. These 

studies indicate that contactin-1 may be a useful biomarker candidate for AD and/or DLB.
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Contactin-1 is highly expressed in demyelinated axons in human chronic MS lesions [55]. 

Contactin-1 was found among 27 other proteins which were reduced in abundance in CSF 

of Relapsing Remitting MS (RRMS) patients, whereas in secondary progressive MS (SPMS), 

contactin-1 levels were increased as compared to control subjects [4,5]. Our results confirmed 

that contactin-1 was decreased in the CSF of patients with RRMS and SPMS whereas increased 

in PPMS compared to controls. Additionally, we found similar results with serum in a pilot study 

where contactin-1 levels were reduced in RRMS patients compared to controls. These primary 

studies show that contactin-1 levels are altered in the CSF of MS patients, which suggests the 

need of validation of contactin-1 as diagnostic or prognostic biomarker for MS in large cohorts.

Contactin-2

Expression pattern
Human contactin-2, also known as TAX1, was initially discovered as a glycoprotein that is 

transiently expressed during development in mice (called TAG-1) [56–58]. It was also found 

in chicken where it is known as axonin-1 [59]. The structure of human contactin-2 is very 

conserved and has a high degree of similarity to rat TAG-1 (91% identity) and chicken axonin-

1 (75% identity) [60,61]. Moreover, expression patterns of contactin-2 are similar across 

corresponding developmental stages in human and chicken [60,62]. It is regulated in a space- 

and time-dependent manner in both neurons and glial cells, the expression being highest during 

early developmental stages [10,63,64]. In the adult rodent brain contactin-2 is expressed in 

the hippocampus, olfactory bulb, and cerebellar granule cells [65,66]. In adult fish, however, 

contactin-2 expression is restricted to nasal retinal ganglion cells (RGCs) [67]. Axonin-1, its 

chicken homolog, is primarily present in membranes of developing 199 nerve fiber tracts, while a 

soluble form is secreted from axons and accumulates in the cerebrospinal fluid and the vitreous 

fluid of the eye of the chicken [8].

Although, contactin-2 and contactin-1 have similar functions in the brain, the sub-cellular 

localizations are different. The primary area of contactin-2 expression on axons is juxtaparanode, 

where it is needed for the clustered distribution of Shaker-type Kv1.1 potassium channels (see 

Fig. 2). On the other hand, contactin-1 is primarily expressed on the paranode [68,69]. Contactin-2 

is highly expressed on growth cones of extending axons and secreted from the axons into the 

extracellular matrix and cerebrospinal fluid [20,21]. Furthermore, contactin-2 is also present on 

the synaptic plasma membrane in a complex with CNTNAP2 [70].

1
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Fig. 2: Role of contactin-1, contactin-2 along with other cell adhesion molecules (CAMs) in axonal domain 
organization.

Role in learning and memory
The soluble form of contactin-2 acts as a guiding molecule for the outgrowth of neurites [8], and 

thus plays a role in axon extension initiation, axonal guidance and fasciculation [20,21]. Evidence 

for impaired learning and memory as well as for sensory dysfunction was found in CNTN2−/−mice 

[71]. Absence of CNTN2 led to a reduced number of mitral cells, i.e. the projection neurons of the 

olfactory bulb. This resulted into decreased odor discrimination and diminished long-term social 

memory formation [72]. The pivotal role of contactin-2 in learning and memory might explain 

the role of contactin-2 in dementing disorders such as Alzheimer’s disease (AD).

Implications in AD
Contactin-2 is also a ligand of amyloid precursor protein (APP) [3,73]. By binding with APP, 

contactin-2 enhances the production of the APP intracellular domain (AICD) in a gamma-

secretase-dependent manner [73]. This suggests that Contactin-2 influences APP processing 

and AICD release with concomitant amyloid beta1-42 formation, which is supposed the most 

relevant toxic abeta species in AD pathogenesis [74]. Furthermore, a proteomics study identified 

contactin-2 expression in exosomes derived from CSF of AD patients indicating that contactin-2 

might be essential for APP processing since exosomes are major sites where APP is processed 

[75]. As a result, Aβ peptides which are produced spread in a prion-like manner from one cell 

to another [75].

Furthermore, human and mice contactin-2 have been shown to be physiological substrates 

for BACE1, the enzyme that is primary responsible for amyloid beta formation [76–79]. BACE1 

levels are elevated in AD. On the other hand, contactin-2 levels are reduced in AD brain tissue 
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homogenates compared to age-matched control tissue homogenates, which supports the 

idea that protection against cell death and BACE1 activity which is mediated by contactin-2, is 

compromised in AD [2].

Implications in demyelinating diseases
On probing antibody repertoires in MS patients, contactin-2 was identified as an auto-antigen 

that is recognized by both auto-antibodies and T helper (Th) 1/Th17 T cells [27]. T-cell responses 

that are specific against contactin-2 mediated gray matter encephalitis and gave rise to antibody-

mediated demyelination in the gray and white matter in rodents [27]. This was initially found by 

transferring contactin-2-specific T cells to naïve rodents, which gave rise to hind limb paralysis 

along with inflammation in the cortex and spinal cord gray matter. This response was enhanced 

by simultaneously infusing a monoclonal antibody against myelin oligodendrocyte glycoprotein, 

(MOG), which consequently led to demyelination in the grey and white matter [27]. However, 

contactin-2 antibodies in MS patient sera did not prove to be a way to distinguish different 

disease subtypes or predicting prognosis because they were only identified in a minority of 

patients (7%) and did not correlate with a particular clinical-radiological profile [80].

In another study, CSF was collected from a cohort of 39 children being in an early stage of 

acquired CNS demyelinating syndrome (ADS). 18 of these patients were diagnosed with MS 

and the remaining 21 had a monophasic disease course. Mass spectrometry analysis of their 

CSF revealed that contactin-2 was higher in abundance, among few other neuronal proteins, in 

children with MS than in children with monophasic ADS [81].

Contactin-3

Expression pattern
The cDNA cloning and characterization of contactin-3, also called brain-derived immunoglobulin 

superfamily protein 1 (BIG-1) or plasmacytoma-associated neuronal glycoprotein (PANG), was 

first reported in 1994 in rats [82,83]. Contactin-3 appeared structurally closely related to TAG-l/

axonin-1 and F3/Fll. Contactin-3 is highly expressed within the adult rat brain in specific subsets 

of neurons such as granule cells of the hippocampal dentate gyrus, neurons in the outer layer of 

cerebral cortex and Purkinje cells of the cerebellum of mice [66]. Purkinje cell specific localization 

of contactin-3 is distinct from the expression patterns of contactin-1 and contactin-2 in the sense 

that contactin-1 and -2 expression were not seen in Purkinje cells [66,84]. Another difference is 

that expression of contactin-3 is highest in the adult mouse brain, very low in embryonic brain 

and absent in peripheral tissues, which is also in contrast to contactin-1 and -2 [66]. There are 
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no published studies of human contactin-3 yet which 265 would reveal the expression pattern 

of this protein.

Physiological roles
Similar to contactin-1 and contactin-2, contactin-3 exists in two forms, i.e. membrane-bound 

and secreted. Even though the distinct roles of membrane-bound and soluble forms are not 

clear, the membrane bound forms might be responsible for intercellular communication, axonal 

domain organization and axo-glia interaction whereas the soluble form may act a guiding 

molecule for axonal guidance and fasciculation. The authors of the original study [83] also found 

a unique spliced form of BIG-1 cDNA in rats that consists of a signal peptide followed by one 

immunoglobulin like domain. This form was not found among alternatively spliced forms in 

related TAG-1/axonin-1 and F3/Fll subgroups and is thus unique for contactin-3. This new spliced 

form may give rise to a unique soluble form of contactin-3 with a possibly different role as a 

guidance molecule.

The physiological functions of contactin-3 appear to be similar to TAG-l/axonin-1(contactin-2) and 

F3/Fll (contactin-1) in that it supports the extension of neurites from embryonic and neonatal 

neurons. It is possible that contactin-3 may have a role in the elongation of axons and the 

connections between specific types of neurons [66]. Much is still to be elucidated regarding this 

protein, especially its role in neurological disorders.

Implication in autism spectrum disorder (ASD)
CNTN3, the gene encoding contactin-3 is associated with autism spectrum disorder (ASD). A 

study of families in which parents shared ancestors aimed to identify inherited factors in autism 

found that a rare loci mapped to CNTN3 [85]. Furthermore, a GWAS study found a large subset 

of autism-related genes, including CNTN3 that were involved in the outgrowth and guidance 

of axons and dendrites [86]. This study highlighted that disruptions in axonal guidance and 

fasciculation are manifested in autism.

Contactin-4

Expression-pattern
Contactin-4, also known as brain-derived immunoglobulin super-family protein 2 (BIG-2), was 

first cloned in the rat [84]. Contactin-4 expression was found in testis, thyroid, small intestine, 

uterus and brain [66]. Unlike contactin-1, -2 and -3, the expression of contactin-4 is not highest 

in brain [84]. It was found that all contactin-4 expressing tissues manifested a transcript of 

approximately 4.7 kb, whereas testis expressed an extra transcript of approximately 1.8 kb, which 
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was possibly a splice variant of the CNTN4 gene. Within the brain the highest expression was seen 

in the paracentral gyrus of the cerebral cortex, amygdala, thalamus, cerebellum, and parietal 

and frontal lobes. Contactin-4 expression was found in pyramidal neurons of layers Vb and VIa, 

and all types of interneurons [87]. In addition, contactin-4 was also found to be expressed in 

retinal ganglion cells (RGCs) [88]. However, its expression in the hippocampus was weak, localized 

specifically dentate gyrus granule cells whereas it was rather strong in olfactory sensory neurons 

(OSNs) [47]. In contrast to the hippocampal expression of contactin-4, contactin-1 expression 

was found overall in the hippocampus, contactin-2 expression was seen in CA3 pyramidal cells 

and contactin-5 expression was predominant in CA1 pyramidal cells [66].

Physiological roles
The protein was shown to be responsible for neurite-promoting effects, like other contactins. 

Given the expression of contactin-4 in RGCs, it has been found to be important for target-specific 

axon arborization in the visual system of mice in a complex with amyloid precursor protein 

(APP) [88]. It has been identified as an important factor needed by a subset of retinal ganglion 

cells (RGCs) to connect to the accessory optic system (AOS) [88]. Contactin-4 acts as an axonal 

guidance molecule for the formation of the olfactory odor map as well in the olfactory bulb 

of mice [47]. This was supported by the fact that mice devoid of contactin-4 showed ectopic 

innervations of multiple glomeruli by olfactory sensory neurons expressing a particular odorant 

receptor. Apart from the role of contactin-4 in olfaction and vision, in humans it was found 

responsible for the differentiation of neuroblastoma cell lines, which are derived from embryonic 

neural crest cells [47] .

Interaction with APP
Cntn4/App complex is required for promoting target-specific axon arborization in the optic 

system. Using a tagged APP ecto-domain contactin-4 was identified as one of the binding 

partners of APP in the olfactory bulb in developing chicken brain [88,89]. This interaction of 

APP and contactin-4 indicates a potential role in neural development and disease, although the 

exact mechanism is unknown. Moreover, CNTN4 was mapped to chromosome 3p26, which was 

suggested to have a genetic link to Alzheimer’s disease [90].

Implications in neuro-developmental disorders
Though the number of studies focusing on the CNTN4 gene and Contactin-4 is limited, the 

available studies indicate that they are associated with neuro-developmental disorders. Human 

CNTN4 locus 3p26.2–3p26.3 is involved in 3p deletion syndrome having hallmarks including 

developmental delay, postnatal growth retardation, and dysmorphic features [91]. CNTN4 

disruption has been observed in a few patients with autism spectrum disorder (ASD) [92]. ASD 

is a set of complex neurodevelopmental disorders with impairments in learning, verbal and 
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non-verbal abilities and social interactions. A patient with a severe autistic phenotype with a 

maternally inherited ~535 kb deletion within the 5′ UTR of CNTN4 has been recently identified 

using comparative genome hybridization [93]. In addition to deletion, duplications in CNTN4 in 

ASD has been identified as well [94,95]. A point mutation in the 3’UTR of CNTN4 on chromosome 

3p26.2-26.3 was also found to be associated with spino cerebellar ataxia type 16 (SCA16) in 

patients, which involves cerebellar degeneration [96].

It has been postulated that aberrations in the process of local dendritic and synaptic protein 

synthesis play pivotal roles in autistic-like phenotypes as they lead to improper synapse functions 

[97],[98]. Many genes encoding such pre- and post-synaptic proteins are associated with ASD 

[98]. Copy number variations or disruptions in CNTNs possibly affect the local synaptic protein 

synthesis leading to abrupt neuronal transmission, although the exact role of contactins in ASD 

is not yet clear. Since, there are evident clinical symptoms related to visual [99] and olfactory 

impairments [100] in patients with ASD, it can be further speculated that abnormalities in CNTN4 

might be one of the underlying causes, given the role of contactin-4 in the formation of optical 

and olfactory neuronal circuitry.

Contactin-5/NB-2

Expression pattern and physiological roles
NB-2, the contactin-5 ortholog in rodents, was first identified in rat brain in 1996 along with 

NB-3 [101], a contactin-6 ortholog. The expression pattern of human contactin-5 was found 

to be very similar to contactin-3; high expression of contactin-5 was seen in the amygdala and 

occipital lobe in the human brain, whereas the expression was low in the corpus callosum, 

caudate nucleus, and spinal cord.

Interestingly, in rodents, NB-2/contactin-5 is expressed preferentially in the central auditory 

pathway including the ventral cochlear nucleus (VCN), ventral acoustic stria, lateral and medial 

superior olivary complex (SOC), superior paraolivary nucleus, medial nucleus of the trapezoid 

body (MNTB), ventrolateral lemniscus, and central nucleus of the inferior colliculus (CIC) 

highlighting its pivotal role in the auditory system [102–104].

Similar to other contactins, contactin-5 is involved in cell adhesion during development but it 

might be the only contactin sub-family member responsible for maintaining neural circuitry 

in the auditory system [102,103]. Furthermore, contactin-5 has been implicated in dendritic 

morphogenesis [105]. Complex of contactin-5 with its partner CNTNAP4 acts as a scaffold on 

inter-neurons where dendrites of direction selective ganglion cells can fasciculate [105,106].
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Implication in ASD
There are indications of an involvement of CNTN5 in ASD [98]. Copy number variations (CNVs) in 

CNTN5 gene in cohorts of multiplex and simplex families suffering from ASD have been reported 

[86,107,108]. It is known that many children suffering from ASD manifest pre- and post-stimulus 

superior temporal gyrus auditory oscillatory abnormalities and delayed auditory responses 

[109]. The involvement of CNTN5 in ASD may be linked to the primary physiological function of 

contactin-5 in the maintenance of neuronal circuitry within auditory system.

Implications in AD
Similar to contactin-2 and contactin-4, contactin-5 also binds to APP indicating a possible role in 

AD. Moreover, a recent large-scale genetic analysis of AD patients has identified a SNP in CNTN5 

gene proposing it as an important candidate gene for further AD studies [110]. Contactin-5 binds 

to another protein from the same family as APP called APLP1. APLP1 is abundantly present in 

synaptic fractions, and is an important BACE1 substrate [76,111,112]. The binding of contactin-5 

to APLP1 at pre-synaptic terminals leads to the dimerization of APLP1, an event important for 

inter-cellular adhesion [112,113]. When APLP1 is cleaved by γ-secretase after α- or β-secretase, 

Aβ-like peptides with 25, 27 and 28 residues (APL1β25, 27, 28) are generated [114]. APL1β28 has 

been suggested as a surrogate marker for Aβ1–42 production in the brain and was found to be 

increased in CSF of AD patients [115].

Contactin-6/NB-3

The last member of the contactin family, contactin-6, is functionally similar to contactin-4 and 

contactin-5 as it is involved in brain development like the former two [108]. Evolutionarily, it is 

close to contactin-3 and is located at the same position on chromosome 3 [116].

Expression pattern
The cDNA of human CNTN6 was isolated from the cerebellum and the expression of contactin-6 

was found to be highest in the cerebellum followed by the thalamus, sub-thalamic nucleus, 

corpus callosum, caudate nucleus and the spinal cord [116]. Contactin-6 expression has also been 

widely studied in rodents where it is known as NB-3 [117]. Pronounced expression of NB-3 has 

been seen in the developing cerebellum after birth. Here it rose until adulthood whereas in the 

cerebrum, the expression reached its maximum on postnatal day 7 and then declined [118]. In-

situ hybridization demonstrated that NB-3 mRNA was preferentially expressed in the accessory 

olfactory bulb, layers II/III and V of the cerebral cortex, piriform cortex, anterior thalamic 

nuclei, locus coeruleus of the pons and mesencephalic trigeminal nucleus, and in Purkinje cells 

of the cerebellum [118]. The expression of NB-3 co-localizes here with the presynaptic vGLUT1 
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indicating that NB-3 is localized pre-synaptically at glutamatergic synapses between parallel 

fibers and Purkinje cells [119,120].

Physiological roles
Contactin-6 has an important role in guidance of neuronal tracts during development. For 

example, it was shown to direct the growth of apical dendrites of deep layer cortical pyramidal 

neurons and to regulate the projection and branching of axons of the corticospinal tract during 

development [121]. Very low levels of contactin-6 lead to increased death of granule cells 

and decreased synapse density between parallel fibers and Purkinje cells during cerebellum 

development, suggesting that contactin-6 is important for both survival of granule cells and 

synapse formation [122]. Contactin-6 interacts with Close Homolog of L1 (CHL1) and Protein 

Tyrosine Phosphatase alpha (PTP426 alpha) where it is involved in controlling apical dendrite 

orientation in the visual cortex [123]. CHL1 is an important neural cell adhesion molecule 

involved in synaptic remodeling and cell migration [124]. PTP-alpha is a receptor protein 

tyrosine phosphatase (RPTP) which plays a principal role in nervous system development [46]. 

Contactin-6 also interacts with protein tyrosine phosphatase receptor (PTPR)-gamma [125,126]. 

This latter finding confirms its importance of this contactin for neural circuit construction. In 

addition, contactin-6 was recently found to play a major protective role in apoptosis [127]. This 

idea was suggested by the observation that the population of apoptotic cells increased in the 

cortex of CNTN6-/- mice compared to wild-type controls. Lastly, due to its interaction with the 

Notch receptor [128], contactin-6 can also play a role in oligodendrocyte development in a 

manner similar to contactin-1 [45]. CNTN6 knock-out mice also showed a significant reduction in 

Cux1+ (marker for upper cortical layer) projection neurons in cortical layers II-IV and increased 

projection of FoxP2+ (marker for deep cortical layer) projection neurons in layer VI of visual cortex 

were observed in as compared to wildtype mice [127]. Moreover, parvalbumin+ (inhibitory) 

interneurons were decreased. These findings corroborate the view that contactin-6 is important 

for developmental functions involving cell survival, migration and fasciculation [117].

Implications in ASD and Tourette syndrome
Like CNTN3, CNTN4 and CNTN5, copy number variations (CNV) have been identified in the 

CNTN6 gene in autism spectrum disorders in humans [107,129]. Recently, a large-scale European 

genome-wide association study (GWAS) study has identified CNTN6 duplication as one of 

the genetic risk factors for Tourette syndrome [130]. Cerebellum is at the core of motor and 

coordination functions, which are disturbed in neuro-developmental disorders such as ASD and 

Tourette syndrome [131–133]. Since the expression of contactin-6 is highest in the cerebellum, 

it can be speculated that loss of proper functioning of this protein may have implications in 

neuronal circuitry dysfunction in the cerebellum thus affecting motor functions in ASD and 

Tourette syndrome.
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CONCLUSION

Contactins are cell adhesion molecules that are highly expressed in the brain and are involved in 

the physiology and pathophysiology of the CNS (See Table 1 for summary). The six members of 

the Contactin family have some common functions during development but also in maintenance 

of exclusive neuronal circuitries. Almost all members are major players in axonal guidance, 

fasciculation and synaptic integrity, although the sub-population of neurons where they are 

expressed may be different. Many non-overlapping roles of contactins have been demonstrated 

in recent years. For example, contactin-1 and contactin-2 are expressed on paranodes and juxta-

paranodes in association with their interaction partners CNTNAP1 and CNTNAP2 respectively, 

wherein they are involved in axonal domain organization. Given their role in myelination, both 

contactin-1 and contactin-2 are implicated in demyelinating diseases. In contrast, the cellular and 

molecular pathways where the next member, contactin-3 is involved are still largely unknown. 

Contactin-4 is a key guiding molecule in olfactory odour map formation and correct wiring of optic 

neurons, whereas contactin-5 has been implicated in circuitry of the auditory neurons. Contactin-6 

is involved in oligodendrocyte development and synapse formation similar to contactin-1. Given 

the roles of contactin-4-6 in key CNS developmental processes, mutations in the genes encoding 

them lead to complex neurodevelopmental disorders such as ASD. There are also indications that 

contactins might be crucial participants in several important signaling pathways such as Notch 

signaling pathway and the APP processing pathway [2,128]. Animal studies have revealed that 

deficiency of one of these contactins can lead to abnormalities in the functioning of the nervous 

system. Following the indications from animal studies, it has been observed in several independent 

studies that there are notable changes in the levels of contactins in CSF or serum or generation of 

auto-antibodies in patients suffering from neurological disorders or neurodegenerative diseases. 

As a result, contactins have been proposed as promising discriminating or prospective biomarkers 

in a large number of neurological disorders, e.g. AD, DLB, MS.

In summary, further studies are warranted to completely understand the cellular and 

molecular mechanisms mediated by contactins which may provide therapeutic leads for neuro-

developmental disorders.
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ABSTRACT

Objectives
Alzheimer’s disease (AD) is the most common cause of dementia in the world. As many AD 

biomarkers occur at rather low abundances in CSF or blood, techniques of very high sensitivity 

and accuracy are important as diagnostic tools in the clinic. Here, we aimed to provide proof 

of concept of the use of a single molecule detection technique, fluorescence correlation 

spectroscopy (FCS) for detection of novel candidate biomarkers for AD. 

Design and Methods
FCS detects the diffusion times of the antigen-antibody complexes in highly diluted sample 

solutions, thus eliminating the need of large sample volumes and allows estimating the 

concentration of the target antigen. We developed a FCS set-up for contactin-2, a neuronal 

cell adhesion molecule and a ligand of beta-secretase 1 (BACE1) and amyloid precursor protein 

(APP), the latter proteins being important players in AD. With this method, we investigated 

whether contactin-2 concentrations are changed after delayed storage and in patients with 

Alzheimer’s disease. 

Results
The FCS set-up for measuring contactin-2 in CSF had a lower limit of quantification (LLOQ) of 0.2 

ng/ml and intra- and inter-assay coefficients of variation (CVs) of 12.2% and 14.6% respectively. 

Contactin-2 levels were stable up to one-week storage of CSF (n=3) at RT and 4°C. Further, 

contactin-2 levels were similar in probable AD patients (n=34, p=0.27) compared to patients 

with subjective cognitive decline (SCD) (n=11). 

Conclusions
FCS is a sensitive tool, which can be used for detecting biomarkers in the clinical setting using 

very low sample volumes (10uL) and can measure proteins in their native conformations in the 

body fluid.

Keywords: Contactin-2; fluorescence correlation spectroscopy (FCS); biomarker; Alzheimer’s 

disease (AD); cerebrospinal fluid (CSF). 
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia worldwide. In AD patients, the 

underlying neurodegeneration is demonstrated by high levels of tau whereas the Aβ plaque 

pathology is reflected by reduced levels of Aβ42 in the CSF [1]. The third pathological hallmark 

is loss of synapses [2]. In addition, other disease processes, such as neuro-inflammation too play 

an important role [3]. As a result, there has been a great focus on characterizing and validating 

AD biomarkers other than the well-known markers, tau and Aβ [4]. Additional biomarkers are 

still needed, such as biomarkers reflecting synaptic dysfunction and inflammation or early 

blood based biomarkers [5]. A major problem is that often such molecules are present at low 

abundances in the CSF making them hard to be detected by conventional techniques such as 

ELISA. Moreover, samples such as CSF are not available abundantly. Therefore, there is a growing 

need for the development of highly sensitive detection methods. 

Here, we propose Fluorescence Correlation Spectroscopy (FCS), a highly sensitive single molecule 

detection technique, and aimed to define a set-up for contactin-2, a soluble synaptic protein 

present in the CSF, as a proof of concept in the clinical context. FCS is capable of detecting 

extremely low concentration of biomolecules in solution by use of a confocal detection scheme 

[6–8]. It requires only very small sample volumes in the range of few microliters and can measure 

concentrations in the range of 10 pM (~1 ng/ml or below) to 100 nM (~15000 ng/ml). In brief, 

FCS is based on the principle of detecting single molecules labeled with fluorescent tags as they 

diffuse freely through a confocal volume. The intensity of the emitted light, fluctuating due to 

Brownian motion, is recorded, and the fluctuations are evaluated to give the relevant molecules’ 

abundances. Specifically, the temporal photon fluctuations are autocorrelated, resulting in an 

autocorrelation curve yielding information about the diffusion time(s) of the particles present 

in the solution and eventually the concentrations of molecules in the solution (Fig. 1).

FCS has some advantages over other available immunological detection methods. Firstly, it uses 

very small sample volumes and, second, it can detect rather low concentrations in the pico-molar 

range. Therefore, the samples can be highly diluted. Third, it can simultaneously measure the 

concentration and diffusion time of molecules, where increases in diffusion time indicate an 

increase in molecular weight of the tagged molecule brought about by the interaction with other 

molecules present in the solution. FCS is thus a useful tool for protein-protein interaction studies. 

Another advantage of FCS is that it can measure samples directly, eliminating any washing step.

In this study, contactin-2 was selected as the candidate biomarker to be detected with FCS in 

the CSF of patients with AD and patients with subjective cognitive decline (SCD). Contactin-2 is 

involved in many physiological neuronal processes, such as in the interaction with glial cells [9], 

2
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axonal guidance [10] and synapse formation [11], which can be altered in AD pathology before 

clinical symptoms are visible [12]. Contactin-2 is a physiological substrate of BACE1 [13,14]. Also, 

it was found to co-localize with APP in immuno-stained mice brain sections and it immuno-

precipitated together with APP in mice brain lysates [15]. Binding of contactin-2 with APP leads 

to subsequent release of the APP intra-cellular domain (AICD) which suppressed neurogenesis 

in cultured neurons [15]. Since contactin-2 interacts with two important molecules involved in 

the amyloidogenic pathway, we hypothesized that it might be altered in the CSF of AD patients 

compared with patients with SCD reflecting the ongoing disease process. 

MATERIALS AND METHODS

Materials
The N- and C-terminal contactin-2 (SAB42000299, SAB4200251) antibodies were purchased from 

Sigma Aldrich (St. Louis, USA). The C-terminal antibody was labeled with Alexa fluor 488 following 

the instructions of the manufacturer using an antibody labeling kit (A10468) from Life Technologies 

GmbH (Darmstadt, Germany). The labeled antibody was filtered and stored in PBS using Vivacon 

500 30000MWCO filters from Sartorius (Göttingen, Germany). Recombinant human Contactin-2 

protein (10457-H08H) was purchased from Sino Biological Inc. (Beijing, China). Glass coverslips 

(BBAD02400600#A) were purchased from Thermo Fisher Scientific Gerhard Menzel B.V. & Co. KG 

(Braunschweig, Germany). The FCS set-up was calibrated with Alexa dextran 488 (Cat.D22910, 

Thermo Fisher Scientific, Carlsbad, USA) and fluorescein (Cat.F6377, Sigma Aldrich, St. Louis, USA).

FCS set-up 
In brief, a laser (Cobolt Dual Calypso, 488 and 532 nm) was used for sample excitation. The 532 

nm line was blocked and the beam diameter was expanded using a telescope which included a 

50 µm pinhole for optical lowpass filtering thereby giving, in a good approximation, a Gaussian 

beam profile. The expanded beam was then guided through a dichroic beam splitter into the 

back focal plane of the objective of a Zeiss Axiovert 35 microscope (Fig. 1). For all experiments 

carried out herein, a Zeiss C-Apochromat 40xW (1.2 NA) was used as objective. Fluorescent light 

from the confocal volume (Fig. 1a, inset) was gathered by the same objective. A dichroic mirror, 

separating the emission from the excitation light, and a subsequent bandpass filter guaranteed 

that only the emission from alexa-488 and no excitation light (488 nm) could pass. Photon 

detection was done by a single photon counting module optimized for detection in the green part 

of the spectrum (Laser Components, Count-10B-FC). Thus, individual photons were detected and 

assigned a time-stamp in a quTAU device (quTOOLS GmbH) (Fig. 1b). The time stamps were then 

further processed in a custom python software to obtain autocorrelation curves as described in 

data acquisition and analysis section.
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Fig. 1: Sketch of the FCS setup and data analysis. A. Excitation light at 488 nm is emitted by a laser and 
forms a confocal volume in the liquid sample. Fluctuation in fluorescence intensity is due to Brownian 
motion occurs (inset). The emitted light is measured by an avalanche photo diode connected via an optical 
fiber acting as a pinhole. B. Individual timestamps of the arriving photons are collected and visualized as 
average intensity over time. C. Auto-correlation of timestamps yields correlation curves. Right shift with 
respect to the reference curve (solid line) indicates higher diffusion time (τdiff) (dotted line).

A standard curve was generated using a full length recombinant human contactin-2 protein 

(135 kDa) as antigen. 10 uL of each protein sample (for final protein concentrations between 

0.163 and 41.7 ng/ml in total volume of 60 uL of reaction mix) was incubated overnight at room 

temperature (RT) with 10 uL of the N-terminal antibody (150 kDa) under gentle shaking. The 

final concentration of the antibody was 300 nM. Then 10 uL of the C-terminal antibody labeled 

with Alexa-488 (150 kDa) was added at a final concentration of 10 nM. The mix was kept at 37ºC 

for 1hr on gentle shaking. Then 30uL of PBS was added giving a total volume of 60 uL. Patient 

CSF samples were also measured in the same manner using 10uL of undiluted CSF replacing the 

recombinant human contactin-2 protein. 10 uL of PBS was used as a negative control to replace 

recombinant human contactin-2 protein or patient CSF sample. 30uL of the final reaction mix 

was placed as a drop on a glass slide per measurement. This process was repeated twice. Every 

recording took for 50 seconds and was repeated 10 times. Each sample was measured 20 times 

on day 1 and 20 times on day 2. Therefore, total number of measurements for each sample was 

40. All measurements were done at constant pH and temperature on two consecutive days.

Initial testing of the FCS set-up was carried out with 10 uL neat CSF samples. These left-over 

CSF samples from routine clinical diagnoses were provided as a kind gift from Dr.Inga Zerr, 

Universitätsmedizin Göttingen, Germany. 
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Patient selection, sample collection and routine sample analyses for AD 
patients
The patients (n=45, 44% females) included in this study were from the Amsterdam dementia 

cohort [16], specifically 34 patients with probable AD and 11 patients with subjective cognitive 

decline (SCD). Patients with probable AD were identified according to the criteria of the National 

Institute of Neurological and Communicative Disorders and Stroke–Alzheimer’s Disease and 

Related Disorders Association [17]. When patients presented cognitive complaints, the results 

of clinical assessments, however, being within the normal range, they were assigned to the 

SCD group [18]. CSF was collected for bio-banking by standard lumbar puncture after informed 

consent of the participants and approval of the institutional review board of the VU University 

Medical Center Amsterdam. The CSF was collected, processed (centrifugation at 1800 g, 10 

min, room temperature within 2 hours) and stored at -80°C according to previous published 

studies until analysis [18,19]. Routine analysis of CSF of patients to determine Aβ42, total Tau 

and phospho-tau181 levels were performed using a commercial enzyme-linked immunosorbent 

assay as described [20] (ELISAs; Fujirebio, Ghent, Belgium). Intra-assay coefficients of variation 

(CVs; mean ± SD) were 2.0 ± 0.5% for Aβ42, 3.2 ± 1.3% for tau, and 2.9 ± 0.8% for p-tau and 

inter-assay CVs (mean ± SD) were 10.9 ± 1.8% for Aβ42, 9.9 ± 2.1% for tau, and 9.1 ± 1.8% for 

p-tau [20]. See Table 1 for demographic and biomarker details of the patients. Patients with 

AD had lower levels of CSF Aβ42 and higher levels of CSF t-tau and p-tau compared to patients 

with SCD, as expected.

Table 1: Demographic and biomarker values of the patients included in this study.

Patient 
groups

n Gender MMSEǂ Age 
(years)

Aβ42 
(pg/ml)

t-tau 
(pg/ml)

p-tau 
(pg/ml)

AD  34 F=16
M=18

18 ± 3***     60.2 ± 2.9 467 ± 112***              837 ± 502***            97 ± 43**

SCD 11 F=4
M=7

27 ± 2        60.0 ± 2.3 905 ± 234                 313 ± 270              55 ± 30

The values presented are mean ±SD. *P<0.05 versus SCD; **P<0.01 versus SCD; ***P< 0.001 versus SCD.
ǂ MMSE – Mini Mental State Examination, a 30 point questionnaire used to measure cognitive 
impairment.

Sample preparation for stability tests of contactin-2 in CSF
Preliminary stability tests for contactin-2 in CSF were performed. CSF samples from diagnostic 

routine, kept at -20°C, were pooled and aliquoted into 2mL screw cap polypropylene tubes. Pools 

of CSF samples (n=3) were kept at room temperature (RT) or 4°C for 1 hour or 1 week to examine 

storage stability. One aliquot per pool was kept at -80°C as a reference sample.
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Data acquisition and analysis
A custom written python script was used for FCS data acquisition and subsequent auto-

correlation (Fig. 1c). For this purpose, a time efficient online correlation scheme was implemented 

based on work of Wahl et al [21]. To account for both bound and unbound sample species, a two 

component fit was carried out using Pycorrfit [22] on all FCS measurements. A two-component 

fit was chosen over a one-component fit for fitting the auto-correlation curves after careful 

consideration of individual fit results and their respective errors. The two outcome parameters 

of the FCS analysis are the characteristic diffusion time and the fluorophore concentration in 

the sample. Assuming a spherical shape of the sample molecules, due to the Stokes–Einstein 

equation, diffusion times are proportional to the cube root of the mass of the molecules or 

aggregates. Thus the diffusion time is an adequate indicator of molecular mass of the molecular 

entities of interest. If the concentration of the target molecular entity is higher, more target-

probe complex will form and higher diffusion time will be detected.

Western-blotting for antibody validation
Western-blot experiments were performed to check the binding of the antibodies (which were also 

used in the FCS measurements) with human recombinant contactin-2 protein and with contactin-2 

present in the CSF of the human subjects (See supplemental information).

FCS assay validation
Partial validation of the FCS assay was carried out to examine whether the FCS method was 

appropriate under the given circumstances in the clinical practice. With undiluted and diluted  

recombinant human contactin-2 and left-over pooled CSF samples (n=5) from routine clinical 

diagnosis, the parameters of assay validation, namely lower limit of quantification (LLOQ), intra- 

and inter-assay variability, linearity and parallelism were measured and calculated as described 

before [23,24]. The acceptable range for intra- and inter-assay variability was 0-15% and for 

linearity and parallelism, the range was 80-120%. These ranges were adapted from standardized 

ELISAs but were not previously defined for FCS. Inter-assay variability was calculated from five 

samples measured on two different days. Recovery was not measured since highly diluted 

samples were used thus minimizing the matrix interference effect. The reaction mix of antigen 

and antibody was prepared as described in sample preparation section.

Statistics
All statistical analyses were performed using SPSS version 22 (IBM for Windows, NY, USA). 

Two-group comparisons were performed using the non-parametric Mann–Whitney U test and 

correlations were performed using Spearman’s non-parametric correlation test. P-values (two-

tailed) were considered significant when lower than 0.05. 
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RESULTS

Antibody validation and Standard curve generation 
The N- and C-terminal antibodies were found to bind with recombinant human contactin-2 in a 

dose-dependent manner. A single strong band at the same height as the recombinant protein 

was present in the CSF, supporting the specificity of the antibodies (Fig. 2a). Diffusion time 

(τdiff) was measured for each concentration of the recombinant human contactin-2 protein by 

the method described in Section 2.2. A standard curve was thus produced with concentration 

of the standard protein on abscissa and τdiff  on the ordinate (Fig. 2b). As the concentration of 

the standard protein increased, the diffusion time increased accordingly. Therefore, the τdiff of 

unknown samples were measured to calculate the concentration of contactin-2.

Fig. 2: A. Western-blot showing binding of N-terminal (left blot) and C-terminal (right blot) anti-contactin-2 
antibodies with recombinant human contactin-2 protein in dose-dependent manner and with contactin-2 
present in the CSF. B. Standard curve generated using FCS. Recombinant contactin-2 was used as the antigen 
and two anti-contactin-2 antibodies against N- and C-terminals of the antigen were used for detection. The 
C-terminal antibody was labeled with alexa-488. τdiff increased with increase in concentration of the antigen. 
Unknown concentrations of contactin-2 in the CSF were estimated from this standard curve by measuring 
the diffusion times with FCS.       

Assay validation
The intra- and inter-assay coefficients of variation (CVs; mean ± SD) were 12.2 ± 7.7% and 14.6 

± 8.2% respectively. The lower limit of quantification (LLOQ) for our assay was 0.1 ng/ml. See 

Table 2 for all the parameters measured for assay validation. The linearity and parallelism were 

just outside the predefined ranges of 120%.
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Table 2: Analytical validation parameters of the contactin-2 FCS assay 

Number of pooled CSF samples 5

LLOQ 0.2 ng/ml

Intra-assay %CV 12.2 ± 7.7%

Inter-assay %CV 14.6 ± 8.2%

Overall % linearity 129%

Overall in range% (parallelism) 122%

Stability of contactin-2 in CSF
Within-sample comparisons (n=3) revealed that contactin-2 levels were not affected by storage 

for one week at either RT or 4°C compared with CSF stored at -80ºC (Fig. 3a).  This indicates that 

contactin-2 is a stable biomarker and storage of CSF in polypropylene tubes for short durations 

at RT or 4°C does not affect concentration of contactin-2 significantly.

Contactin-2 levels are similar in patients with probable AD and patients with SCD
A 55% decrease of contactin-2 concentrations was observed in probable AD patients but, 

probably given the small numbers of our cohort, this difference was not significantly different 

from CSF samples of patients with SCD (p=0.27, Fig. 3b). There was no correlation of contactin-2 

with age (r=0.16, p=0.29) or MMSE score (r=-0.005, p=0.97). Also, there was no correlation of 

contactin-2 with CSF Aβ42 (r=-0.07, p=0.66), tau (r=-0.18, p=0.24) or p-tau concentrations (r=-

0.10, p=0.53).

Fig. 3: Stability of contactin-2 after freeze/thaw cycles detected using FCS. A. Contactin-2 levels were not 
affected by storage in polypropylene tubes for one week at either RT or 4°C B. Contactin-2 levels in the CSF 
of patients with probable AD (n=34) and patients with subjective cognitive decline (SCD) (n=11) measured 
using FCS are shown. There was no significant difference in contactin-2 concentrations between Probable 
AD and SCD groups. The two groups were compared using Mann-Whitney U test. The long horizontal lines 
indicate median and the short horizontal lines indicate the inter-quartile range. 
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DISCUSSION

In this study, we found that FCS can be used as an alternative biomarker detection tool in clinical 

studies. Contactin-2 can be measured with FCS with an LLOQ of 0.1 ng/ml and intra- and inter-

assay CVs in the acceptable range for ELISAs (<15%). Our preliminary stability study indicates that 

contactin-2 levels are stable after one week of storage at either room temperature or 4°C compared 

to one hour of storage. This indicates that contactin-2 is a rather stable protein. However, larger 

studies are needed to be performed in future to fully elucidate the stability of CSF contactin-2.

Contactin-2 levels were similar in the CSF of probable AD patients compared with persons with 

SCD. This could be attributed to the heterogeneity of the disease, as several AD patients (n=5) 

had higher levels of contactin-2 than the SCD patients. The lack of correlations of contactin-2 

with Aβ42 and tau could similarly be due to small patient groups. Moreover, in the AD group, 2 

patients had higher CSF Aβ42, 6 patients had lower CSF tau and 4 patients had higher CSF p-tau 

concentrations than the cut-off for an AD profile [25]. In the SCD group, 1 patient had lower CSF 

Aβ42, 1 patient had higher CSF tau and 4 patients had higher CSF p-tau concentrations. Thus, 

the clinically defined patient and control groups did not completely comply to biological AD 

diagnosis. Our group sizes were too small to further stratify for amyloid positivity. A previous 

study in brain tissue found a reduction in contactin-2 in tissue homogenates of AD patients 

compared to age-matched controls measured by immuno-blotting [14], supporting a change 

during the AD disease course. One limitation of our study was small sample size. It is however 

a proof of principle and paves the path for studies that, in larger populations, will answer the 

question whether the pathological change in brain involving contactin-2 is also reflected in CSF. 

The FCS method we developed can be used to detect contactin-2 in its native conformation in 

these studies in minute sample volumes. 

Our findings support the concept that FCS is a sensitive biomarker detection technique, which 

enables quick detection of natively folded proteins in solution. However, for using FCS in the 

regular clinical setting, the set-up can be modified with simplified optical components so that the 

set-up is less prone to alignment changes as we experienced (data not shown) [26]. Other studies 

have used FCS to detect proteins in body fluids as well as inside cells [27]. For example, FCS could 

detect aggregation of infectious prion protein (PrPSc) in the CSF of patients with Creutzfeldt-Jakob 

disease with 20 times higher sensitivity than immuno-blotting [28]. Aβ aggregation, oligomer 

growth and fibrillation could be successfully detected in the CSF of AD patients using FCS [29]. 

Moreover, IL-8, a chemokine, was detectable in human serum [30]. Additional clinical studies 

are required to exploit the full potential of FCS and overcome the drawbacks of traditional 

biochemical methods, such as low sensitivity, multiple washing steps and lack of real time 

visualization of interacting molecules.
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Another major strength of the method is that only 10uL of CSF samples are sufficient for 

measurement. This is particularly helpful for precious body fluids, such as CSF, and also indicates the 

method’s sensitivity. Moreover, high sensitivity in combination with small measurement volumes 

allows dilution of complex matrices that can interfere with the detection, such as plasma. Secondly, 

measurement and analysis can be done as soon as the probe and the ligand are bound to each 

other. There is no need of any blocking step, treatment with enzyme substrate or addition of stop 

solution like in other immune-detection techniques. Therefore, analysis by FCS is relatively quick. 

After antigen-antibody binding, the result from one sample can be generated in as little as 100 

seconds. In our hands, data analysis by curve fitting took 10 minutes for each sample. 

In conclusion, the present study provides a simple approach for using FCS in the clinical set-up. 

Furthermore, the study provides an assay for detection of contactin-2 as a biomarker for AD 

and shows the short term storage stability of this protein.
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SUPPLEMENTAL INFORMATION

Materials and Methods
Western blotting in denaturing conditions

All samples were prepared in sample buffer (2% SDS, 0.03 M Tris, 5% 2-Mercaptoethanol, 10% 

glycerol, bromophenol blue) and heated for 5 min at 95ºC. Electrophoresis with the samples was 

carried out using nuPAGE Novex 4-12% bis-tris protein gel (Invitrogen, Landsmeer, Netherlands). 

Next, proteins were transferred to polyvinylidene fluoride membranes (PVDF; Millipore, Bedford, 

USA) that were subsequently blocked for 1 hour at RT with Odyssey block buffer (927-40000, LI-COR 

Biotechnology GmbH, Bad Homburg, Germany) diluted 1:1 with PBS-Tween20 0.5% v/v. Then the 

blot was incubated with the corresponding primary antibodies namely, affinity-purified polyclonal 

rabbit N-terminal anti-contactin-2 (Catalog No. SAB4200299, Sigma Aldrich, St.Louis, USA), 1:750 

and rabbit C-terminal anti-contactin-2 (Catalog No. SAB4200251, Sigma Aldrich), 1:750) in blocking 

buffer overnight at 4ºC. After washing with wash buffer (PBS-Tween20 0.5% v/v), membranes were 

incubated for 1 hour at RT with polyclonal swine anti-rabbit IgG-biotinylated (1:2000, E0431, DAKO, 

Glostrup, Denmark) in blocking buffer. Then the membranes were washed with wash buffer and 

incubated with streptavidin-IR680 (926-68031, LI-COR Biotechnology GmbH) for 1 hour at RT and 

detected with Odyssey imaging system (LI-COR Biotechnology GmbH).

Sample preparation in non-denaturing conditions

To confirm that the antibodies bind to the protein of interest in non-denaturing conditions, 

sample preparation protocol was changed. Sample loading buffer (5x) was prepared by mixing 

15.5 ml of 1M Tris-HCl (pH=6.8), 2.5 ml of a 1% solution of bromophenol blue; 7.0 ml of water; 

and 25 ml of glycerol.

Native gel electrophoresis

Separating gel stock solution was prepared by mixing 7.5 ml stock acrylamide solution, 7.5 ml 1.5 

M Tris HCl (pH=8.8) and 15 ml water. Stacking gel stock solution was prepared by mixing 1.5 ml 

stock acrylamide solution, 3.0 ml 0.5 M Tris HCl (pH=6.8), 7.5 ml water. Per gel, 3 uL TEMED and 

30 uL APS were added to 6 mL running gel stock solution. Similarly, per gel, 2 uL TEMED and 10 uL 

APS were added to 2 mL stacking gel stock solution.The gels were run gel at constant 60V for 75 

minutes on ice using electrophoresis buffer (3.0 g Tris base, 14.4 glycine in 1 litre water, pH=8.3) 

followed by post-run equilibration step in equilibration solution (1% SDS in 50mM tris pH=7.4).

Blotting

PVDF membrane was charged with methanol for 10 minutes, then water for 10 minutes followed 

by incubation in transfer buffer for 10 mins. Semi-dry transfer was carried out at constant 

amperage 0.2 A for two blots, 25 volts and 60 mins. The blots were incubated in blocking buffer 
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(5% milk in PBS-Tween20 0.5% v/v) for 30 minutes followed by incubation with primary antibodies 

diluted in blocking buffer.

Calibration of FCS set-up

To ensure that the effective volume (Veff) of the FCS set-up was around 1 femto-liter, we prepared 

a concentration series of the Atto488-carboxy dye (dissolved in water) and plotted N (number of 

particles in the solution) as a function of c (concentration). The slope yields Veff (Veff= Slope/NA).

Veff was alternatively calculated with 1 nM solution of alexa-dextran-488 dye.

Veff = 1/G0NAc, where G0 is correlation amplitude, c is concentration in molar units and NA is 

Avogadro number.

Results

Fig. 1: Full image of Western-blot showing binding of N-terminal (left blot) and C-terminal (right blot) anti-
contactin-2 antibodies with recombinant human contactin-2 protein in dose-dependent manner and with 
contactin-2 present in the CSF. Samples were prepared in denaturing conditions followed by SDS-PAGE.

2
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Fig. 2: Western-blot showing binding of A. C-terminal (left blot) and B. N-terminal (right blot) anti-contactin-2 
antibodies with recombinant human contactin-2 protein (positive control) in dose-dependent manner and 
with contactin-2 present in CSF. The samples were prepared in non-denaturing conditions followed by 
SDS-PAGE. C. and D. Western-blot showing binding of C-terminal (C.) and N-terminal (D.) anti-contactin-2 
antibodies with recombinant human contactin-2 protein in dose-dependent manner and with contactin-2 
present in CSF. The samples were prepared in non-denaturing conditions followed by native PAGE. The 
migration of proteins in a native gel depends on the conformation or oligomeric state of the protein and its 
charge to mass ratio and not on the molecular weight. Contactin-2 bands are marked with red rectangles.

Fig. 3: Dilution series of Atto488-carboxy dye. Veff= 1.55 fL.
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Table 1: Calculation of Veff with 1 nM solution of alexa-dextran-488 dye.

c (nM) N G0 Veff (in fL)

1 0.786 1.65 1.007

1 0.739 1.80 0.922

1 0.700 1.90 0.874

2
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ABSTRACT

Background
Synaptic and axonal loss are two major mechanisms underlying Alzheimer’s disease (AD) 

pathogenesis and biomarkers reflecting changes in these cellular processes are needed for early 

diagnosis and monitoring progression of AD. Contactin-2 is a synaptic and axonal membrane 

protein that interacts with proteins involved in the pathology of AD such as amyloid precursor 

protein (APP) and beta secretase-1 (BACE1). We hypothesized that AD might be characterized 

by changes in contactin-2 levels in the cerebrospinal fluid (CSF) and brain tissue. Therefore, 

we aimed to investigate the levels of contactin-2 in the CSF and evaluate its relationship with 

disease pathology.

Methods
Contactin-2 was measured in CSF from two cohorts (selected from the Amsterdam Dementia 

Cohort) comprising samples from controls (cohort1 n=28; cohort2 n=20) and AD (cohort1 n=36; 

cohort2 n=70) using an analytically validated commercial ELISA. Relationship of contactin-2 with 

cognitive decline (Mini-Mental State Examination, MMSE) and other CSF biomarkers reflecting 

AD pathology were analyzed. We further characterized the expression of contactin-2 in post-

mortem AD human brain (n=14) versus non-demented controls (n=9).

Results
CSF contactin-2 was ~1.3 fold reduced in AD patients compared to controls (p<0.0001). Overall, 

contactin-2 levels correlated with MMSE scores (r=0.35, p=0.004). We observed that CSF 

contactin-2 correlated with the levels of pTau within control (r=0.46, p<0.05) and AD groups 

(0.31; p<0.05). Contactin-2 also correlated strongly with another synaptic biomarker, neurogranin 

(Control: r=0.62, p<0.05; AD: r=0.60, p<0.01) and BACE1, a contactin-2 processing enzyme 

(Control: r=0.64, p<0.01; AD: r=0.46, p<0.05). Results were further validated in a second cohort 

(p<0.01). Immunohistochemical analysis revealed that contactin-2 is expressed in the extra-

cellular matrix. Lower levels of contactin-2 were specifically found in and around amyloid plaques 

in AD hippocampus and temporal cortex.

Conclusions
Taken together, these data reveal that the contactin-2 changes observed in tissue are reflected 

in CSF, suggesting that decreased contactin-2 CSF levels might be a biomarker reflecting synaptic 

or axonal loss.

Keywords: contactin-2, Alzheimer’s disease (AD), CSF biomarker, tau, neurogranin, beta secretase 1
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INTRODUCTION

Alzheimer’s disease (AD) is the major cause of dementia worldwide [1]. AD patients are 

characterized by high levels of cerebrospinal fluid (CSF) tau reflecting tangle pathology whereas 

the underlying Aβ plaque pathology is mirrored by decreased levels of Aβ42 in the CSF [2]. 

However, about thirty percent of cognitively normal elderly also have AD CSF biomarker profile, 

making AD diagnosis complex [3,4]. Thus, additional biomarkers are needed for better diagnosis. 

Furthermore, synaptic dysfunction [5,6] and axonal loss [7] are early events in the pathogenesis of 

AD [6,8–12]. Synapse loss has been suggested to be related more strongly to cognitive impairment 

than plaque or tangle pathology [13–16]. Therefore, biomarkers reflecting these changes might 

be useful to support early diagnosis and prognosis of AD. Several synaptic biomarkers in CSF 

have been identified such as – neurogranin [17,18], synaptotagmin [19], synaptosomal-associated 

protein (SNAP)-25 [20] and Ras-related protein (Rab)-3A [17]. Neurogranin is a promising synaptic 

biomarker, which has been found to be specifically increased in AD [17,18,21]. So far, there are no 

established biomarkers for axonal loss specific for AD. Increased tau level has been related with 

axonal loss [7], but increased tau is a rather unspecific finding indicating neurodegeneration [22].

Contactin-2 is a soluble cell-adhesion protein primarily expressed on the axonal and synaptic 

membranes [23–29]. It belongs to the immunoglobulin superfamily and consists of six members 

(contactin-1-6) [29,30]. Contactin-2 is expressed in hippocampal pyramidal cells, cerebellar 

granule cells, the juxtaparanodal regions of myelinated nerve fibers [24,30] as well as frontal and 

temporal lobes [23,31]. Contactin-2 is a multi-functional protein playing important roles in axonal 

guidance during development [32,33], neuronal fasciculation [34], axonal domain organization 

[35] and neuron-glia interaction [36]. Interestingly, genome-wide association study (GWAS) 

identified single nucleotide polymorphisms (SNPs) in the gene encoding contactin-2 (CNTN2) 

associated with AD [36]. Contactin-2 interacts with proteins involved in AD pathogenesis such as 

Aβ precursor protein (APP) [52,53] and beta-secretase 1 (BACE1) [59]. Lower levels of contactin-2 

correlated with higher BACE1 activity in post-mortem AD tissue [31]. Thus, the interactions 

between contactin-2 and BACE1 and APP proteins may influence the production of Aβ peptide 

and the subsequent formation of amyloid plaques. Interestingly, higher levels of contactin-2 

have been reported in AD CSF pools using proteomics approaches [37].

We hypothesized that AD might be associated with changes in contactin-2 levels in both CSF and 

brain. In this study, we aimed to evaluate the potential of contactin-2 as a CSF biomarker candidate 

reflecting synaptic and axonal dysfunction in AD and examine its relationship with other important 

players in AD pathogenesis. Moreover, we further characterized the expression of this protein in 

post-mortem hippocampus to explore the potential role of this protein in AD pathogenesis.

3
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METHODS

Human CSF Samples Subjects
For the first study, we included cognitively normal controls with subjective memory complaints 

(n=28) and AD patients (n=36, Table 1) from the Amsterdam dementia cohort [38]. An additional 

validation cohort was also included to replicate the findings (controls: n=20; AD: n=70, Table 1) 

from the same dementia cohort.

Diagnoses were defined in a multidisciplinary committee according to the criteria of National 

Institute of Neurological and Communicative Disorders and Stroke–Alzheimer’s Disease and 

Related Disorders Association [39,40]. AD cases were additionally selected based on a positive 

AD biomarker profile (CSF tTau/Aβ42 ratio>0.52 [41]). When patients presented with cognitive 

complaints, and the results of clinical assessments were within normal range, they were labeled 

as subjective memory complaint, hereinafter referred as controls [18]. These non-demented 

control cases were selected based on a negative CSF AD biomarker profile (CSF tTau/Aβ42 ratio 

< 0.52 [41]). CSF was collected by standard lumbar puncture and stored according to previous 

published JPND-BIOMARKAPD guidelines until analysis [18,42]. Samples within each cohort were 

matched for age. Demographic and clinical details of all patients are listed in Table 1.

Table 1: Demographic details of Cohort 1 and Cohort 2 and % CVs of different assays

Cohort 1 Cohort 2

Controls  Patients with AD Controls Patients with AD

n 28 36 20 70

Gender (male:female) 13:15 15:21 14:6 29:41

Age (years)
(mean ± SD)

60 ± 7 62 ± 6 62 ± 3 62 ± 5

MMSE
(mean ± SD)

27 ± 3 19 ± 5*** 28 ± 2 20 ± 6***

Aβ42 
(pg/ml) (median[IQR])

915 [815–1026] 468 [395–552]*** 1063 [1009–1214] 578 [518–645]***

tTau 
(pg/ml) (median[IQR])

216 [161–309] 691 [559–962]*** 274 [239–315] 734 [552–1021]***

pTau 
(pg/ml) (median[IQR])

47 [33–54] 92 [77–116]*** 43 [39–50] 90 [69–107]***

Contactin-2 (ng/ml)
(median[IQR])

78[69–110] 59[42–74]*** 65[54–99] 61[39–78]*

*p<0.05 versus controls; **p<0.01 versus controls; ***p<0.001 versus controls.
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Post-mortem brain tissue
Post-mortem hippocampus and temporal cortex from AD (n=14) and non-demented controls 

(n=9) were obtained from the Netherlands Brain Bank. Considering that contactin-2 is expressed 

in hippocampus [30,43] and temporal cortex [23,31] and these brain areas are primarily affected 

in AD [44], we used homogenates of post-mortem hippocampus and temporal cortex tissue. 

All donors of their next kin provided written informed consent for brain autopsy and use of 

medical records for research purposes. Sample processing is described in detail in Supplemental 

material, Section 1.1. Patient details such as- clinical and pathological diagnosis, Braak stage, 

age and sex and post-mortem delay are outlined in Supplemental Table 1.

ELISA analysis
Contactin-2 was measured in both CSF and post-mortem brain tissue homogenates with 

Contactin-2 duoset ELISA kit (R&D, Cat Nos. DY1714-05, DY008, Minneapolis, USA), which 

used antibodies raised against the secreted part of contactin-2 (Leu29-Asn1012). We validated 

this kit both for CSF samples and tissue samples using previous validation guidelines [45,46] 

(Supplemental Table 2). CSF and post-mortem brain samples were diluted 1:16 and 1:100 

respectively in reagent diluents provided in the kit and the assay was performed according 

to manufacturer’s protocol. The intra-assay % CVs for CSF and brain tissue were 1.9 and 1.3 

and the inter-assay % CVs were 8.7 (CSF) and 9 (brain tissue) respectively. Specifics about 

the procedure can be found in the Supplemental material (Section 1.2). CSF Aβ42, tTau and 

pTau were measured as a part of routine diagnosis at the Neurochemistry laboratory at VU 

University Medical Centre, Amsterdam, The Netherlands using commercially available enzyme-

linked immunosorbent assay (ELISAs; Fujirebio, Ghent, Belgium) as previously performed[47] 

(Table 1). CSF BACE1 and Neurogranin were measured using commercially available analytically 

validated ELISA kits from Euroimmun, Lübeck, Germany. CSF Aβ40 was measured using V-PLEX 

Plus Aβ Peptide Panel 1 (6E10) Kit (MSD, Maryland, USA). All samples were randomized and were 

measured by a single experienced technician blinded to the clinical groups.

Western blotting
Human hippocampus and temporal cortex tissue homogenates (20 μg per sample) were prepared 

in sample buffer (2% SDS, 0.03 M Tris, 5% 2-Mercaptoethanol, 10% glycerol, bromophenol blue) 

and heated 5 min at 95ºC. Electrophoresis was carried out using 10% SDS-PAGE mini gels. Next, 

proteins were transferred to polyvinylidene fluoride membranes (PVDF; Millipore, Bedford, USA) 

that were subsequently blocked for 30 minutes with blocking buffer (5% (w/v) non-fat dried milk 

in PBS-Tween 0.5% (v/v) (PBS-T)), and incubated with the corresponding primary antibodies 

affinity-purified polyclonal rabbit anti-Contactin-2[48] (1:1500, catalog no. SAB4200299, Sigma 

Aldrich, St.Louis, USA), or monoclonal rabbit anti-GAPDH (1:1000, clone 14C10; Cell Signalling 

Technology, MA, USA), overnight at 4ºC. After washing with wash buffer (0.05% (w/v) Milk in 
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TBS-T), membranes were incubated during 1 hour with polyclonal goat anti-rabbit IgG/HRP 

(1:2000, DAKO, Glostrup, Denmark) or goat anti-mouse IgG/HRP (1:1000, DAKO) in blocking 

buffer. Protein bands were detected with ECL Western Blotting detection kit (GE Healthcare, 

Amersham, UK). Samples were always randomly distributed within the gels and researcher was 

unaware to the diagnosis and specifics of the samples. Immunoblot films were scanned, and 

signal quantification was performed using ImageJ 1.45 (NIH, Bethesda, USA). Contactin-2 band 

signal was normalized by the GAPDH signal intensity.

Immunohistochemistry and immunofluorescence
Formalin-fixed and paraffin-embedded hippocampus and temporal cortex sections (5 μm) were 

mounted on Superfrost plus tissue slides (Menzel-Glaser, Braunschweig, Germany) and dried 

overnight at 37°C. Two sections from each subject were immune-stained. Immunohistochemistry 

(IHC) and immunofluorescence (IF) procedures are described in detail in Supplemental material 

(Section 1.3). The primary antibodies used were: affinity-purified polyclonal rabbit anti-

Contactin-2 (IHC: 1:400, IF: 1:25; HPA001397, Atlas Antibodies, Stockholm, Sweden); monoclonal 

mouse anti- pTau Ser202/Thr205 AT-8 (IF: 1:800, MN1020, Thermo Fisher Scientific, Landsmeer, 

Netherlands) and monoclonal mouse anti-Aβ IC-16 (IF: 1:200, a kind gift from Dr. Korth, University 

of Duesseldorf, Germany). For IHC, the bound primary antibody was detected using DAKO anti-

rabbit/mouse EnVision+ System-HRP (DAKO, 45007, Glostrup, Denmark). Nuclei were visualized by 

Mayer’s hematoxylin counterstain (Merck, MHS1, Zwijndrecht, Netherlands). For IF, the following 

secondary antibodies were used: anti-rabbit alexa-647 (1:250, DAKO), anti-mouse alexa-488 

(1:250, DAKO), anti-mouse alexa-594 (1:250, DAKO). Thioflavin-S (Merck, T1892) was added to 

brain tissue sections after incubation with primary anti-pTau and anti-contactin-2 antibodies and 

corresponding secondary antibodies for 1 minute with prior 10 minutes acetone fixation at RT. 

The slides were finally incubated with DAPI for ten minutes and subsequently covered using 80% 

glycerol in TBS pH 7.4. Staining and imaging was performed by two independent researchers, 

who were unaware of the diagnosis of the cases. IHC images were captured with Zeiss light 

microscope equipped with a digital camera and a 10× or 25× objective (12.5× ocular). IF images 

were captured with a Nikon Eclipse Ti confocal microscope equipped with a 60x oil (Numerical 

aperture [NA] = 1.40) objective and NisElements 4.30 software.

Statistics
Differences in CSF contactin-2 levels between groups were tested with ANCOVA adjusted for age 

and gender when applicable. Data were normalized by Templeton’s two-step method [49], if not 

normally distributed. Correlation analyses were done using Pearson or Spearman correlation for 

parametric and non-parametric data respectively. Group differences between AD and controls 

in post-mortem samples were evaluated by Mann-Whitney U test.
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The statistical tests were two-tailed and values with p (two-tailed) < 0.05 were considered significant. 

Statistical analyses were performed on SPSS version 22 (IBM SPSS Statistics for Windows, Version 

21.0. Armonk, NY: IBM Corp). Graphs were plotted using GraphPad Prism version 6.07.

RESULTS

Contactin-2 CSF levels decreased in AD patients
Demographic and biomarker characteristics of all cases are listed in Table 1. CSF contactin-2 

was 38% reduced in AD patients compared to Controls (p<0.0001, Fig1.A). This result was 

further validated in a second cohort (p=0.049, Fig. 1B), where contactin-2 was 20% reduced. A 

positive correlation was observed between CSF contactin-2 and MMSE in the total group (r=0.35, 

p=0.004, Supplemental Fig. 1). This correlation was however not observed in the second cohort 

(r=0.11, p=0.2).

Fig. 1: Contactin-2 levels in CSF. A. Scatterplot showing CSF contactin-2 levels in non-demented controls 
with subjective memory complaints (Controls, n=28) and patients with AD (n=36). B. Contactin-2 levels in 
Controls (n=20) and AD patients (n=70) in a second validation cohort. The values are presented as medians 
with inter-quartile ranges. Data were adjusted for age and gender. *p<0.05; ***p<0.0001.

CSF Contactin-2 and its relation with core AD biomarkers
Correlations were analyzed within each diagnostic group (controls and AD individually). No 

correlation between contactin-2 and Aβ42 was observed within Controls or AD group (Fig. 2A). 

Both tTau and pTau strongly correlated with contactin-2 within Controls (tTau: r=0.48, p=0.009, 

Fig. 2B; pTau: r=0.46, p=0.01, Fig. 2C). Within the AD groups only pTau correlated positively with 

contactin-2 (r=0.31, p=0.05, Fig. 2C). Similar results were obtained in the second cohort with the 

exception of tTau, which now correlated with contactin-2 within both Controls and AD group 

(Supplemental Fig. 2). Additionally, contactin-2 also correlated with CSF Aβ40 within both groups 

(n= 37; Controls: r=0.64, p=0.008; AD: r=0.46, p=0.03, Fig. 2D). Since contactin-2 was associated 

with age within AD group in the second cohort, age correction was applied (Supplemental Fig. 2).
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Fig. 2: Correlations of CSF contactin-2 levels with A. Aβ42 B. total tau (tTau) C. phosphorylated tau (pTau) 
and D. Aβ40. r= Spearman’s correlation coefficient. *p<0.05; **p<0.01.

Contactin-2 correlates with neurogranin and beta-secretase 1
To explore the role of contactin-2 in synapse loss, we investigated the relationship of contactin-2 

with an established synaptic biomarker, neurogranin. Contactin-2 correlated strongly with CSF 

neurogranin within controls and AD (Controls: r=0.62, p=0.01; AD: r=0.60, p=0.004, Fig. 3A). 

Further, we analyzed the correlation of contactin-2 with its processing enzyme BACE1. Strong 

correlations between contactin-2 and CSF BACE1 were present within controls and AD (Controls: 

r=0.64, p=0.007; AD: r=0.46, p=0.04, Fig. 3B). These results were validated in the second cohort 

(Supplemental Fig. 3). Since contactin-2 and BACE1 both were associated with age within AD 

group in the second cohort, age correction was applied in the corresponding correlation analyses 

(Supplemental Fig. 3).

Fig. 3: Correlations of CSF contactin-2 with A. CSF neurogranin and B. CSF BACE1. r= Spearman’s correlation 
coefficient. *p<0.05; **p<0.01.



69

Characterization of contactin-2 in post-mortem human hippocampus and 
temporal cortex
Immunohistochemistry showed that contactin-2 was mainly expressed in the extra-cellular 

matrix in both controls and AD in post-mortem hippocampus and temporal cortex (Fig. 4). 

Interestingly, within AD cases we observed a specific reduction of contactin-2 staining in areas 

resembling amyloid plaques (Fig. 4A-D, probable plaques are shown by arrow heads). We next 

analyzed the potential relationship of contactin-2 expression with the main hallmarks of AD 

(Fig. 5). Areas with reduced contactin-2 staining contained deposits of Ab (Fig. 5 A-C), as well as 

pTau and Thioflavin S positive structures (Fig. 5D-I), which indicates the reduction of contactin-2 

staining in fibrillar neuritic plaques.

Analysis of post-mortem tissue homogenates by ELISA confirmed that contactin-2 tended to 

be decreased in AD hippocampus (n=7) compared to controls (n=6, p=0.07) (Fig. 6A). However, 

Western blot analysis revealed a significant reduction in contactin-2 levels, since the expected 

113 kDa contactin-2 band decreased in AD (n=7) compared to controls (n=5, p=0.01, Fig. 6B and 

supplemental Fig. 5).

Fig. 4: Immunohistochemistry on post-mortem human brain sections. Brain sections of subjects with AD 
(left panel), control subjects (right panel) were stained with anti-contactin-2 antibody. Areas with reduced 
contactin-2 staining are clearly visible in AD brain sections possibly in and around areas with amyloid plaques 
(A, C, shown by arrow heads).
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Fig. 5: Immunolabelling of contactin-2, Aβ42 and phosphorylated tau in hippocampal post-mortem human 
AD brain sections. CA subiculum areas of hippocampal sections stained with anti-contactin-2 (A, D), anti-
Aβ42 (B), Thioflavin S (E) and anti- phosphorylated tau (F). Merged images are shown in C (contactin-2+ 
IC16), G (contactin-2 + Thioflavin S), H (contactin-2 + AT8) and I (contactin-2 + Thioflavin S + AT8). Areas with 
reduced contactin-2 expression (shown by white arrows) can be seen in AD brain sections in and around 
areas with neuritic amyloid plaques. Areas marked with blue arrows have been magnified. Scale bar=25µm.
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Fig. 6: Contactin-2 levels in post-mortem hippocampus of AD patients versus controls. A. Contactin-2 
concentration measured by ELISA and corrected for total protein concentration. The values are presented 
as medians with inter-quartile ranges. B. Western-blot showing contactin-2 levels normalized with GAPDH 
in AD versus controls. Full image of the Western blot is shown in Supplemental Fig 5. Unpaired t-test was 
used for group comparisons.

DISCUSSION

The main finding of this study is that the synaptic/axonal protein, contactin-2 levels in CSF differs 

between AD and controls, and is associated with other biomarkers, particularly tTau, pTau, 

Aβ40, BACE1 and neurogranin. Moreover, we also performed characterization of this protein in 

post-mortem human brain tissue and found areas with reduced contactin-2 expression in and 

around fibrillar neuritic plaques.

Synaptic dysfunction and axonal loss are early events in AD preceding cognitive decline [5,7]. 

Detection of changes related to these mechanisms may therefore contribute to early diagnosis 

of the disease. Our findings in the CSF reveal that contactin-2 is reduced in AD cases compared to 

controls in two cohorts, which challenge previous proteomics findings that identified increased 

levels of this synaptic protein in three pooled AD CSF samples [37]. However, the use of specific 

antibody-based technologies detecting very specific epitopes of contactin-2 in the current study 

may explain the observed discrepancies. Even though CSF contactin-2 levels were lower in AD 

patients compared to controls, there was a substantial overlap between the groups in both 

cohorts, which may limit its diagnostic performance. Contactin-2 levels may even be increased 

in early stages of AD and then decrease with disease severity as it has been shown in longitudinal 
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analysis of other neuronal injury markers [50]. Considering that synaptic/axonal changes occur in 

very early stages of the disease, it would be of interest to explore whether stronger or opposite 

changes are observed at earlier stages of the disease, and study its potential as a diagnostic and 

prognostic marker for early AD. Interestingly, similar to the changes in CSF, contactin-2 levels 

were decreased in post-mortem brain tissue of AD cases compared to controls. Our results 

are supported by a previous study that found a reduction in contactin-2 in hippocampal brain 

tissue homogenates of selected AD patients with high BACE1 activity compared to age-matched 

controls [31]. Therefore, these results not only indicate that contactin-2 is changed in AD brain 

but also that such changes are reflected within the CSF, highlighting the potential of this protein 

as a novel biomarker for loss of synaptic/axonal integrity.

Synaptic biomarkers such as neurogranin have been suggested to reflect cognitive decline [18,51]. 

In this study, we observed a correlation of CSF contactin-2 with MMSE suggesting a possible 

relation of contactin-2 with cognition. However, it could not be validated in the second cohort. 

Nonetheless, we found strong correlation between contactin-2 and neurogranin supporting the 

role of contactin-2 in synaptic dysfunction.

CSF Contactin-2 correlated with tTau and pTau within AD/control groups, being stronger within the 

control group, which suggests that contactin-2 is a sensitive marker reflecting general axonal loss 

and changes in tau homeostasis under normal physiological conditions. Immunohistochemical 

characterization of contactin-2 performed in post-mortem brain tissue showed a reduction in 

contactin-2 expression in areas with neuritic amyloid plaques, characterized by Thioflavine S, 

pTau and Aβ staining. Therefore, similar to the findings in CSF, contactin-2 expression was found 

to be related with tau in brain tissue as well, supporting the potential role of contactin-2 in axonal 

loss and incipient neurodegeneration.

CSF contactin-2 correlated with Aβ40 and BACE-1 strongly, suggesting an association between 

contactin-2 and Aβ production. This is supported by previous studies showing that binding of 

contactin-2 to APP [52,53] enhances the production of the APP intracellular domain (AICD) in 

the cytosol with concomitant Aβ peptide generation [54,55] (Fig. 7). Interestingly, Thioflavin 

S positive fibrillar plaques that show stronger presence of Aβ40 than Aβ42 [56] had lower 

contactin-2, probably as a protective mechanism to avoid Aβ40 formation in those areas. We 

did not observe strong absence of contactin-2 in areas with diffuse plaques (data not shown) 

that primarily consist of Aβ42 [56]. Similarly, correlation with Aβ42 was lacking in CSF. Taken 

together, these data suggest that contactin-2 can influence the homeostasis of Aβ, which may 

ultimately affect the formation of amyloid deposits and the pathogenesis of AD. The decrease 

in contactin-2 levels in AD might be a cellular protective mechanism to reduce the binding of 

contactin-2 with APP and thus subsequently lowering production of Aβ (Fig. 7).
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Fig. 7: Schematic summary of hypothesis. Contactin-2 interacts with BACE1 (beta secretase 1) and APP (amyloid 
precursor protein). Binding of contactin-2 with APP leads to APP processing and Aβ peptide release. Based on 
our data, we hypothesize that decrease in contactin-2 levels (shown by thick dark blue arrow) in AD might be a 
cellular protective mechanism to reduce the binding of contactin-2 with APP and thus subsequently lowering 
production of Aβ. Correlations of contactin-2 with tTau/pTau and neurogranin suggest possible interactions 
among these molecules or their involvement in common pathogenic mechanisms. Solid single/double headed 
arrows indicate correlations/interactions between two proteins and dashed arrow indicates no correlation.

It should be noted that we observed positive correlations between contactin-2 and tau, BACE1 

and neurogranin, which is opposite to what can be expected on the basis of usually increased 

CSF levels of the latter proteins in AD. This indicates that contactin-2 is physiologically associated 

with these proteins strongly, demonstrated by strong positive correlations within controls and a 

disease pathology such as AD possibly disrupts these associations making the correlations weaker 

in CSF of AD patients. In addition, these discrepancies may occur because the correlations were 

analyzed within AD and control groups separately rather than as a whole cohort. In the whole 

cohort, there is indeed a tendency of negative correlation with Tau as expected (cohort1 r= - 0.23, 

p=0.09, Supplemental Fig. 7). CSF BACE was not significantly changed in AD versus controls. So, 

a pattern in correlation may not be evident.

One limitation of this case-control study was the relatively small sample size, even though we 

eventually included 106 AD patients and 50 controls in the total group. Often controls with 

subjective memory complaints, AD patients or patients with other neuro-degenerative disorders 

present similar clinical symptoms [57], which might obscure the differences between different 

clinical groups. However, AD patients were selected by clinicians from a specialized memory 
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center based on the cut-off value for CSF tau to Aβ42 ratio [41] ensuring more reliable diagnosis 

based on fluid biomarkers [58]. Another limitation of the study was that no cohort was used from 

another memory clinic. It would be interesting to investigate the levels of contactin-2 in larger 

independent cohorts and in AD patients in different stages of the disease.

CONCLUSIONS

In summary, this study reveals a reduction in the axonal and synaptic protein contactin-2 in 

two CSF cohorts and post-mortem tissue and indicates the potential of this protein as a novel 

AD CSF biomarker reflecting synaptic/axonal dysfunction. Future studies should investigate 

how contactin-2 is changed during the course of AD in a longitudinal study design with larger 

patient cohorts. In addition, studies revealing a mechanistic relation between contactin-2, Aβ 

and tau are required to understand the bigger picture of the cell signaling pathway underlying 

AD pathogenesis and open new leads for therapy development.
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SUPPLEMENTAL INFORMATION

1. Materials and Methods
1.1. Clinical, neuropathological evaluation and human brain tissue sample processing

Post-mortem brain tissue

Clinical diagnosis was defined according to DSM-III-R criteria and the severity of dementia prior to 

death had been evaluated with the Global Deterioration Scale of Reisberg [1]. Neuropathological 

evaluation was performed on formalin-fixed, paraffin-embedded tissue from different brain 

areas. The distribution and the density of neurofibrillary tangles (NFTs) were determined using 

Bodian staining and immunohistochemistry for hyperphosphorylated tau. Staging of Alzheimer’s 

disease was evaluated according to the Braak criteria for NFTs [2,3] and according to Thal criteria 

for amyloid deposition [4].

Frozen human brain hippocampus tissue and temporal cortex tissue blocks were present from 

13 of these cases. The tissue was homogenized with T-per Extraction Reagent (T-Per, 0.1g/ml, 

Thermo Scientific, Waltham, USA) containing EDTA-free Protease Inhibitor Cocktail (1:25, Roche, 

Basel, Switzerland). Tissue homogenates were centrifuged at 10500 g for 30 min at 4°C. The 

protein content in the supernatant was quantified using bovine serum albumin (BSA) standards 

(Thermo Scientific, Waltham, USA) and the Bio-Rad Protein Assay (Bio-Rad, Hercules, USA). 

Samples were stored at -80ºC until further analysis.

Table 1: List of Clinical and pathological diagnoses of all cases

Subjects Tau 
Braak

Aβ 
Braak

Gender 
(F/M)

Age 
(years)

Post-mortem 
delay (hours)$

Clinical 
Diagnosis

IHC/WB#

1 6 C F 62 4.45 AD IHC

2 6 C F 87 8.00 AD IHC

3 6 C F 82 5.30 AD IHC

4 6 C M 74 7.40 AD IHC

5 6 C F 81 6.00 AD IHC

6 5 C F 84 4.50 AD IHC

7 6 C M 73 6.15 AD IHC

8 5 C F 75 - AD WB

9 6 C F 76 - AD WB

10 6 C F 70 - AD WB

11 6 B M 65 - AD WB

12 2 0 M 60 - AD WB

13 3 B F 90 - AD WB

14 6 C F 69 - AD WB
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Subjects Tau 
Braak

Aβ 
Braak

Gender 
(F/M)

Age 
(years)

Post-mortem 
delay (hours)$

Clinical 
Diagnosis

IHC/WB#

15 1 0 F 75 5.25 Control IHC and WB

16 2 B F 84 6.05 Control IHC

17 2 B F 83 4.40 Control IHC and WB

18 1 0 M 82 5.50 Control IHC

19 1 B F 85 7.05 Control IHC

20 1 0 F 60 6.50 Control IHC

21 2 B M 87 - Control WB

22 1 0 M 57 - Control WB

23 4 B M 83 - Control WB

#Samples used for immunohistochemistry IHC/Western blotting (WB) have been indicated.
$Exact Post-mortem delay times were unavailable for some samples but the average delay was 6 hours.

1.2. Contactin-2 sandwich ELISA

All reagents were provided in the ELISA kit and they were diluted according to the manufacturer’s 

protocol. Briefly, a 96-well ELISA plate was coated with the capture antibody (4 ug/mL) and 

incubated overnight at room temperature (RT). Plate was then washed three times with 1X 

wash buffer (300 uL for each well). A seven-point standard curve (0.156 ng/mL, 0.313 ng/mL, 

0.625 ng/mL, 1.25 ng/ml, 2.5 ng/mL, 5 ng/mL and 10 ng/mL). CSF samples were diluted 1:16 and 

hippocampus and temporal cortex tissue homogenates were diluted 1:50 and 1:100 respectively 

with reagent diluent and incubated at RT for 2 hours on gentle shaking. Following steps were 

carried out according to the manufacturer’s protocol.

Table 2: Contactin-2 ELISA validation results

CSF Brain tissue homogenate

LLOQ 210 pg/ml 250 pg/ml

Intra-assay %CV 1.9 1.3

Inter-assay %CV 8.7 9

Overall % linearity 87 (acceptable range 80-120%) 101 (acceptable range 80-120%)

Overall in range% 82 (acceptable range 80-120%) 99 (acceptable range 80-120%)

% Spike recovery 98 (acceptable range 80-120%) 99 (acceptable range 80-120%)

1.3. Immunohistochemistry (IHC) and immunofluorescence (IF) staining

For all stainings, sections were deparaffinized with xyleen (3x5 min) and alcohol (4x 2-5 min) and 

subsequently immersed in 0.3% H2O2 in PBS for 30 minutes to quench endogenous peroxidase 

activity. The quenching step was skipped if fluorescent antibodies are used. The sections were 

washed in running tap water. Sections were boiled in an autoclave in 10 mmol/L pH 6.0 sodium 
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citrate buffer. The slides were cooled down and washed in demi-water for 2 minutes and followed 

by PBS wash for 5 minutes. The slides were incubated with primary antibody diluted in (100 µl 

per tissue) at RT overnight.

For IF staining, secondary antibodies were added after primary antibody and washing step. The 

slides were washed in PBS for 5 minutes and then incubated with 100 µl 1:10000 DAPI in PBS for 

10 minutes followed by 2X 5 minutes PBS wash. Slides were rinsed with PBS 5 times. The slides 

were covered with coverslips with TRIS buffered 80% glycerol.

2. Results

Supplemental Fig 1: Correlations of CSF contactin-2 levels with MMSE in cohort 1. The regression lines in 
the figures are for visualization purposes. r=Spearman’s correlation coefficient. **p < 0.01

Supplemental Fig. 2: Correlations of CSF contactin-2 levels with Aβ42, total tau (tTau) and phosphorylated 
tau (pTau) in validation cohort (cohort 2). Scatterplots showing correlations of contactin-2 with CSF Aβ42 
(A), tTau (B) and pTau (C). The regression lines in the figures are for visualization purposes. r= Spearman’s 
correlation coefficient. **p< 0.01. Since contactin-2 correlated significantly with age within AD group, age 
correction was performed for correlation analysis in this group. For correlation with Aβ42: Corrected r=0.28, 
p=0.02; tTau: Corrected r=0.27, p=0.03; pTau: Corrected r=0.32, p=0.008.



83

Supplemental Fig. 3: Correlations of CSF contactin-2 with CSF neurogranin and BACE1 in validation cohort. 
Scatterplot showing correlation of contactin-2 with neurogranin (A). Scatterplot showing correlations of 
contactin-2 with BACE1 (B). r= Spearman’s correlation coefficient. **p< 0.01; ***p< 0.0001. Since contactin-2 
and BACE1 both correlated significantly with age within AD group, age correction was performed. For 
correlation with neurogranin within AD group: Corrected r=0.30, p=0.01. For correlation with BACE1within 
AD group: Corrected r=0.59, p<0.0001.

Supplemental Fig. 4: Neurogranin and BACE1 levels in Cohort 1 (A-B) and Cohort 2 (C-D). The values are 
presented as medians with inter-quartile ranges. *p< 0.05; ***p< 0.0001.
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Supplemental Fig. 5: Full Western-blot showing contactin-2 bands. Lane 2 is human recombinant 
contactin-2 (positive control). The contactin-2 band appears higher than 113 kDa because it is glycolsylated.

Supplemental Fig. 6: IF and IHC negative controls. CA subiculum area of hippocampus (A) and temporal 
cortex (B) stained with HRP conjugated secondary antibody and H&E counterstain. CA subiculum area of 
hippocampus stained with red and green fluorophore conjugated secondary antibodies (corresponding to 
anti-contactin-2 and anti-IC16 primary antibodies) (C, D) and DAPI (E).
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Supplemental Fig. 7: Correlations of CSF contactin-2 levels with tTau in cohort 1. The regression lines in 
the figures are for visualization purposes. r=Spearman’s correlation coefficient.

Supplemental Fig. 8: Contactin-1 levels in subset of Cohort 1. Since contactin-1 is related with contactin-2 
(r=0.4, p=0.02), the former protein was measured in a subset of patients from cohort 1 (where CSF was 
available). There was no significant difference between controls (n=15) and AD (n=32). Values are presented 
as median with inter-quartile range. *p< 0.05; ***p< 0.0001.
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ABSTRACT

Introduction
We recently observed that contactin-2, a synaptic/axonal protein, is reduced in the CSF and 

brain tissue of patients with Alzheimer’s disease (AD) compared to non-demented controls and is 

overall associated with Aβ40. Presence of APOE ɛ4 allele is related with loss of synaptic proteins 

and is one of the strongest risk factors for AD. However, it remains unknown whether APOE ε4 

genotype affects levels of the synaptic protein contactin-2. Here, we aimed to investigate if APOE 

ε4 carriership modulates i) the levels of contactin-2 in sporadic patients with AD type dementia 

compared to non-demented controls and ii) the associations of contactin-2 with Aβ peptides in CSF.

Methods
We included 66 patients with AD type dementia (45 APOE ε4 positive, age 62±7 years; 21 APOE ε4 

negative, age 62±9 years) from the Amsterdam dementia Cohort. Associations of CSF contactin-2 

levels with CSF Aβ38, Aβ40 and Aβ42 levels were tested with linear regression models. The 

findings were replicated in a second group of AD patients 56 APOE ε4 positive, age 62±5 years; 

33 APOE ε4 negative, age 61±5 years, in which we also included non-demented controls (16 APOE 

ε4 positive, 20 APOE ε4 negative) to investigate whether the effect of APOE ε4 on biomarker 

associations is different in controls compared to AD.

Results
Contactin-2 levels were similar in AD patients with or without the APOE ε4 allele (p=0.45). In 

APOE ε4 carriers, contactin-2 was positively associated with levels of Aβ38 (standardized beta 

(sβ) = 0.53, p=0.001), Aβ40 (sβ=0.58, p=0.001) and Aβ42 (sβ=0.35, p=0.02) whereas no such 

associations were found in APOE ε4 non-carriers. Levels of contactin-2 and its associations were 

found to be similar in APOE ε4 positive AD patients compared to APOE ε4 negative AD patients in 

Group 2 as well. The associations between contactin-2 and Aβ42 was absent in non-demented 

controls irrespective of APOE ε4 carriership.

Conclusion
APOE ε4 carriership does not affect contactin-2 levels in CSF but may influence the relationship 

of contactin-2 with key proteins involved in AD pathogenesis.

Keywords: Contactin-2, cerebrospinal fluid (CSF), Alzheimer’s disease (AD), APOE, 

amyloid beta (Aβ).
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by two main pathological hallmarks in the brain, namely, 

the presence of amyloid plaques and neurofibrillary tangles [1]. However, the underlying mechanisms 

of AD pathogenesis are still largely unknown. The ɛ4 variant of the APOE gene is known to be the 

strongest genetic risk factor for sporadic AD [2,3]. APOE ε4 is associated with increased amyloid beta 

(Aβ) accumulation in the brain [4–6] and reduced Aβ42 in CSF in AD [7]. Furthermore, the APOE ε4 

allele exacerbates synaptic pathophysiology in AD [8–10], which is closely related to cognitive decline 

[10,11]. Synaptic proteins such as synaptophysin [11,12], PSD-95 [11], syntaxin-1 [11] and SNAP25 [13], 

were found to be decreased in the brain tissue of APOE ε4 positive AD dementia patients indicating 

that APOE ε4 status affects the expression of proteins involved in maintaining synaptic integrity in AD.

Contactin-2 is a synaptic/axonal protein and a ligand of amyloid precursor protein (APP) and beta 

secretase1 (BACE1) [14–17] and might be associated with Aβ production [15,16,18]. Previously, we 

have observed reduced levels of contactin-2, in CSF and brain tissue of AD patients compared to 

non-demented controls [18]. However, it remains unclear whether the lower levels of contactin-2 

in AD are associated with APOE ε4 carriership.

Here, we hypothesized that CSF contactin-2 levels are lower in APOE ε4 positive AD patients 

compared to non-APOE ε4 carrier AD patients. In addition, APOE ε4 carriership might influence 

the relation of contactin-2 with amyloid production and clearance as both contactin-2 and APOE 

ε4 are associated with APP processing [19,20]. We thus analyzed the correlation of contactin-2 

with various Aβ peptides as proxies for APP processing such as Aβ38, Aβ40 and Aβ42 in CSF 

[21,22] in APOE ε4 stratified AD subjects. Furthermore, to understand whether the associations 

between contactin-2 and Aβ peptides are AD specific, these correlations were also analyzed in 

APOE ε4 positive and negative non-demented controls without abnormal CSF biomarker profile.

MATERIALS AND METHODS

Patient selection
We included patients with AD (n=66) from the Amsterdam dementia cohort [23,24] who were 

stratified into APOE ε4 positive (carrying at least one APOE ε4 allele, n=45) and APOE ε4 negative 

(carrying no APOE ε4 allele, n=21) groups. Diagnosis for AD was defined in a multidisciplinary 

committee according to the criteria of the National Institute of Neurological and Communicative 

Disorders and Stroke–Alzheimer’s Disease and Related Disorders Association [25,26]. AD cases 

were further selected on the basis of a positive AD biomarker profile (CSF total tau (tTau)/Aβ42 

ratio > 0.52) [27]. Additionally, we validated our findings in an independent subset selected from 
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Amsterdam Dementia cohort comprising both AD (APOE ε4 positive, n=56; APOE ε4 negative, 

n=33) and non-demented controls with subjective memory complaints (APOE ε4 positive, n=16; 

APOE ε4 negative, n=20). None of the controls had abnormal CSF biomarker profile.

CSF samples and Immuno-assays
For Groups 1 and 2, CSF samples were collected by standard lumbar puncture and biobanked 

according to JPND-BIOMARKAPD guidelines until further analysis of novel biomarkers [28]. CSF 

Aβ38, Aβ40 and Aβ42 were measured in one batch using V-PLEX Plus Aβ Peptide Panel 1 (6E10) Kit 

from MSD (Maryland, USA). CSF contactin-2 levels were measured using a commercially available 

and analytically validated duoset ELISA kit (R&D, Cat Nos. DY1714-05, DY008, Minneapolis, USA) 

[18] in two separate batches for two subsets. CSF Aβ42 (routine), tTau and pTau were measured 

as a part of routine diagnosis at the Neurochemistry laboratory at VU University Medical Centre, 

Amsterdam, The Netherlands using commercially available enzyme-linked immunosorbent 

assay (ELISAs; Fujirebio, Ghent, Belgium) [29]. For the second group, only CSF contactin-2, Aβ42 

(routine), tTau and pTau measurements were available, and no MSD results.

APOE genotype
APOE genotype was determined by PCR of genomic DNA extracted from ethylenediaminetetraacetic 

acid (EDTA)– anticoagulated blood for classifying participants as APOEɛ4 carriers or non-carriers [30].

Statistics
Data were checked for normal distribution with the Shapiro-Wilk test. In group 1 (comprising 

only AD patients) and group 2 (comprising AD patients and controls), all values were normally 

distributed within three individual diagnostic groups (AD group 1, AD group 2, controls group 2), 

except for tTau and pTau values, which were log-transformed to achieve normal distribution. Group 

differences (APOE ɛ4 positive versus APOE ɛ4 negative AD patients) between CSF contactin-2, 

Aβ42, tTau and pTau levels were assessed by age and sex adjusted general linear model. The 

associations between contactin-2 and the different AD biomarkers (Aβ38, Aβ40, Aβ42 in CSF) were 

assessed using linear regression (corrected for age) in APOE ε4 positive and negative AD patients 

separately. Associations between contactin-2 levels and amyloid deposition in the brain measured 

using PiB-PET and associations with CSF tTau and pTau are shown in supplementary information. 

Statistical analyses were performed using R (v. 3.2.3, The R Foundation for Statistical Computing). 

The statistical tests were two-tailed and values with p < 0.05 were considered significant.
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RESULTS

Patient demographics and clinical details of group 1 are outlined in Table 1. APOE ɛ4 positive and 

negative patients did not differ in age, disease duration and Mini-Mental State Examination (MMSE) 

scores. Both groups had more males than females. All AD patients in this group had tTau/Aβ42 

ratio > 0.52. CSF Aβ42 levels tended to be lower in APOE ɛ4 carrier (with at least one APOE ɛ4 allele) 

versus non-carrier AD patients with no APOE ɛ4 allele (p=0.05, Fig. 1B). All other measured Aβ 

and Tau species had similar levels in APOE ɛ4 positive and negative AD patients. Contactin-2 levels 

were similar in APOE ɛ4 positive and negative AD patients in group 1 (p=0.45, Table 1, Fig. 1A).

Table 1: Demographic and clinical details of AD patients stratified by presence of APOE ε4 allele in group 1.

Group1 APOE ε4 positive APOE ε4 negative

n 45 21

Gender (male:female) 25:20 15:6

Age (years) (mean ± SD) 62±7 62±9

MMSE (mean ± SD) 23±4 23±4

Disease duration (years)
(mean ± SD)

4±2 3±1

Aβ38 (pg/ml) (median [IQR]) 3246[2677-3972] 2878 [2525–3728]

Aβ40 (pg/ml) (median [IQR]) 7692[6680-8737] 6893[6158-8107]

Aβ42 (pg/ml) (median [IQR]) 426[363-491] 432[391-472]

Aβ42a (routine) (pg/ml) (median [IQR]) 446[382-505]# 464[446-539]

tTaua (pg/ml) (median [IQR]) 600[463-845] 624[555-723]

pTaua (pg/ml) (median [IQR]) 96[76-125] 91[75-106]

Contactin-2 (ng/ml) (median [IQR]) 69[54-82] 71[55-85]

Group 2

n 56 33

Gender (male:female) 28:28 12:21

Age (years) (mean ± SD) 62±5 61±5

MMSE (mean ± SD) 19±3 19±5

Aβ42a (pg/ml) (median [IQR]) 571[458-637] 549[518-631]

tTaua (pg/ml) (median [IQR]) 704[543-964] 830[550-1195]

pTaua (pg/ml) (median [IQR]) 88[64-105] 98[80-120]

Contactin-2 (ng/ml) (median [IQR]) 60[43-71] 65[41-81]

#p=0.07, a measured as part of routine clinical diagnosis
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Fig. 1: The effect of the APOE ε4 allele on A. CSF contactin-2 B. CSF Aβ42 C. CSF tTau levels and D. CSF pTau 
levels in group 1. Each dot in the scatter box-plot represents a sample. The long horizontal line represents 
mean and the short horizontal lines represent standard deviation (SD) respectively.

Patient demographics and clinical details of AD patients in group 2 are outlined in Table 1. Similar 

results were seen as for group 1, i.e. levels of contactin-2, tTau and pTau were similar irrespective 

of APOE ɛ4 carriership in AD patients (Table 1). However, unlike in the first group, Aβ42 levels were 

similar in APOE ɛ4 positive and negative AD patients. Clinical details of non-demented controls with 

subjective memory complaints in Group 2 are outlined in Table 2. Levels of contactin-2, Aβ42, tTau 

and pTau in CSF were not significantly different in APOE ɛ4 positive and APOE ɛ4 negative controls.

In group 1, higher levels of contactin-2 were moderately associated with higher levels of various 

Aβ peptides measured in CSF, such as Aβ38 (standardized beta (sβ)=0.53, S.E.=20.85, p=0.001, 

Fig. 2A), Aβ40 (sβ=0.58, S.E.=20.61, p=0.001, Fig. 2B) and Aβ42 (sβ=0.35, S.E.=20.59, p=0.02, 

Fig. 2C) in APOE ɛ4 positive AD patients. No associations were present in APOE ɛ4 negative 

AD patients for each of the CSF markers: Aβ38 (sβ=0.24, S.E.= 20.17, p=0.59), Aβ40 (sβ=0.26, 

S.E.=20.06, p=0.54) or Aβ42 (sβ=0.14, S.E.=20.59, p=0.84).
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Table 2: Demographic and clinical details of non-demented controls stratified by presence of APOE ε4 allele in group 2.

Non-demented controls
APOE ε4 positive APOE ε4 negative

n 16 20
Gender (male:female) 8:8 15:5
Age (years) (mean ± SD) 61±2 61(±4)
MMSE (mean ± SD) 28±2 28±2
Aβ42a (pg/ml) (median [IQR]) 910[665-1005] 1099[1000-1265]
tTaua (pg/ml) (median [IQR]) 265[176-324] 280[218-316]
pTaua (pg/ml) (median [IQR]) 43[37-61] 45[39-56]
Contactin-2 (ng/ml) (median [IQR]) 70[54-80] 73[57-99]

a measured as part of routine clinical diagnosis

Fig. 2: Correlations between contactin-2 and Aβ38, Aβ40, Aβ42 in APOE ε4 negative AD patients and APOE 
ε4 positive AD patients in group 1. Each dot in the scatter plot represents a sample.

The same results were obtained in group 2, where contactin-2 was positively associated with Aβ42 

(sβ=0.38, S.E.=22.38, p=0.02) in AD patients carrying the APOE ɛ4 allele, while this association was 

absent in APOE ɛ4 non-carriers (sβ=0.28, S.E.=26.52, p=0.29). Aβ38 and Aβ40 values were available 

for very few subjects in group 2 and thus these analyses were excluded. In non-demented controls 

of group 2 (Supplementary Table 1), there was no association between contactin-2 and Aβ42 in the 

APOE ɛ4 carriers (sβ=0.32, S.E.=36.93, p=0.49) as well as non-carriers (sβ=0.38, S.E.=26.40, p=0.26).

DISCUSSION

The main findings of this exploratory study were the positive correlations of contactin-2 with all 

measured CSF Aβ species in APOE ɛ4 carrier AD patients, which were absent in APOE ɛ4 negative 

AD patients. Contactin-2 levels were similar in APOE ɛ4 stratified AD patients in both the groups. 

As expected, CSF Aβ42 levels [7,31,32] tended to be lower in APOE ɛ4 allele carrying AD patients 
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in group 1 (Fig. 1B). In line with previous studies, we did not observe significant differences in 

CSF levels of Aβ38, Aβ40, tTau and pTau between APOE ɛ4 positive and negative groups [7,33].

We previously reported that contactin-2 levels were strongly positively correlated with CSF Aβ40 in 

AD patients [18], indicating that contactin-2 might be associated with APP processing. This was further 

supported by positive association of CSF contactin-2 with CSF beta-secretase 1 (BACE-1) [18]. Even 

though we found that APOE ɛ4 might not affect contactin-2 levels, quite moderate correlations were 

present between contactin-2 and all measured Aβ peptides only in APOE ɛ4 positive AD patients. 

This suggests that the presence of APOE ɛ4 alters the relationship among various proteins in AD 

in the dementia stage, since we do not see such associations in APOE ɛ4 positive non-demented 

(Supplementary Table 1). However, future studies with larger sample size are needed to further examine 

the relationship of synaptic biomarkers and Aβ peptides in APOE ɛ4 stratified non-demented controls.

Interestingly, the correlation between contactin-2 and Aβ42 was the weakest of all the 

Aβ peptides indicating that contactin-2 is more strongly involved in APP processing and Aβ 

production, for which Aβ38, Aβ40 are markers [34], rather than Aβ fibrillation (Aβ42). Weak 

association of contactin-2 with CSF Aβ42 is further corroborated with the lack of an association 

of contactin-2 with PIB (Supplementary information). These findings are in line with previous 

studies that showed that synapse loss is not related with plaque load in AD [35,36].

To our knowledge, this is the first study investigating whether the associations between 

contactin-2 and other CSF markers (associations between contactin-2 and tTau and pTau are 

shown in Supplementary section) are influenced by APOE ɛ4 carriership. When AD patients 

in group1 and group2 were combined and analyzed together, we found that contactin-2 was 

positively associated with Aβ42 only in APOE ɛ4 carriers (sβ=0.24, S.E.=23.00, p=0.05) and not 

in non-carriers (sβ=0.16, S.E.=24.82, p=0.50). Our study, like some of the previous studies, 

suggests that APOE genotype should be considered while assessing associations between 

various biomarkers. The strength of our study was that patients were selected based on AD 

biomarker status reflecting true AD pathology, which is relevant for studying AD specific 

mechanisms. However, our study has some limitations. Our data was cross sectional nature and 

the associations should further be tested in a longitudinal design. Moreover, the effect of APOE 

ɛ4 carriership on contactin-2 was not investigated in patients with mild cognitive impairment 

(MCI) making it difficult to establish what happens in early stage of dementia.

In summary, contactin-2 was found to be associated with Aβ38, Aβ40, Aβ42 (weakly) only in APOE 

ɛ4 carriers indicating that APOE ɛ4 status affects the relationship between various proteins that 

play important roles in AD pathology. Our study opens new leads for further investigations on 

the effect of APOE ɛ4 on synaptic pathology in AD.
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SUPPLEMENTARY INFORMATION

Results
Association with brain amyloid deposition

Apart from association of CSF contactin-2 with CSF Aβ species, the association of CSF contactin-2 

with brain amyloid deposition was also investigated. Participants in Group 1 underwent PET 

scans according to the routine local Pittsburgh compound-B ([11C]PIB)-PET protocol as described 

[37,38]. These parametric non-displaceable binding potential (BPnd) images were generated 90 

minutes after injection with cerebellar gray matter as reference tissue. PiB-PET images were 

rated by a local expert reader as either amyloid-positive (abnormal) or amyloid-negative (normal) 

blinded for CSF results. A negative correlation between contactin-2 and amyloid deposition 

measured in the brain using PiB PET in temporal cortex in APOE ɛ4 positive AD patients; r= - 0.30, 

p=0.04 (Supplementary Fig. 1) was observed. No other associations were observed between 

CSF contactin-2 and [11C]PIB PET in other brain areas in the two groups stratified by APOE ɛ4 

status. PiB-PET images for patients in group 2 were not available.

Supplementary Fig. 1: Correlation between contactin-2 and PIB binding in temporal cortex of APOE ε4 
positive AD patients. Each dot in the scatter plot represents a sample. r= Spearman’s correlation coefficient.

Supplementary Table 1: PET details of AD patients stratified by presence of APOE ε4 allele in group 1.

APOE ε4 positive APOE ε4 negative

Global PiB PET BPnd (median [IQR]) 0.76[0.66-0.89] 0.79[0.2-0.92]

Concordance Aβ42 and PiB PET positivity 
(concordant: discordant)

59: 2
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Association with tTau and pTau

Associations between contactin-2 and CSF core AD biomarkers- tTau and pTau in APOE ɛ4 

stratified groups were investigated. In group 1, we found that higher levels of contactin-2 were 

associated with higher levels of tau isoforms (tTau : sβ=0.43, S.E.=21.65, p<0.01, Supplementary 

Fig 2A; pTau: sβ=0.47, S.E.=21.53, p<0.01, Supplementary Fig 2B), again only in APOE ɛ4 carrier 

AD patients. These associations were not observed in APOE ɛ4 negative AD patients for both 

tTau (sβ= - 0.15, S.E.=20.74, p=0.54) and pTau (sβ= - 0.04, S.E.=20.68 , p=0.86).

Supplementary Fig. 2: Correlations between contactin-2 and tTau and pTau in APOE ε4 negative AD 
patients and APOE ε4 positive AD patients in group 1. Each dot in the scatter plot represents a sample.

The same results were obtained in AD patients of group 2, where contactin-2 was positively 

associated with tTau and pTau (sβ≥0.29, p<0.05) in AD patients carrying the APOE ɛ4 allele 

(Supplementary Table 2), while these associations were absent in APOE ɛ4 non-carriers.

Supplementary Table 2: Associations (corrected for age) in AD patients stratified by presence of APOE ε4 
allele in group 2.

APOE ε4 negative tTau pTau

Contactin-2 sβ=0.31
S.E.=25.60
p=0.08

sβ=0.35
S.E.=25.26
p=0.05

APOE ε4 positive

Contactin-2 sβ=0.33
S.E.=22.51
p=0.02

sβ=0.42
S.E.=21.72
p=0.002
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In non-demented controls of group 2, tTau (APOE ε4 positive: 265[176-324] pg/ml; APOE ε4 

negative: 280[218-316] pg/ml) and pTau levels (APOE ε4 positive: 43[37-61] pg/ml; APOE ε4 

negative: 45[39-56] pg/ml) were similar in APOE ɛ4 carriers and non-carriers. There was no 

association between contactin-2 and tTau and pTau in the APOE ɛ4 carriers, while contactin-2 was 

associated with pTau (sβ=0.45, p=0.05) in APOE ɛ4 non-carrier subjects (Supplementary Table 3).

Supplementary Table 3: Associations (corrected for age) in non-demented controls stratified by presence 
of APOE ε4 allele in group 2.

APOE ε4 negative tTau pTau

Contactin-2 sβ=0.36
S.E.=26.07
p=0.13

sβ=0.48
S.E.=25.40
p=0.05

APOE ε4 positive

Contactin-2 sβ=0.29
S.E.=34.24
p=0.27

sβ=0.53
S.E.=29.87
p=0.03
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ABSTRACT

Background
Synaptic degeneration is an early phenomenon in PD pathogenesis. We hypothesized that CSF 

levels of the synaptic proteins contactin-1 and contactin-2 are decreased in PD compared to 

non-neurological control subjects. We aimed to investigate contactin levels in CSF of PD patients, 

another synucleinopathy- dementia with Lewy bodies (DLB) and controls and evaluate their 

relationship with α-synuclein aggregation.

Methods
Contactin-1 and -2 were measured in CSF from PD (n=58), DLB (n=72) and age-matched controls 

(n=90). Contactin concentration differences between diagnostic groups were assessed by 

general linear models adjusted for age and sex. Correlations between contactins and other 

CSF biomarkers, total tau (tTau), phosphorylated tau (pTau) and total alpha-synuclein (t-α-syn) 

were analyzed. Contactin immunoreactivity was characterized in postmortem substantia nigra, 

hippocampus and entorhinal cortex tissue of PD patients (n=4) and controls (n=4), and its relation 

to α-syn aggregation was evaluated using confocal laser scanning microscopy.

Results
Contactin-1 levels were lower in PD patients (42[36-49] pg/ml, median [CI]) compared to controls 

(52[45-58] pg/ml, p=0.003), and DLB (56[46-67] pg/ml, p=0.001) patients. Contactin-2 levels 

were also lower in PD (72[59-94] pg/ml) compared to controls (84[66-106] pg/ml), p=0.04). No 

changes in contactin-2 levels were observed between PD and DLB. Within the PD patient group, 

contactin-1 correlated with t-α-syn, tTau and pTau (r=0.30-0.50, p<0.05), while contactin-2 only 

correlated with t-α-syn (r=0.34, p=0.03). Contactin-1 and -2 were observed within nigral and 

cortical Lewy bodies and clustered within bulgy Lewy neurites in PD brains.

Conclusion
Decrease in CSF contactin-1 and -2 levels may reflect synaptic degeneration underlying Lewy 

body pathology in PD.

Keywords: Contactin, Lewy bodies, cerebrospinal fluid (CSF) biomarker, Parkinson’s disease (PD), 

dementia with Lewy bodies (DLB)
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INTRODUCTION

Parkinson’s disease (PD) is the most common neurodegenerative disorder after Alzheimer’s 

disease and its prevalence increases with age [1–3]. The pathological hallmarks of PD consist of 

loss of nigro-striatal dopaminergic neurons and intraneuronal Lewy bodies (LBs) and intraneuritic 

Lewy neurites (LNs), fibrillary aggregates in predilected brain regions [4]. The presynaptic protein 

alpha-synuclein (α-syn) is the main component of LBs and LNs and implicated in the pathogenesis 

of PD [5]. Synaptic protein alteration may result from synaptic α-syn accumulation leading to 

synaptic and subsequent axonal damage [6]. Synapse loss [7,8] and axonal damage [9] are 

prominent early pathological changes that could contribute to the various motor and non-motor 

symptoms [10,11] in early-stage PD.

The clinical diagnosis of PD is primarily based on the presence of Parkinsonism. In addition, 

PD patients experience a wide range of non-motor symptoms, including sleep, autonomic, 

psychiatric and cognitive dysfunction. There is a large variability in disease-onset and progression 

among PD patients [11]. Early diagnosis of PD is needed to provide an early window for 

therapeutic intervention aiming at slowing down or halting disease development. Therefore, 

there is a strong need for cerebrospinal fluid (CSF) biomarkers to support an earlier diagnosis 

and detect underlying pathogenic mechanisms in PD. Promising biomarker candidates for early 

diagnosis of PD that have emerged are: alpha-synuclein species (total α-syn, oligomeric α-syn 

and phosphorylated α-syn), β-amyloid 1–42, axonal damage markers (tau, neurofilament light 

(NfL)), and lysosomal enzymes [12–15]. However, the overlap in CSF levels of these biomarkers 

between PD and controls indicates that additional biomarkers are needed, which should be 

combined to fully capture the different underlying pathologies of PD [16,17].

Since synaptopathy and axonal degeneration are early events in PD [18–26], biofluid biomarkers 

that mirror synaptic and axonal degeneration may hold potential as early diagnostic markers 

for PD. Contactin-1 and contactin-2 are cell adhesion molecules involved in synaptic plasticity 

and axonal organization [27–29]. They are expressed on synaptic membranes and (juxta-) 

paranodal regions of axons [30,31]. Previous CSF proteomics based studies showed lower levels 

of contactin-1 in PD compared to controls and DLB [32]. To our knowledge, CSF contactin-2 

levels have not been investigated in PD patients before, although a proteomics based study 

found a tendency of lower levels of contactin-2 in post-mortem prefrontal cortex of PD patients 

compared to controls [33]. Based on these previous findings, we hypothesized that contactin-1 

and -2 might be reduced in CSF of PD patients compared to controls reflecting synaptic and 

axonal loss. Since DLB is a synucleinopathy closely related to PD [34], we additionally investigated 

contactin levels in CSF of DLB patients. The aims of this study were to investigate whether i) 

CSF levels of contactin-1 and contactin-2 are reduced in CSF of PD patients ii) contactins can 
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discriminate PD patients from controls and DLB patients and iii) assess their relationship with 

clinical outcome measures of disease severity, and with CSF markers of neurodegeneration, 

alpha-synuclein, tTau and pTau, which are also associated with synucleinopathies [35,36]. In 

addition, we explored whether contactin-1 and -2 are associated with Lewy pathology in post-

mortem brain tissue of patients diagnosed with PD.

METHODS

Subjects
We included PD patients (n=58) based on clinical diagnosis, and age-matched volunteers 

without neurological symptoms (n=50) from the outpatient clinic for movement disorders of 

the Amsterdam UMC, location VUmc [37]. Patients with DLB (n=72) and non-demented controls 

with subjective cognitive decline (SCD) (n=40) were selected from the Amsterdam Dementia 

Cohort [38]. In total, the control group consisted of 90 subjects. Controls with SCD and healthy 

volunteers (n=50) were analyzed as one control group as CSF levels of core AD biomarkers- Aβ42, 

tTau, pTau and MMSE scores did not differ (data not shown).

The demographic details of all the subjects are outlined in Table 1. All subjects provided written 

informed consent for use of biomaterial and clinical data for research and the study was approved 

by the local medical ethical review board. The study was conducted according to the revised 

Declaration of Helsinki and Good Clinical Practice guidelines. The details of clinical diagnosis are 

provided in the Supplemental Information.

CSF collection and Assays
CSF was collected by lumbar puncture and stored in polypropylene tubes according to previous 

published JPND-BIOMARKAPD guidelines until analysis [39]. Commercially available analytically 

validated ELISAs [40] were used for measuring contactin-1 (ELH-CNTN1-1, RayBiotech, Norcross, 

USA) and contactin-2 (Cat Nos. DY1714-05, DY008, R&D Systems, Inc., Minneapolis, USA). CSF 

samples were diluted 1:20 in reagent diluent provided in the kit and the assay was performed 

according to the manufacturer’s protocol. CSF total tau (tTau) and phosphorylated tau (pTau) 

were measured as part of routine diagnosis at the Neurochemistry laboratory at Amsterdam 

University Medical Centers, The Netherlands using commercially available enzyme-linked 

immunosorbent assay (ELISAs; Innotest, Fujirebio, Ghent, Belgium) [41]. Total alpha-synuclein 

(t-α-syn) was measured in triplicate by time-resolved fluorescence energy transfer (TR-FRET) 

immunoassay and the mean of the triplicate was used, as previously published [37].



105

Immunohistochemistry (IHC), Immunofluorescence (IF) and Microscopy
The details of post-mortem brain tissue, IHC protocol and microscopy are provided in the 

Supplemental Information. Anti-contactin-1 (1:100, cat no. ab66265, Abcam, Cambridge, UK) 

and anti-Contactin-2 (1:100, HPA001397, Atlas Antibodies, Stockholm, Sweden) were used as 

primary antibodies for IHC. Labelling of primary antibody was detected using DAKO anti-rabbit/

mouse EnVision+ System-HRP (DAKO, 45007, Glostrup, Denmark). Nuclei were visualized by Mayer’s 

hematoxylin counterstain (Merck, MHS1, Zwijndrecht, Netherlands). Finally, the slides were mounted 

with coverslips (Thermo Fisher Scientific Gerhard Menzel B.V. & Co. KG, Braunschweig, Germany) 

using Entellan mounting medium (cat no. 107960, EMD Millipore, Massachusetts, United States).

The following primary antibodies were used for evaluation of colocalization using IF between 

contactin-1/2 and pathological α-synuclein: rabbit polyclonal anti-contactin-1 (1:40; cat no. 

ab66265, Abcam, Cambridge, UK), rabbit polyclonal anti-Contactin-2 (1:40; HPA001397, Atlas 

Antibodies, Stockholm, Sweden) in combination with mouse monoclonal anti-p-Ser129-aSyn 

(11A5 1:30,000, courtesy of Prothena Biosciences [42]). Donkey anti-rabbit IgG Alexa-594 (1:200, 

cat no. A-21207, Thermo Fisher Scientific, Landsmeer, Netherlands) and donkey anti-mouse IgG 

Alexa-488 (1:200; A21202, Mol. Probes, Thermo Fisher Scientific) were used as the secondary 

antibody. Slides were mounted with coverslips using Mowiol as a mounting medium.

Statistics
Kolmogorov–Smirnov test was used to check normal distribution of the data. Data were 

normalized using log-transformation if not normally distributed. Differences in CSF contactin-1 

and 2 levels between several diagnostic groups (or two diagnostic groups) were tested by 

general linear model (GLM) adjusted for age and sex with Bonferroni correction for multiple 

comparisons. Correlation analyses were done using the Spearman correlation test. Receiver 

operating characteristic (ROC) were performed to evaluate the diagnostic performance of 

contactins for discrimination of PD from controls and DLB. The statistical tests were two-tailed 

and values with p < 0.05 were considered significant. Statistical analyses were performed using 

SPSS version 22 (IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp). Graphs 

were plotted using GraphPad Prism version 6.07.

RESULTS

Mean age of patients with PD was lower than the age of the DLB patients (p=0.02). There were 

more males than females in every diagnostic group (See Table 1 for demographic and clinical 

details). Contactin-1 and -2 levels were higher or tended to be higher in males than females in 

all different diagnostic groups (p<0.001 to p=0.08).
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Median values and group differences of the CSF biomarkers- contactin-1, contactin-2, tTau, pTau and 

t-α-syn are shown in Table 1. Contactin-1 levels were lower in PD patients compared to controls (19% 

lower, p=0.003) and DLB patients (7% lower, p=0.001) (Fig. 1A). Next, we evaluated the performance 

of contactin-1 in discriminating PD from controls and DLB. Contactin-1 moderately distinguished 

PD from controls (AUC (area under the curve) [CI (confidence interval)]=0.72[0.63-0.81], p<0.0001) 

and PD from DLB (AUC[CI]=0.76[0.67-0.85], p<0.0001) (Supplementary Fig. 1).

Table 1: Demographic details of subjects

PD  DLB Controls

n 58 72 90

Sex (female %) 38 10 41

Age (years
(mean ± SD)

63 ± 10e 68 ± 6c 64 ± 7

MMSE
(mean ± SD)

29 ± 2 23 ± 4a,d 29 ± 1

Disease duration
(median[IQR])

4[2-10] 2.5 [2.0-4.0] --

H&Y
(mean ± SD)

2 ± 0.5 -- --

UPDRS-III
(mean ± SD)

23 ± 9 -- --

tTau (pg/ml) 
(median[IQR])

190 [157–274] 306 [224–369]a,d 229 [174–272]

pTau (pg/ml) 
(median[IQR])

40 [28–51] 47 [35–61] 44 [34–50]

Contactin-1(ng/ml)
(median[IQR])

42[36–49]b 56[46–67]e 52[45–58]

Contactin-2 (ng/ml)
(median[IQR])

72[59–94]c 87[66–106] 84[66–106]

t-α-syn (pg/ml)
(median[IQR])

1.47[1.25-1.77]c 1.40[1.10-1.70]b 1.71[1.40-1.93]

MMSE, Mini Mental State Examination; H&Y, Hoehn and Yahr; UPDRS-III, Unified Parkinson’s 

Disease Rating Scale. ap<0.001 DLB/PD versus controls, bp<0.01 DLB/PD versus controls, cp<0.05 

DLB/PD versus controls; dp< 0.001: PD versus DLB, ep< 0.01: PD versus DLB, fp<0.05: PD versus DLB.

Contactin-2 levels were 14% lower in PD patients compared to controls (p=0.04) (Fig. 1B), which 

lost its significance after correction for multiple comparisons. Contactin-2 levels tended to be 

lower in PD compared with DLB (p=0.17). In line with the weak reduction of contactin-2 in PD, 

AUCs were 0.61[0.50-0.72] (PD versus controls), 0.62[0.51-0.73] (PD versus DLB).
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Fig. 1: Levels of CSF contactin-1 A. and contactin-2 B. in PD, DLB and controls. The long horizontal line 
represents median and the short horizontal lines represent median and inter-quartile range (IQR) 
respectively. *p<0.05, **p<0.01.

Correlations of contactin-1 and -2 with commonly used CSF markers (t-α-syn, tTau and pTau) and 

clinical measures of disease severity such as MMSE score, disease duration, H&Y scale (only in 

PD group) and UPDRS-III (only in PD group) were calculated within each diagnostic group. Within 

the PD group, contactin-1 positively correlated with t-α-syn (r=0.43, p=0.002), tTau (r=0.53, 

p<0.0001) and pTau (r=0.35, p=0.02). Contactin-2 correlated positively only with t-α-syn (r=0.34, 

p=0.03), and no correlations were found with tTau and pTau (Fig. 2). Similar to the PD group, 

positive correlations were seen in the control group with t-α-syn, tTau and pTau (r=0.40-0.67, 

p<0.001) and in the DLB group (r=0.42-0.58, p<0.001) group (Table 2). No correlations between 

contactin-1 and -2 levels and clinical measures of PD severity i.e. H&Y scale (r=0.002, p=0.98) and 

UPDRS-III (r=0.16, p=0.39) and disease duration (r= -0.01, p=0.93) were observed. No correlations 

were observed with MMSE scores (r= -0.009 to 0.11, p=0.96 to 0.32) in any of the groups.
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Fig. 2: Correlation of CSF contactin-1 A-C. and contactin-2 D-F. with CSF t-α-syn, tTau and pTau in PD patients. 
Each dot in the scatter plot represents a sample. r= Spearman’s correlation coefficient.

Table 2: Correlations between contactins and other CSF biomarkers in DLB and Control groups

DLB Controls

Contactin-1 Contactin-2 Contactin-1 Contactin-2

t-α-syn r=0.55
p=0.001

r=0.26
p=0.13

r=0.66
p<0.001

r=0.41
p=0.02

tTau r=0.55
p<0.001

r=0.46
p<0.001

r=0.62
p<0.001

r=0.44
p<0.001

pTau r=0.58
p<0.001

r=0.43
p<0.001

r=0.67
p<0.001

r=0.50
p<0.001

r = Spearman’s correlation coefficient.

Considering the CSF contactin changes observed in PD patients, we next characterized contactin-1 

and contactin-2 expression in post-mortem PD and control brain sections and evaluated their 

expression in relation to p-Ser129-aSyn, which is one of the main components of LBs and bulgy 

LNs [43] (Fig. 3). Punctate synaptic-like staining was observed for contactin-1 and -2 in the SN, 

CA2 and entorhinal cortex (Fig. 3, Supplementary Fig. 3 and 4). Interestingly, both contactin-1 

and contactin-2 were found within p-ser129-aSyn immunoreactive LBs (Fig. 3 A-C and G-I; shown 

with white arrow heads), bulgy LNs (Fig. 3 D-F and J-L; shown with white arrow heads), but not 

in thin threads (data not shown), in PD SN. The distributions of contactin-1 and contactin-2 were 

observed throughout LBs.
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Fig. 3: Representative photomicrographs of sections immunostained for contactin-1, contactin-2 and p-Ser129-
aSyn in the substantia nigra (SN) of post-mortem human PD brain sections. A-C. Contactin-1 shows punctate 
staining which co-localizes with p-Ser129-aSyn within Lewy bodies (LBs). D-F. Contactin-1 in bulgy Lewy neurites 
(LNs). B. A Lewy body and diffuse cytoplasmic (shown by blue arrow head) stain of p-Ser129-aSyn is visible. G-I. 
Contactin-2 similarly shows punctate staining which co-localizes with alpha-syn within LBs. J-L. Contactin-1 in 
bulgy LNs. White arrow heads indicate the presence of Contactin-1/-2 within LBs/LNs. Scale bar: 5 uM.
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However, we observed that the pattern of distribution of contactins in bulgy LNs was quite 

variable. Sometimes, both contactins clustered in the center of bulgy LNs and sometimes the 

distribution was more dispersed (Supplementary Fig. 3 and 4). No apparent differences in 

staining patterns of contactin-1 and contactin-2 between PD and controls were visible. Further 

synaptic-like immunoreactivity of contactin-1observed via light microscopy in both controls 

and PD brain tissue samples are shown in Supplementary Fig. 5. We observed similar staining 

pattern for contactin-2 in controls and PD in the SN, CA2 and entorhinal cortex (data not shown).

DISCUSSION

In this cross-sectional study, analyzing CSF levels of contactin-1 and -2 in a large cohort of patients 

with PD and DLB, we found that the levels of synaptic proteins contactin-1 and contactin-2 

levels in CSF were lower in PD patients compared to controls and DLB patients. Contactin-1 and 

contactin-2 levels did not correlate with disease duration, MMSE, H&Y and UPDRS-III scores 

of PD patients. However, they significantly correlated with CSF t-α-syn, tTau and pTau in PD 

patients. Interestingly, both contactin-1 and contactin-2 were present within LBs and bulgy LNs 

and colocalized with α-syn pathology.

Our result of lowered contactin-1 levels in PD compared to controls is supported by results of 

a previous proteomics-based study, where contactin-1 levels tended to be reduced in CSF of 

PD patients versus controls [32]. To our knowledge, alterations in CSF contactin-2 levels in PD 

patients have not been investigated before. However, we have previously reported lower CSF 

contactin-2 levels in AD patients compared to SCD pateints [44]. Decreased contactin-1 and 

-2 levels could be due to lower axonal volume due to synaptic and axonal loss, well-known 

pathological mechanisms involved in PD pathogenesis [45–47]. Alternatively, the reduced levels 

in CSF could be due to trapping of synaptic proteins within LBs [48,49] in the brain leading to 

diminished release of contactins in the CSF. This finding needs replication in a larger cohort. 

Nevertheless, the areas under the ROC curves at least for contactin-1 indicate that it could be a 

valuable biomarker for discriminating PD from controls or DLB.

Our findings of a tendency of higher levels of both contactin-1 and contactin-2 in DLB compared 

to PD and controls were in contrast to the expected reductions such as seen in PD. This tendency 

of higher contactin-1 and -2 was similar to the pattern of CSF tTau and pTau levels that also 

tended to be higher in DLB compared to the other diagnostic groups, and correlated with 

contactin-1 and -2 levels (Table 2), which may indicate that contactins could be markers for 

ongoing neurodegeneration in DLB.
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The pattern of lower contactin-1 and -2 levels in PD compared to DLB was similar as for CSF t-α-

syn, where lower levels were also seen in PD compared to the other diagnostic groups [17],[50–

52]. Our correlation analyses similarly showed positive correlations of both contactin-1 and 

contactin-2 with t-α-syn in PD patients. Therefore, from these results, it can be speculated that 

contactins and t-α-syn might both be markers of synaptic protein accumulation in LBs possibly as 

a consequence of synaptic loss. Interestingly, contactin-1 was positively correlated with tTau and 

pTau within the PD group, whereas contactin-2 was not. These correlations appeared moreover 

to be the strongest within controls (Fig. 2 and Table 2). These results indicate that contactins 

may be physiologically associated with these proteins.

Next, we studied the localization of contactin-1 and contactin-2 in SN, hippocampus and 

entorhinal cortex of PD patients and controls, to understand if there could be a pathobiological 

correlate for the CSF findings. To our knowledge, this is the first study showing contactin-1 

and -2 expression patterns in PD brain. We observed a punctate synaptic-like staining in these 

brain areas in PD patients as well as non-demented controls similar to what was previously 

observed in the hippocampus and temporal cortex of AD patients and non-demented controls 

[44]. Interestingly, we additionally found contactin expression within LBs and bulgy LNs. This 

finding is in accordance with recent studies that observed localization of another synaptic 

protein, synapsin, within LBs and LNs [48,49] indicating that these structures contain various 

types of vesicular entities comprising synaptic proteins, which we now extend to contactin-1 and 

contactin-2 proteins. Moreover, another study has similarly shown co-localization of contactin-1 

and synapsin in hippocampal cell cultures confirming the comparable localization pattern of 

contactins to that of synapsin [53].

The major strength of our study was that analytically validated commercially available ELISAs 

were used for measuring contactin levels in CSF leading to easy replication in larger cohorts 

compared to previous proteomics based contactin studies. Moreover, we used a larger sample 

size compared to previous studies. A limitation of our study was that even though we included 

220 subjects that were well-characterized in terms of clinical data, we did not yet validate the 

findings in another independent cohort. Another limitation was the lack of longitudinal data 

which did not allow us to examine the value of contactins as predictive biomarkers. It remains to 

be investigated in future studies how these biomarkers differentiate PD from clinically relevant 

diagnostic groups such as MSA, essential tremor etc.

In summary, our results indicate that synaptic degeneration might be reflected by CSF contactin-1 

and contactin-2 in PD patients. These results suggest possible use of especially contactin-1 to 

complement panels for monitoring synaptic dysfunction or protection in therapeutic paradigms. 

Our findings further support that synaptic proteins are affected and may start accumulating 
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within neurons in PD. Considering that contactin levels in CSF did not vary in a similar fashion in 

PD and DLB, studies unravelling a mechanistic relation between contactins, α-syn, and tau are 

required to understand the cell signaling pathway underlying PD and DLB pathogenesis.
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SUPPLEMENTAL INFORMATION

Clinical Diagnosis
PD patients were diagnosed according to the United Kingdom Parkinson’s Disease Society Brain 

Bank (UK-PDSBB) clinical diagnostic criteria; data were collected in 2010 by movement disorders 

specialists [1]. The high mini mental state examination (MMSE) (>28) scores of PD patients did not 

indicate dementia. Disease duration was defined as the time period between the first subjective 

complaints of motor symptoms and the time of lumbar puncture. UPDRS-III [2] and the modified 

H&Y [3] classification were used for rating severity of Parkinsonism and disease stage in the ‘on’ 

state. Patients with DLB were diagnosed based on the 2005 consensus criteria and additionally 

fulfilled new consensus criteria [4,5]. Subjects were labeled as SCD when cognitive complaints 

could not be confirmed by cognitive testing and criteria for mild cognitive impairment, dementia 

or any other neurological or psychiatric disorder known to cause cognitive complaints were not 

fulfilled. SCD patients were included in this study when they remained cognitively stable for 

at least 2 years and dementia could be excluded using extensive neuropsychological testing. 

Healthy volunteers underwent a standardized clinical assessment that included medical history 

and neurological examination. Dementia was excluded in healthy controls using the Cambridge 

Cognitive Examination (CAMCOG) scale [6].

Post-mortem brain tissue
Formalin-fixed paraffin-embedded post-mortem substantia nigra (SN) and hippocampal tissue 

of clinically diagnosed and pathologically confirmed PD patients (n=4) and age-matched non-

demented controls (n=4) were obtained from the Netherlands Brain Bank (NBB; www.brainbank.

nl). Written informed consent for brain autopsy and use of medical records for research purposes 

were obtained from all donors or their next of kin. For pathological assessment, staining of selected 

regions was performed using hematoxylin and eosin, Gallyas silver stain, and immunohistochemistry 

against α-synuclein (clone KM51, 1:500, Monosan, The Netherlands), amyloid-β (clone 6f/3d, 1:100, 

DAKO, United States) and hyperphosphorylated tau (clone AT8, 1:100, Innogenetics, Belgium). 

For pathological staging of α-synuclein, amyloid-β, neurofibrillary and neuritic plaque pathology, 

diagnostic criteria were used according to the BrainNet Europe and National Institute on Aging-

Alzheimer’s Association guidelines [7-9]. Patient details such as- clinical and pathological diagnosis, 

age, sex and post-mortem delay are outlined in Supplementary Table 1.
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Immunohistochemistry (IHC), Immunofluorescence (IF) and Microscopy
Formalin-fixed and paraffin-embedded brain tissue was cut into 10 μm-thick sections and processed 

for immunohistochemistry. All sections were baked at 56°C on a heated plate for 60 minutes. 

Deparaffinization was carried out in 100% xylene substitute and decreasing concentrations of ethanol. 

Antigen retrieval was performed by steaming (98oC) for 30 minutes in 10 mM citrate buffer at pH=6.0. 

Blocking was done using 2% normal donkey serum in TBS before adding the primary antibodies for 

overnight incubation at 4°C. The sections were washed with TBS in between incubation steps. Anti-

contactin-1 (1:100, cat no. ab66265, Abcam, Cambridge, UK) and anti-Contactin-2 (1:100, HPA001397, 

Atlas Antibodies, Stockholm, Sweden) were used as primary antibodies for IHC. Labelling of primary 

antibody was detected using DAKO anti-rabbit/mouse EnVision+ System-HRP (DAKO, 45007, Glostrup, 

Denmark). Nuclei were visualized by Mayer’s hematoxylin counterstain (Merck, MHS1, Zwijndrecht, 

Netherlands). Finally, the slides were dehydrated with increasing series of ethanol solution and 

mounted with coverslips (Thermo Fisher Scientific Gerhard Menzel B.V. & Co. KG, Braunschweig, 

Germany) using Entellan mounting medium (cat no. 107960, EMD Millipore, Massachusetts, United 

States). Transmitted light microscopy images were taken using a Leica DM500 microscope with a 20x 

and 40x oil lens (HC PL-APO, numerical aperture 1.40) and Leica Application Suite version 44 software.

The following primary antibodies were used for evaluation of colocalization using IF between 

contactin-1/2 and pathological α-synuclein: rabbit polyclonal anti-contactin-1 (1:40; cat no. ab66265, 

Abcam, Cambridge, UK), rabbit polyclonal anti-Contactin-2 (1:40; HPA001397, Atlas Antibodies, 

Stockholm, Sweden) in combination with mouse monoclonal anti-p-Ser129-aSyn (11A5 1:30,000, 

courtesy of Prothena Biosciences [10]). Donkey anti-rabbit IgG Alexa-594 (1:200, cat no. A-21207, 

Thermo Fisher Scientific, Landsmeer, Netherlands) and donkey anti-mouse IgG Alexa-488 (1:200; 

A21202, Mol. Probes, Thermo Fisher Scientific) were used as the secondary antibody. Slides were 

mounted with coverslips using Mowiol as a mounting medium. LBs and LNs were first identified in 

neurons in the SN, CA2 and entorhinal cortex of PD cases using p-α-syn signal in the immunostained 

sections. Next, contactin-1 or -2 signal was evaluated. Negative controls lacking primary antibodies 

were performed to control for background/autofluorescence levels and aspecific staining.

Immunofluorescent images were acquired using a Leica TCS SP8 STED 3X microscope (Leica 

Microsystems) with HC PL APO CS2 100× 1.4 NA oil objective lens, with 1024x1024 pixel format 

of the images. All signals were detected using gated hybrid detectors in counting mode. Sections 

were sequentially scanned for each fluorophore, by irradiation with a pulsed white light laser 

at different wavelengths (488 or 594). Stacks in the Z-direction were made for each image. 

To obtain CSLM images of the DAPI signal, sections were irradiated with a solid-state laser at 

a wavelength of 405 nm. Final figures were composed using Adobe Photoshop (CS6, Adobe 

Systems Incorporated). Negative controls (without contactin-1 or contactin-2 primary antibody) 

are shown in Supplementary Fig. 2.
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Supplementary Fig. 1: Area under receiver operating characteristic curves (ROC) for contactin-1 for 
discriminating PD from controls (A.) and PD from DLB (B.).

Supplementary Fig. 2: Representative photomicrographs of negative controls (SN). A., D. were 
immunolabelled with only donkey anti-rabbit alexa-594 secondary antibody (contactin primary antibodies 
were omitted). B., E. were immunolabelled for p-Ser129-aSyn with subsequent addition of the corresponding 
secondary antibody C., F. shows the merged images of red and green channels. Contactin-1 and contactin-2 
specific signals cannot be seen A., D. in the absence of contactin primary antibodies indicating the absence 
of non-specific signals from the secondary antibody only. Scale bar: 5 uM.
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Supplementary Fig. 3: Representative photomicrographs of sections immunostained for contactin-1, and 
p-Ser129-aSyn in the substantia nigra (SN) (A-C.), hippocampus CA2 region (D-F.) and entorhinal cortex 
(ENT) (G-I.) of post-mortem human PD brain sections. The distribution of contactin-1 was seen throughout 
the bulgy Lewy neurites, whereas in others the distribution pattern was more clustered.
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Supplementary Fig. 4: Representative photomicrographs of sections immunostained for contactin-2, and 
p-Ser129-aSyn in the substantia nigra (SN) (A-C.), hippocampus CA2 region (D-F.) and entorhinal cortex 
(ENT) (G-I.) of post-mortem human PD brain sections. The pattern of contactin-2 expression is different in 
different types of Lewy neurites.

5
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Supplementary Fig. 5: Representative photomicrographs of sections immunostained for contactin-1 in the 
substantia nigra (SN) (A., B.), hippocampus CA2 region (C., D.) and entorhinal cortex (ENT) (E., F.) of post-
mortem human control (left panel) and PD (right panel) brain sections. Synaptic-like punctate contactin-1 
expression can be seen in the extracellular matrix, cell body, nucleus and axonal processes (shown with 
black arrow heads). Possible neuromelanin-positive cells in the SN are shown with blue arrow heads.
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ABSTRACT

Background
Contactin-1 and -2 are important for maintenance of axonal integrity.

Objective
To investigate the cerebrospinal fluid (CSF) levels of contactin-1 and -2 in MS patients and 

controls; and their potential use as prognostic markers for neurodegeneration.

Methods
CSF contactin-1 and -2 were measured in RRMS (n=41), SPMS (n=26) and PPMS (n=13) patients 

and controls (n=18); and in a second cohort with clinically isolated syndrome patients (CIS, 

n=88, median clinical follow-up period of 2.3 years) and controls (n=20). Correlations/linear 

regressions were analyzed with other baseline CSF axonal damage markers and cross-sectional/ 

longitudinal MRI features.

Results
Contactin-1 and -2 levels were up to 1.4-fold reduced in RRMS (contactin-1: p=0.01, contactin-2: 

p=0.02) and SPMS (contactin-1: p=0.05, contactin-2: p=0.02) compared to controls. In CIS 

patients, contactin-1 tended to increase when compared to controls (p=0.07). Both contactin-1 

and -2 correlated with NFL, NFH and MRI metrics differently depending on the disease stage. 

In CIS patients, baseline contactin-2 level (β= - 0.42, p=0.04) predicted the longitudinal decline 

in cortex volume.

Conclusion
CSF contactin-1 and -2 reveal axonal dysfunction in various stages of MS and their inclusion to 

the biomarker panel may provide better insight into the extent of axonal damage/dysfunction.

Keywords: contactin, multiple sclerosis, CSF biomarker, axonal damage, neurofilament (NF)
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INTRODUCTION

There is increasing evidence that neurodegeneration through axonal damage or dysfunction 

occurs in early course of the MS independent of demyelination and is responsible for irreversible 

neurologic disability [1,2]. In the past few decades, there has been a growing interest in 

developing CSF biomarkers that reflect axonal loss or damage in early stages of MS [3–6]. 

Biomarkers such as neurofilaments (NFs), tau, 14–3-3 and N-acetyl aspartic acid (NAA) might be 

helpful to detect and monitor the extent of axonal destruction [6–8]. However, in view of axonal 

damage present in early disease stage that is likely preceded by axonal dysfunction, markers 

that reflect axonal dysfunction are needed. Ultimately, a specific signature from a combination 

of these CSF axonal damage and dysfunction proteins will pave the way for improved prognostic 

accuracy in MS and better monitoring of response to therapies.

Contactin-1 and contactin-2 are brain-specific soluble cell adhesion proteins of the contactin 

family, expressed on the axonal membranes of neurons [9,10] and suggested to reflect axonal 

dysfunction. These two proteins have similar structure and interact both with a well-known 

protein involved in axonal damage, i.e., amyloid precursor protein (APP) [11,12], but they differ 

in their axonal localization. Contactin-1 is expressed on paranodal axonal domains, whereas 

contactin-2 is localized on the juxtaparanode [13,14]. These proteins may therefore play 

different roles in the pathology of MS. Contactin-1 has been reported to be involved in myelin 

formation in the CNS via axo-glia interaction, the loss of which is one of the main causes for 

neuronal dysfunction in MS [15]. Indeed, in chronic MS lesions, contactin-1 was highly expressed 

in demyelinated axons, probably to induce remyelination [16]. Contactin-2 was found to be 

involved in axonal growth and guidance [17]. It was recently identified as one of the elevated 

CSF proteins in a proteomics study in pediatric MS patients compared to those with monophasic 

CNS demyelinating syndrome (ADS) [18] and in CIS patients versus controls [19].

Based on their role in axonal domain organization [13,14], we hypothesized that CSF levels of 

contactin-1 and contactin-2 are altered differently in various MS subtypes and may serve as 

surrogate markers for early axonal domain dysfunction. Contactin-1 and -2 were measured at 

baseline in the CSF of patients with different subtypes of MS, as well as in patients with early 

MS (CIS) that progressed to the diagnosis of clinically definite MS (CDMS) upon follow-up. We 

investigated the relationship of contactin-1 and contactin-2 with axonal damage markers such 

as NFL, NFH and brain atrophy markers at baseline in all MS subtypes as well as with longitudinal 

change in cortex volume in CIS patients.

6a
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MATERIALS AND METHODS

Subjects
We included patients from two cohorts: MS outpatient clinic of the VU University Medical Centre, 

Amsterdam, the Netherlands (Cohort1) and Department of Neurology/Medical University of 

Graz, Graz, Austria (Cohort 2).

Cohort1 consisted of MS Patients (n=80) and controls (n=18, where 14 subjects had non-

inflammatory neurological disease (NIND) such as paraparesis (non-progressive), vision problems 

(strabismus), headache, non-inflammatory polyneuropathy and young stroke protocol; and 4 

subjects had inflammatory neurological disease (IND) such as PML, herpes infection and cerebral 

vascular pathology) who volunteered to participate in the study after an advertisement. MS 

patients in cohort1 were diagnosed according to McDonald criteria [20] at the time of CSF 

collection (between 2002 and 2005) [21], and further classified according to Lublin and Reingold 

diagnostic criteria [22] as having RRMS (n=41), SPMS (n=26), or PPMS (n=13). CSF was collected 

during remission, except for two patients who experienced a relapse in the month preceding CSF 

collection. The minimum time period was six weeks after a relapse to consider that a patient was 

in remission at the time of CSF collection. The average time from disease onset to CSF collection 

was 9.5 ± 9 years. No patients were treated with methylprednisolone.

Cohort2 consisted of patients with clinically isolated syndrome (n=88) and controls (n=20). CSF 

samples were collected between 2003 and 2010 [8]. Patients were selected when they fulfilled 

the criteria (Supplementary Methods section 1). CIS patients (n=79), were classified as either 

clinically definite MS (CDMS, n=35) and patients who did not convert to MS (n=44) after a clinical 

follow-up period of 2.3 (1.4-3.4) years [median (IQR)]. The follow-up details of 9 patients were 

not available for cohort2. Therefore, these were excluded from the follow-up analyses. Control 

group subjects in both the cohorts were identified using the consensus criteria for control groups 

from the BioMS consortium [23]. The demographic and clinical details of all patients are outlined 

in Table 1. This study was performed in agreement with the ethical principles of the Declaration 

of Helsinki. The ethical review boards of the VUmc and Medical University of Graz approved the 

cohorts and all subjects provided written informed consent.
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Table 1: Demographic and clinical details of patients a

MS cohort

Controls RRMS SPMS PPMS

n 18 (IND=4, NIND=14) 41 26 13

Females (f), males (m) f=8, m=10 f=23, m=18 f=12, m=14 f=5, m=8

Age at LP (years) ǂ 47 ± 18 41 ± 10 49 ± 8 50 ± 5

EDSS # NA 3 (2.5-4) 6 (4-7) 4 (3.5-6)

Disease duration (years) ǂ NA 8 ± 6 19 ± 9 12 ± 8

Interferon-beta used
(n %)

0 36.4 36.4 0

NFL (pg/ml) # 531(290-1015) 684 (495-1189)* 710 (478-886) 656 (495-932)

NFH (pg/ml) # 553(331-1564) 537(387-667) 689 (528-824) 645 (442-826)

Contactin-1 (ng/ml) # 38 (26-44) 29 (24-33)* 31 (25-38) 33 (28-36)

Contactin-2 (ng/ml) #, $ 45 (33-91) 42 (28-56)* 34 (27-56)* 54 (38-75)(*)

Gado+ (n) 7 3 2

CIS cohort

Controls CIS°

n 20 (All NIND) 88

Females (f), males (m) f=12, m=8 f=63, m=25

Age at LP (years) ǂ 40 ± 18 34 ± 10

EDSS # NA 2 [1-3]

Disease duration (years) ǂ NA 1 ± 3

NFL (pg/ml) # 562(393-889) 1228(695-2780)**

NFH (pg/ml) # 519 (414-895) 735(456-1421)*

Contactin-1 (pg/ml) # 41(33-55) 45(34-57)

Contactin-2 (pg/ml) #

Gado+ (n)
51(41-64) 57(39-74)

13

a MS, multiple sclerosis; CIS, clinically isolated syndrome; N, number of patients; LP, lumbar puncture; 
EDSS, Expanded disability Status Scale; NA, not applicable; NIND, non-inflammatory neurological disease; 
IND, inflammatory neurological disease; ǂmean ± SD; #median(IQR); $contactin-2 could not be measured 
in 4 RRMS, 1 SPMS and 1 PPMS samples due to insufficient volume of CSF available for the assay; *p<0.05 
versus controls; **p<0.01 versus controls; (*) p<0.05 versus RRMS and SPMS; °44 CIS patients remained 
stable and 35 CIS patients converted to RRMS after a median follow-up period of 2.3 years. Information 
of 9 patients from CIS cohort were missing therefore excluded from the follow-up analysis.

CSF samples and ELISA analysis
CSF was collected by standard lumbar puncture and stored according to guidelines until analysis 

[4]. Commercially available ELISAs were used for measuring contactin-1 (RayBiotech, USA) and 

contactin-2 (Contactin-2 duoset ELISA kit (R&D, Minneapolis, USA) in CSF (Details of ELISAs used 

in this study in Supplementary Methods section 2). All analyses were performed blinded for 

the patient details.
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Magnetic resonance imaging (MRI)
In Amsterdam (Cohort1), MRI examination was performed within 3 weeks of CSF collection. 

T2 lesion load was quantified using home-developed semi-automated seed-growing software 

based on a local thresholding technique (Supplementary Methods section 3). To assess brain 

atrophy, normalized brain volumes (NBV) were measured using Structural Image Evaluation, 

using Normalization of Atrophy Cross-sectionally (SIENAX) [24,25].

In Graz (Cohort2), all patients underwent MRI of the brain at baseline on a 3T Tim Trio system 

(Siemens Medical Systems, Erlangen, Germany) using a 12-element phased-array head coil and 

further processing were carried out according to our previous study [8]. The follow-up MRI protocol 

was identical to the baseline protocol. For assessing T2 lesion load (T2LL), MS lesions were manually 

segmented using a region growing algorithm that was based on local thresholding. Normalized cortical 

volume at baseline and follow-up were assessed with FAST from the FMRIB Software Library (FMRIB, 

Oxford). Changes in brain volume over time were measured with SIENA [25,26] from the same library.

Statistics
Statistical analyses were performed using SPSS version 22 (IBM SPSS Statistics for Windows, 

Version 21.0. Armonk, NY: IBM Corp). Graphs were plotted using GraphPad Prism version 6.07.

Contactin-1 and contactin-2 were found to be normally distributed. NFL and NFH were log-

transformed for normal distribution. Differences in CSF contactin-1, contactin-2, NFL and NFH 

levels between two diagnostic groups (MS patients combined (RRMS/SPMS/PPMS) versus 

controls) were analyzed by general linear models adjusted for age and/or sex (when association 

with age and/or sex was found). Multiple group comparisons (among four groups: RRMS, SPMS, 

PPMS and controls) were similarly performed using ANCOVA adjusted for age and/or sex (when 

applicable). Corrections for multiple comparisons were not applied. Correlation analyses were 

performed using Spearman’s test or Pearson partial correlation test (where age correction was 

applied). A multiple stepwise linear regression was performed to predict the change in cortex 

volume during follow-up based on CSF axonal damage markers (contactin-1, contactin-2, NFL and 

NFH). The statistical tests were two-tailed and values with p < 0.05 were considered significant.

RESULTS

Correlations with demographic data in clinically definite MS and group 
differences
CSF contactin-1 (p=0.01, adjusted for age, Fig. 1A) and contactin-2 (p=0.02, Fig. 1B) were 

decreased in MS patients compared to controls. Contactin-1 (F(3,93)=2.29; p=0.08, adjusted 
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for age) tended to differ and contactin-2 (F(3,90)=3.43; p=0.02) levels differed among control, 

RRMS, SPMS and PPMS groups. Contactin-2 was not correlated with age (r=0.03,p=0.8), thus no 

age correction was applied. Post-hoc analysis revealed that contactin-1 levels were decreased 

in RRMS (p=0.02, Fig. 1A) and SPMS (p=0.03, Fig. 1A) versus controls. Contactin-2 levels were 

likewise reduced in both RRMS (p=0.02, Fig. 1B) and SPMS (p=0.01, Fig. 1B) compared to controls. 

Moreover, contactin-2 levels were higher in PPMS than RRMS (p=0.06, Fig. 1B) and SPMS (p=0.04, 

Fig. 1B) patients and overall lower in relapse-onset MS (RRMS and SPMS combined) than PPMS 

(p=0.03). Both contactin-1 and contactin-2 did not correlate with Expanded Disability Status 

Scale (EDSS) within any diagnostic group (data not shown).

 Fig. 1: Levels of CSF contactin-1 A. and contactin-2 B. in controls and MS. Each dot in the scatter box-plot 
represents a sample. The long horizontal line represents median and the short horizontal lines represent 
inter-quartile range (IQR) respectively.

Correlations with levels of CSF biomarkers for axonal damage in MS patients
In RRMS patients, contactin-1 correlated with NFH (r=0.40, p=0.01, Fig. 2B). In SPMS patients, 

contactin-1 correlated with both NFL (r=0.48, p=0.01, Fig. 2E) and NFH (r=0.46, p=0.02, Fig. 2F). 

In PPMS patients, contactin-1 did not correlate with NFL (r=0.51, p=0.07) but correlated with NFH 

(r=0.62, p=0.03) (Supplementary Fig. 1). The correlations remained significant after correcting 

for age except in the PPMS group. CSF contactin-2 levels did not correlate with NFL or NFH 

levels within the RRMS, SPMS and PPMS groups. In control subjects, no correlations between 

contactin-1 or contactin -2 and NFL or NFH were observed.

6a
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Fig. 2: Correlation of CSF contactin-1 and -2 with CSF neurofilament light (NFL) and neurofilament 
heavy (NFH) in RRMS and SPMS patients. Each dot in the scatter plot represents a sample. r= Spearman’s 
correlation coefficient.

Correlations with brain tissue damage in MS patients
In SPMS patients, contactin-1 positively correlated with NBV (r = 0.38, p=0.05, Fig. 3A) and 

negatively correlated with T2 lesion load (r = - 0. 39, p=0.04, Fig. 3B). Within the RRMS and 

PPMS groups, no correlations between contactin -1 and -2 and normalized brain volume or T2 

lesion load were found.

Fig. 3: Correlation of CSF contactin-1 with imaging biomarkers – norm. brain volume and T2 lesion load 
in SPMS patients. Each dot in the scatter plot represents a sample.
r= Spearman’s correlation coefficient.
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Group differences and correlations with demographic data in clinically 
isolated syndrome (CIS)
In contrast to the lower levels in MS patients, CSF contactin-1 levels tended to increase in CIS 

patients (p=0.07, data adjusted for age and sex, Fig. 4a) compared to controls. CSF contactin-2 

levels were comparable in CIS patients (p=0.15, adjusted for sex, Fig. 4b) and controls. Further, 

baseline CSF contactin-1 and contactin-2 levels were similar in CIS patients who remained stable 

versus CIS patients who converted to clinically definite MS (CDMS, median follow-up (years)=2.3 

(1.4-3.4) (Supplementary Fig. 5)). However, contactin-1 was higher (p=0.03) in stable CIS patients 

than controls.

Fig. 4: Levels of CSF contactin-1 A. and contactin-2 B. in controls and patients with clinically isolated 
syndrome (CIS). Each dot in the scatter box-plot represents a sample. The long horizontal line represents 
median and the short horizontal lines represent inter-quartile range (IQR).

Correlations with levels of CSF NFL and NFH in CIS
Contactin-1 did not correlate with NFH (r=0.19, p=0.07, Fig. 5A), while contactin-2 correlated 

weakly with NFH (r=0.23, p=0.04, Fig. 5B). No correlations with NFL were observed in CIS 

patients. In controls, after age correction, only contactin-1 was found to correlate positively 

with NFL (r=0.60, p=0.02).

Association with brain tissue damage in CIS patients
There were no correlations of CSF contactin-1 and -2 with baseline normalized cortex volume 

and T2 lesion load (data not shown). Interestingly, only contactin-2 ((F(1,22))=4.63, p=0.043, 

standardized beta=-0.417, R2=0.174, Table 2) could predict the longitudinal change in cortex 

volume. The correlation between contactin-2 and change in cortex volume is shown in 

Supplementary Fig. 6. None of the other variables (contactin-1, NFL, NFH) were found to be 

significant predictors of brain atrophy over time in CIS patients.
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Fig. 5: Correlation of CSF contactin-1 and contactin-2 with CSF neurofilament heavy (NFH) in CIS patients. 
Each dot in the scatter plot represents a sample. r= Spearman’s correlation coefficient.

Table 2: Output of Linear Regression

Model

Unstandardized Coefficients Standardized Coefficients

t Sig.B Std. Error Beta

1 (Constant) 18481.323 10060.350 1.837 0.080

cntn2_ngml -321.419 149.319 -0.417 -2.153 0.043

Dependent variable: Change in cortex volume
Predictor variables considered: Contactin-1, contactin-2, NFL and NFH (measured at baseline in CSF)

DISCUSSION

In this study, we measured the levels of contactin-1 and contactin-2 in CSF, first in clinically 

definite MS patients (CDMS) and next, in patients with CIS to evaluate the potential of these 

proteins as markers for axonal domain dysfunction. Our results suggest that the reduction of 

CSF levels of both contactin-1 and -2 in RRMS and SPMS reflect the underlying axonal pathology 

in these disease subtypes. In contrast to definite MS patients, contactin-1 tended to increase 

in patients with CIS compared to controls. In addition, contactin-2 was the most significant 

predictor of longitudinal brain atrophy in CIS patients.

Despite the small sample size of our MS cohort, we observed decrements in contactin-1 and 

contactin-2 levels in RRMS and SPMS compared to controls, which were not found in case 

of NFL and NFH (Table 1). Our finding that contactin-1 is reduced in RRMS is in accordance 

with proteomics studies that found contactin-1 amongst the proteins that were reduced in 

CSF of RRMS patients compared to controls [27,28]. However, our finding of decreased levels 

in SPMS compared to controls was in contrast to findings of a proteomics study that found 
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increased contactin-1 levels in SPMS compared to controls [27,28]. This discrepancy could be 

due to different measurement platforms (proteomics used in previous studies versus ELISA 

used in our study) and possibly different epitopes of the antibodies. Moreover, contactin-1 

associates with sodium channels and in particular, Nav1.2, enhancing the surface expression 

of the latter [29]. Diffuse high axonal expression of Nav1.2 has been found in MS plaques [30]. 

Therefore, by modulating the surface expression of Nav1.2, contactin-1 may contribute to a 

putative compensatory mechanism to restore axonal function in early MS which might lead to 

decreased release of contactin-1 in the CSF and thus lower levels in MS. Alternatively, studies 

[31,32] have shown axonal degeneration and significant reduction of axonal density in SPMS. 

Similar reduced levels of axonal protein have been observed earlier in SPMS, such as N-acetyl-

aspartate, which supports decreases in axonal biomarkers with disease progression [33]. Based 

on these previous studies, we hypothesized that significantly lower levels of contactins in SPMS 

compared to controls could reflect slow axonal degeneration in the progressive phase. Thus, 

contactin-1 could maybe even be a marker of evolution to a secondary phase. In contrast to 

RRMS and SPMS, even though not highly significant, slightly higher levels of both contactin-1 and 

contactin-2 in PPMS might suggest a different mechanism. In a progressive stage such as PPMS, 

active process of axonal loss could lead to significantly higher levels of axonal proteins such as 

tau and MOG in CSF [34]. A similar process might lead to slightly higher levels of contactin-1 and 

-2 in CSF of a subset of PPMS patients.

Our finding that contactin-1 tended to increase in CIS is in agreement with a previous proteomics 

study where contactin-1 levels were found to be higher in CIS than controls [35]. However, 

baseline contactin-1 and contactin-2 levels were similar in CIS patients who remained stable and 

converted to RRMS at last visit. Slightly higher contactin-1 levels in CIS could be due to acute 

release during axonal myelin domain dysfunction, or a restorative mechanism.

We next studied the relationship of contactins with neurofilaments (biomarkers for axonal damage), 

which has not been studied so far. We found that contactin-1 correlated positively with NFH in CIS, 

RRMS and SPMS patients. The pattern of alterations of contactin-1 and NFH are similar between 

various MS subtypes which possibly explains the observed positive correlations of contactin-1 

with NFH (Supplementary Fig. 3). Although the sample size of the PPMS group was small, we 

found a correlation between contactin-1 and NFH within this group (Supplementary Fig. 1). In 

contrast, contactin-1 correlated with NFL only in progressive MS patients i.e. SPMS and PPMS 

(r=0.45, p=0.004). These results indicate that contactin-1 is related to NFH and NFL differently 

depending on the disease stage and therefore likely reflect different extent of axonal damage.

Contactin-1 and contactin-2 did not correlate with brain atrophy markers in CIS and RRMS 

patients in cross sectional analyses. However, contactin-1 correlated positively with normalized 
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brain volume in SPMS patients, implying that decreased brain volume or atrophy is reflected by 

reduced CSF levels of contactin-1. In addition, contactin-1 correlated negatively with T2 lesion 

load in SPMS patients, suggesting that reduced contactin-1 levels in may be associated with 

increased lesion load in the progressive disease stage. In CIS patients, contactin-2 was negatively 

associated with change in cortex volume during follow-up and was the best predictor of brain 

atrophy among contactin-1, NFL and NFH. These results indicate possible use of contactin-2 as a 

biomarker for monitoring disease progression as the baseline levels could predict the subsequent 

cortical volume changes. Larger studies with longer follow-up must confirm whether the relation 

of contactin-2 with atrophy is indeed only present in CIS patients and disappears in definite MS. 

Overall, the correlations of contactins with MRI, which is considered as one of the most powerful 

techniques for differential diagnosis of MS, further support the idea that contactin levels might 

also reflect neuronal damage or brain atrophy in MS.

Major strengths of our study were that we used analytically validated commercially available 

ELISAs for measuring contactin levels, which is an advantage over previous studies involving 

contactins analyzed by proteomics methods. The commercial availability facilitates replication of 

the findings. In addition, we used a larger sample size compared to previous studies. We included 

two independent cohorts from two geographic locations, which extended the assessment of 

suitability of contactin-1 and contactin-2 as markers for axonal domain dysfunction in different 

stages of MS. Nevertheless, our study has some limitations. Firstly, the control group of cohort1 

was small and heterogeneous. However, the mix of inflammatory and non-inflammatory disease 

represents a real clinical setting. Since not a lot of studies have investigated contactins in MS, our 

study aimed to explore the levels of contactins in all subtypes of MS as well as in inflammatory 

and non-inflammatory cases that come to the MS center. Since there is not much information yet 

on contactin-1 and -2 levels in other neurological diseases, so we cannot exclude that they are 

altered in those diseases. This novel MS biomarker study was exploratory in nature and future 

large cohort studies are warranted to evaluate the value of contactins as diagnostic/prognostic 

biomarkers. Secondly, we were limited to cross-sectional data in the definite MS cohort, which 

restricted our statistical analysis method to correlations. Thirdly, due to lack of follow-up CSF, the 

differences in levels of contactins in CIS patients who converted to clinically definite MS (CDMS) 

and those patients who remained stable could not be analyzed after the follow-up time point. 

Since the CIS and the RRMS patients were from different cohorts from two distinct locations, 

we could not compare contactin-1 and -2 levels or imaging-derived metrics between these two 

groups directly. Although we found that both contactin-1 and -2 baseline levels were similar in 

CIS patients converting to CDMS versus CIS patients who remained stable (cohort2), the sample 

size was small for a statistically robust comparison. Moreover, IQR for follow-up time in this 

cohort starts at 1.4 years, which may be insufficient follow-up time for some patients to convert 

to MS. Future studies should include larger sample sizes for comparisons of CIS converting into 
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CDMS versus stable CIS patients and should explore the possibility of contactin-1 or contactin-2 

to predict conversion to clinically definite MS.

In conclusion, our study provides novel insights about CSF contactin-1 and contactin-2 as 

surrogate markers for axonal domain dysfunction in different MS subtypes and indicates 

that these proteins probably reflect novel aspects of neuro-axonal degenerative mechanism. 

Therefore, addition of contactin-1 and contactin-2 to the panel of biomarkers for monitoring 

axonal damage might be useful.
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SUPPLEMENTAL INFORMATION

Methods
1. Diagnostic criteria for CIS patients
(1) a diagnosis of CIS suggestive of MS according to available criteria [1]; (2) availability of CSF and 

serum; (3) presence of oligoclonal bands in CSF and not in serum; (4) no MS-specific treatment 

prior to sampling, except for corticosteroids; (5) MRI examination and (6) clinical follow-up.

2. ELISA
We analytically validated these kits for CSF samples using consensus validation guidelines[2] 

(Supplementary Table 1 and 2). For measurement of contactin-1 and -2 [3], CSF samples were 

diluted 1:20 in reagent diluent provided in the kit and the assays were performed according to 

the manufacturer’s protocol. CSF NFL was measured with the kit from Uman-Diagnostics AB 

(Umeå; Sweden) according to the manufacturer’s protocol. CSF NFH was measured with an in-

house developed Luminex assay [4]. The inter- and intra-assay % CVs for NFL assay were 17% and 

1.5% respectively. The inter- and intra-assay % CVs for NFH assay were 18% and 6% respectively.

Contactin-1 ELISA
All reagents were provided in the ELISA kit and they were diluted according to the manufacturer’s 

protocol. Briefly, a 96-well ELISA pre-coated plate was incubated with samples at room 

temperature (RT) for 2.5 hours. A seven-point standard curve (15ng/ml, 6ng/ml, 2.4 ng/ml, 0.96 

ng/ml, 0.384 ng/ml, 0.154 ng/ml and 0.061 ng/ml) was generated according to manufacturer’s 

protocol followed by washing steps, incubation with biotinylated detection antibody for 1 hour 

at RT, streptavidin for 45 minutes at RT and finally addition of substrate.

Supplementary Table 1: Contactin-1ELISA validation results

CSF

LLOQ 0.12 ng/ml

Intra-assay % CV 3.5

Inter-assay % CV 11.0

Overall % linearity 107 (acceptable range 80-120%)

Overall in range% 102 (acceptable range 80-120%)

% Spike recovery 100 (acceptable range 80-120%)
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Contactin-2 ELISA
CSF samples were diluted 1:20 with reagent diluent and incubated at RT for 2 hours on gentle 

shaking. Following steps were carried out according to the manufacturer’s protocol. The protocol 

and validation details are outlined in Chapter 3.

3. Magnetic Resonance Imaging (MRI)
In Amsterdam (Cohort1), magnetic resonance imaging (MRI) acquisition was performed at 1.0 

Tesla (Siemens Magnetom Impact, Erlangen, Germany) and consisted of axial pre- and post-

contrast T1-weighted (repetition time [TR] ¼ 700 ms, echo time [TE] ¼ 15 ms, 5.0 mm slice 

thickness, 0.5 mm inter-slice gap) images and T2-weighted ([TR] ¼ 2700 ms, [TE] ¼ 90 ms, 5.0 

mm slice thickness with 0.5 mm inter-slice gap) images.

Results
Correlation of contactin-2 with NBV in MS patients
Contactin-2 correlated positively with normalized brain volume in the whole MS group (r=0.26, 

p=0.04, Supplementary Fig. 2).

NFL and NFH levels in different diagnostic groups
NFL levels were similar across RRMS, SPMS, PPMS and control groups (F(3,97)=1.14; p=0.34), 

except NFL tended to increase in RRMS versus controls (p=0.06). NFH levels (F(3,97)=0.96; p=0.41, 

adjusted for age) levels were similar among all diagnostic groups (Table 1). In addition, NFH 

correlated with EDSS within the relapse-onset group (r=0.35, p=0.004).

No correlations of NFL and NFL with brain tissue damage in MS patients
No correlations between NFL and NFH and markers of brain atrophy were observed within disease 

subtypes except the positive correlation of NFH with T2 lesion load in RRMS patients (r=0.35, p=0.03).

Supplementary Fig 1: Correlation of CSF contactin-1 and -2 with CSF neurofilament light (NFL) 
and neurofilament heavy (NFH) in PPMS patients. Each dot in the scatter plot represents a sample. 
r= Spearman’s correlation coefficient.
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Supplementary Fig. 2: Correlation of CSF contactin-2 with norm. brain volume in all MS patients of 
cohort1. Each dot in the scatter plot represents a sample. r= Spearman’s correlation coefficient.

Supplementary Fig. 3: CSF contactin-1 A. and NFH B. levels in RRMS versus progressive MS (SPMS+PPMS). 
The long horizontal line represents median and the short horizontal lines represent inter-quartile range 
(IQR). C. Correlation of CSF contactin-1 neurofilament heavy (NFH) in progressive MS patients. Correlation 
coefficient and p-value are adjusted for age.
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Supplementary Fig. 4: CSF contactin-1 and contactin-2 levels at baseline in males and females in Cohort 
2 (CIS cohort). The long horizontal line represents median and the short horizontal lines represent inter-
quartile range (IQR).

Supplementary Fig. 5: CSF contactin-1 and contactin-2 levels at baseline in controls, stable CIS patients 
and CIS patients who converted to RRMS (after follow-up) in Cohort 2. The long horizontal line represents 
median and the short horizontal lines represent inter-quartile range (IQR).

Supplementary Fig. 6: Correlation between contactin-2 and longitudinal change in cortex volume.
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ABSTRACT

Background
Contactin-1 is involved in maintenance of integrity of axonal domains. We recently showed 

a reduction in contactin-1 in cerebrospinal fluid of Multiple Sclerosis patients compared to 

controls. The potential to monitor axonal damage would be higher if changes of this neurospecific 

protein could be detected in blood.

Objective
To optimize and validate a contactin-1 serum assay and investigate the levels of contactin-1 in 

serum of MS patients and controls.

Methods
A commercially available SinglePlex Luminex assay was optimized and validated for measurement 

of contactin-1 in serum. In a clinical validation pilot, contactin-1 was measured in MS patients 

(RRMS, SPMS and PPMS combined, n=20) and controls (n=46). Mann-Whitney U test was used 

to compare the two groups. Correlation analysis was performed using Spearman’s test.

Results
The intra- and inter-assay %CVs were 3.9 and 26.1 respectively. Similar to the results obtained 

in CSF analysis, serum contactin-1 concentrations were reduced (~1.2 fold) in MS compared to 

controls (p=0.05). Serum contactin-1 levels did not correlate with EDSS scores and disease duration.

Conclusion
SinglePlex Luminex assay is appropriate to measure contactin-1. Contactin-1 was decreased in 

serum of MS patients similar to CSF contactin-1 and thus may be used as a surrogate marker 

for CSF contactin-1 levels.

Keywords: contactin, multiple sclerosis, serum biomarker, axonal damage
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INTRODUCTION

Contactin-1 is a cell adhesion molecule expressed on the synaptic and axonal membranes 

of neurons in the central nervous system [1,2]. Changes in contactin-1 may reflect axonal 

dysfunction [3]. Axonal dysfunction or damage is an early event in Multiple sclerosis (MS) [4–6] 

and several axonal damage biomarkers in cerebrospinal fluid (CSF) and serum have been studied 

for their diagnostic and prognostic utility as well as for monitoring response to disease modifying 

therapies in MS [7,8]. However, lumbar puncture for collecting CSF is an invasive procedure 

[9]. Serum biomarkers provide an alternative to CSF as serum is easily accessible, which allows 

repeated collection for continuous monitoring.

In our previous study, we found that CSF contactin-1 levels were overall lower in MS patients 

compared to controls with other neurological diseases of inflammatory and non-inflammatory 

etiology [23]. Specifically, contactin-1 levels were found to be lower in RRMS and SPMS compared 

with controls. Other studies likewise reported alterations in CSF contactin-1 levels in RRMS and 

SPMS versus controls [10,11]. However, these studies were based on CSF samples and used 

detection methods such as sandwich ELISA or proteomics-based approaches. The average 

concentration of contactin-1 in CSF in our previous study cohort was 31.6 ± 8.5 ng/ml (minimum 

concentration= 13.6 ng/ml and maximum concentration= 55.6 ng/ml), which was 1.6-fold higher 

than average levels detected in serum [23]. Moreover, the lower limit of detection (LLOD) of 

CSF ELISA assay was 0.12 ng/ml, close to the concentration of contactin-1 in some of the serum 

samples. Thus, a more sensitive assay is needed for serum because contactin-1 is primarily 

expressed in brain and its levels are lower in blood compared to CSF.

Here, we aimed to investigate whether contactin-1 can be measured in serum instead of CSF 

using a bead-based Luminex assay. We hypothesized that serum contactin-1 concentrations 

might be reduced in MS compared with controls corresponding to its CSF concentrations and 

contactin-1 may be used as a surrogate marker for axonal dysfunction in serum. To this end, first, 

we optimized and validated a SinglePlex bead-based Luminex assay for detecting contactin-1 

in serum and measured contactin-1 levels in a pilot cohort of patients with MS and controls.

MATERIALS AND METHODS

Subjects
Patients were included from MS outpatient clinic of the VU University Medical Centre, 

Amsterdam, the Netherlands. The cohort consisted of 46 control subjects (42 healthy controls [12] 

and 4 subjects with other neurological disorder with non-inflammatory etiology who volunteered 
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to participate in the study following an advertisement) and 20 patients with MS. MS patients 

were diagnosed according to McDonald criteria [13] at the time of CSF and serum collection 

(between 2002 and 2005) [14], and further classified according to Lublin and Reingold diagnostic 

criteria [15] as having RRMS (n=6), SPMS (n=12), or PPMS (n=2). Neurological impairment and 

disability were determined by a trained doctor with the Expanded Disability StatusScale (EDSS) 

[16]. Written consent to use medical data and biomaterials for research purposes was obtained 

from patients in accordance with the ethical consent by the VU University Amsterdam and with 

the Helsinki Declaration of 1975.

Serum samples and materials
Serum samples were collected using venipuncture and processed pseudo-anonymously. Venous 

blood was clotted for serum and centrifuged at 1800g for 10 minutes at 4°C, aliquoted, and stored 

at −80°C in Sarstedt polypropylene tubes following standardized procedures [17]. Two pools of 

surplus serum, with low (LQC, 10 ng/ml) and high (HQC, 16 ng/ml) contactin-1 concentrations 

served as internal quality references.

SinglePlex Luminex assay procedure and assay validation
Serum contactin-1 was measured using a Singleplex Luminex assay with polystyrene beads (cat 

no. LXSAH, R&D systems, Minneapolis, USA) according to manufacturer’s protocol. First, the 

kit was validated with left-over serum samples from routine diagnostics and next, it was used 

to measure serum samples from MS patients and controls. Patient samples as well as internal 

quality references were diluted 1:8 in reagent diluent provided with the kit. 50 uL of microparticle 

cocktail was mixed with 50 uL of pre-diluted sample and incubated at room temperature (RT) for 

2 hours on a horizontal orbital microplate shaker at 550 rpm. After subsequent washes with wash 

buffer, 50 uL of biotinylated antibody was added and the plate was further incubated for 1 hour 

at 550 rpm. Then, 50uL of diluted streptavidin-PE was added and incubated for 30 minutes at 

550 rpm for subsequent detection with Luminex 200® dual laser flow-based sorting and detection 

platform. A seven-point standard curve was generated by serial 3-fold dilution of the standard 

protein with concentrations of 0.075 to 54.6 ng/ml. Unspiked sample dilution buffer was used 

as blank. 5-Parameter Logistic regression analysis was used for fitting of the standard curves.

Assay validation was performed according to published protocols [18,19]. In brief, the assay 

was validated by calculating the lower limit of quantification (LLOQ; over 16 wells), mean intra- 

and inter-assay percentages of coefficient of variance (%CV; calculated over four independent 

assays), dilutional linearity (three samples; spiked with 110 ng/ml calibrator), parallelism (three 

samples) and recovery (four samples; high (54.6 ng/ml), medium (27.3 ng/ml) and low (13.7 ng/

ml) spike of 5% of the total volume).



151

Statistics
%CVs, dilutional linearity, parallelism and recovery were calculated according to published 

methods [18,19]. Distribution of clinical data was checked with Shapiro-Wilk’s test. As the 

distribution of the data was non-parametric, differences in serum contactin-1 levels between 

control and MS groups were tested with non-parametric Mann-Whitney U test. Since serum 

contactin-1 levels did not correlate with age or sex, no corrections for age or sex were applied. 

Correlation analysis was performed using Spearman’s test. The statistical tests were two-tailed 

and values with p<0.05 were considered significant. Statistical analyses were performed on SPSS 

version 22 (IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp). Graphs were 

plotted using GraphPad Prism version 6.07.

RESULTS

First, we tested the optimal sample dilution (1:2, 1:4, 1:8 or 1:16) for serum and found that 

1:8 was the optimal working dilution for all the samples that were measured. The LLOQ (mean 

signal+10*SD of blank) of the assay was found to be 19.7 pg/ml. Mean intra-assay %CV was 3.9 

and inter-assay %CV was 26.1. Mean dilutional linearity and in-range% (parallelism) were 91% 

and 106%. Finally, mean recovery was 73.3% (see Table 1).

Table 1: Contactin-1 SinglePlex Luminex assay validation results

LLOQ 0.02 ng/ml

Intra-assay %CV 3.9 (acceptable < 20%)

Inter-assay %CV 26.1 (acceptable < 20%)

Overall % linearity 91
(acceptable range 80-120%)

Overall in range% 106
(acceptable range 80-120%)

% Spike recovery 73.3
(acceptable range 80-120%)

The diagnostic groups were matched for age and sex. Demographic and clinical details are 

outlined in Table 2. Contactin-1 levels were ~1.2 fold lower in MS patients compared controls 

(p=0.05) (Fig 1). Contactin-1 concentrations in serum of MS patients did not correlate with 

disease duration and EDSS (Expanded Disability Status Scale) scores.
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Table 2: Demographic and clinical details

Controls MS

n 46 20 (RRMS=6, SPMS=12, PPMS=2)

Sex (% female) 43% 50%

Age (mean ± SD) (in years) 46.8 ± 11.9 47.5 ± 9.5

Serum contactin-1 (ng/ml) (median [IQR]) 19.9 [16.7-26.6] 16.7 [10.9-23.5]

Fig. 1: Scatterplot showing serum contactin-1 levels in healthy controls (n=46) and patients with MS (n=20). 
The values are presented as medians with inter-quartile ranges.

DISCUSSION

The main findings of this study were i) the performance parameters of the SinglePlex polystyrene 

bead-based Luminex assay showed sufficiently reliable detection of contactin-1 in serum and ii) 

serum contactin-1 concentrations were lower in MS compared with controls.

LLOQ of Luminex assay was 0.02 ng/ml compared to 0.12 ng/ml of the CSF ELISA assay [23], 

making the Luminex assay more sensitive for contactin-1 detection. Intra-assay %CV was well 

within the 20% variability limit but, inter-assay % CV was 26.1% which was slightly above the 

specified percentage of 20. This variability was contributed largely by few samples at the extreme 

ends of the standard curve. However, most of our patient samples were in the linear part of 

the standard curve and the standard curves over independent assays were identical to a large 

extent. Spike recovery% was just outside the 80-120% limit. This could be due to complex matrix 

of serum which is known to cause greater inhibition compared with plasma [20]. Recovery may 

be further improved by testing various dilution reagents that may reduce the inhibition. Overall, 

the results showed fair analytical performance with only inter-assay %CV and spike recovery% 

slightly out of the acceptable range.
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Next, we measured contactin-1 concentrations in serum of MS patients and controls. The 

reduction of serum contactin-1 levels in patients with MS compared with controls was in 

accordance with our previous study on contactin-1 in CSF, where we found lower levels in RRMS 

and SPMS versus controls [23]. Contactin-1 is associated with sodium channels such as Nav1.2 

[21], the axonal expression of the latter being increased in MS plaques [22]. The reduction 

in contactin-1 levels could thus be due to a local compensatory mechanism to regulate the 

surface expression of Nav1.2. Decreased contactin-1 levels might reflect this process in CSF and 

subsequently in blood of MS patients. Furthermore, serum contactin-1 levels did not correlate 

with disease duration or EDSS scores similar to CSF contactin-1. In summary, our results indicate 

that serum contactin-1 mirror CSF contactin-1 levels.

Our study had some limitations. The cohort tested in this study was small, and as a result, we 

could not stratify MS patients into various subtypes. Due to unavailability of corresponding 

serum and CSF samples, we could not directly compare the CSF and serum assays. Further 

validation of the serum assay is needed in a bigger cohort of paired CSF and serum samples.
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Chapter 7

Neurodegenerative diseases are becoming more prevalent and present one of the main 

challenges, especially for the aging population. Early and accurate diagnosis is needed for 

developing effective therapies that are still largely lacking. Biomarkers that might help in the 

diagnosis of these devastating diseases are urgently needed. Cerebrospinal fluid (CSF) biomarkers 

can serve as screening tools and provide supporting information to clinical investigations. As CSF 

can closely reflect the underlying pathologies in the brain, it is important to develop biomarkers 

in CSF that may reflect different cellular processes that may be altered in disease condition.

A growing body of evidence is indicating that synapse loss or synaptic degeneration is an early 

event common in neurodegenerative or neuroinflammatory disorders such as Alzheimer’s 

disease (AD), Parkinson’s disease (PD), dementia with Lewy bodies (DLB) and multiple sclerosis 

(MS) [1–4]. In APP transgenic mouse model, synaptic degeneration have been observed in early 

stages of the neuropathology [5]. In addition, the total numbers of synapses were significantly 

lower in post-mortem human AD brain compared to controls [9]. Synaptic loss has been found to 

a greater extent compared to neuronal loss in AD patient brain indicating that synaptic pathology 

may precede neuronal cell body loss [1]. In line with neuropathological studies, recent gene 

array investigations have demonstrated that there is an altered expression of genes associated 

with synaptic vesicle trafficking, neurotransmitter trafficking, postsynaptic density scaffolding 

and cell adhesion associated with synaptic stability in early AD [10]. Synaptic degeneration has 

been demonstrated by loss of pre-synaptic proteins in patients with MCI [1]. In fact, synapse 

loss has been suggested to be associated more strongly with cognitive decline than plaque or 

tangle pathology in AD patients [6–8]. Based on the evidence from several studies, it has been 

hypothesized that synaptic dysfunction is one of the earliest events, followed by spine loss, 

axonal dystrophy and subsequently neuronal loss [1].

In PD, it is proposed that accumulation of synaptic α-syn aggregates might lead to synaptic 

degeneration [11]. α-syn aggregates might be responsible for defective axonal transport of 

synaptic proteins [1]. In early stages of synucleinopathies, the onset of synaptic dysfunction 

may be due to altered vesicular transport and loss of synaptic proteins leading to synaptic 

terminal loss, axonal dystrophy and finally degeneration of neurons [1]. Synaptic deficits have 

been observed in a mouse model of synucleinopathy [12,13]. Synaptic dysfunction has also 

been linked to altered metabolism of dopamine in dopaminergic neurons derived from PD 

patients [14]. Similarly, there was a 30–40% loss of synapses in the frontal and temporal cortex 

of dementia with Lewy bodies (DLB) patients, a neurodegenerative dementia characterized by 

the accumulation of α-syn [11].

Synaptic dysfunction associated with axonal loss has been observed in multiple sclerosis (MS) 

as well. Whether and how synaptic loss is related to demyelination in MS is unknown. It is 
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plausible that similar to AD, early synaptic loss precedes and initiates neuronal dystrophy in MS 

[16]. Synaptic abnormalities have been detected in mouse model of MS [15]. In MS patients, 

the number of synapses was found to be reduced in the hippocampus and frontotemporal 

lobe compared with age-matched controls [16,17]. It was found that spine density was almost 

decreased by 50% in demyelinated as well as non-demyelinated normal apprearing grey matter 

indicating that synaptic degeneration could also occur independently of demeyelination.

Given that synaptic degeneration or loss is a common (early) hallmark of many neurodegenerative 

diseases, it is important to develop body fluid biomarkers so that synaptic degeneration can be 

monitored ante-mortem in patients at the earliest possible disease stages. Synaptic biomarkers 

in cerebrospinal fluid (CSF) might closely reflect synaptic dysfunction in the brain and they may 

contribute to improving diagnostic accuracy, monitoring disease progression, and serving as 

surrogate markers for assessing response to disease modifying therapies.

The primary goal of this thesis was to identify biomarkers reflecting synaptic degeneration in 

neurodegenerative and neuroinflammatory diseases. In this thesis, we have focused on two 

novel synaptic cell adhesion molecules - contactin-1 and contactin-2, which belong to the 

Contactin superfamily [18,19]. These cell adhesion molecules are highly expressed in the central 

nervous system (CNS) and are involved in (patho)physiological processes. They are involved in 

the organization of axonal domains and interaction of neurons and oligodendrocytes [20,21]. 

Contactin-1 and -2, are ligands of amyloid precursor protein (APP) [22] and beta-secretase 1 (BACE1) 

[23], and are involved in APP processing and Aβ production, a major pathway involved in AD 

pathogenesis. Given their role in myelination that involves axonal domain organization and axon 

oligodendrocyte interaction, both contactin-1 and contactin-2 are implicated in demyelinating 

diseases as well [24,25]. In Chapter 1 [26], we have reviewed all the six member proteins of the 

contactin family and their roles in CNS development, physiology and neurodegeneration, which 

highlights the potential role that contactin 1 and 2 may play in the axonal/synaptic dysfunction 

observed in different neurodegenerative disorders. Therefore, the major aim of this thesis was 

to analyze whether contactin-1 and contactin-2 could be useful biomarkers reflecting synaptic/

axonal degeneration in common neurodegenerative and neuro-inflammatory disorders (AD, PD 

and MS); assessing their correlations with existing CSF biomarkers, and clinical and neuroimaging 

parameters; and characterizing their expression in post-mortem human brain. To this end, we first 

systematically established and thoroughly validated immuno-assays to measure contactin-1 and -2 

primarily in CSF (Chapters 2, 3, 6a). Next, the levels of these proteins were measured in different 

well-characterized large CSF cohorts of AD, PD and MS patients. Expressions of contactin-1 and -2 

were analyzed in post-mortem human brain in relation to amyloid plaques, tau tangles and Lewy 

pathology using immuno-histochemical analysis and microscopy (Chapters 3, 5). Finally, a serum 

assay for contactin-1 was validated paving the way for future non- invasive body fluid analysis.

7
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CONTACTINS IN AD

It has been shown that CSF concentrations of few synaptic proteins are increased while some 

others are decreased in preclinical AD [27], the stage before clinical symptoms of AD are 

apparent. Thus, detection of synaptic proteins in CSF remains an exciting promising avenue 

for assessing disease progression and possibly for monitoring early therapeutic intervention in 

future. Synaptic proteins are likely present in low concentrations in CSF, mostly in the range of 

few picograms to few nanograms per milliliter [28]. Thus, sensitive and reproducible assays are 

needed for their detection. To address this issue, in Chapter 2 [29], we developed an antibody 

based single molecule detection technique known as fluorescence correlation spectroscopy (FCS) 

to measure antigen concentrations in body fluids using contactin-2 as an example. Validation 

of this innovative contactin-2 CSF assay showed a lower limit of quantitation (LLOQ) of 0.1 ng/

ml and optimal intra- and inter-assay coefficients of variation (CVs<15%). The major strength 

of the method was that only 10 μl of CSF is sufficient for measurement. Using FCS, we found 

that contactin-2 levels tended to be lower in CSF of AD patients compared to that of non-

demented controls with subjective memory complaints. A previous study demonstrated that 

contactin-2 levels are decreased in post mortem AD brain of human patients [23], a tendency 

we also observed in the CSF analysis performed with the FCS technology. However, to take full 

advantage of the FCS method, future studies should ensure that the optical components are 

not prone to alignment change and to modify the set-up so multiple samples can be measured 

at once, which is essential for biomarker assays. Since the current FCS set-up allowed to only 

measuring one sample at a time, we have also validated an ELISA for optimal measurements of 

CSF contacting-2 in larger cohorts (Chapter 3).

Based on the findings of Chapter 2, we hypothesized that synaptic degeneration observed in 

AD may lead to reduced levels in AD CSF compared to non-demented controls. Interestingly, in 

Chapter 3 [30], we observed that contactin-2 levels were reduced in both CSF and post-mortem 

brain tissue of AD patients, indicating that CSF contactin-2 is a potential biomarker reflecting 

synaptic/axonal degeneration. CSF contactin-2 was found to correlate positively with CSF Aβ40, 

BACE1, tTau, pTau and neurogranin in both AD and controls indicating a physiological relationship 

with relevant and crucial players in AD pathology. The positive correlation of contactin-2 with 

Aβ40 and no correlation with Aβ42 in our study is in line with previous findings that suggested 

that contactin-2 is involved in APP processing and Aβ production [22] and possibly not in Aβ 

aggregation. Thus, the lower levels of contactin-2 levels in AD might be a cellular protective 

mechanism ultimately aiming to reduce the production of Aβ. Furthermore, contactin-2 

also correlated with tTau and pTau both in AD patients and controls with subjective memory 

complaints. The correlations were stronger within the control group, which suggests that 

contactin-2 is a biomarker reflecting general axonal loss and alterations in tau homeostasis in 
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physiological conditions. Furthermore, we characterized contactin-2 expression in postmortem 

brain tissue and found a reduction in contactin-2 protein levels in hippocampal tissue 

homogenates of AD patients compared to non-demented controls. Contactin-2 immunostaining 

of hippocampus and temporal cortex of AD patients revealed that areas with reduced contactin-2 

staining contained deposits of Aβ, pTau and Thioflavin S-positive structures. Therefore, similar 

to the findings in CSF, contactin-2 expression was also found to be related with tau in tissue, 

supporting the potential role of contactin-2 in axonal loss and incipient neurodegeneration.

Synaptic proteins have been shown to be reduced or elevated in pre-clinical AD [27]. For 

contactin-2, we have observed increased levels of contactin-2 in patients with MCI due to AD in a 

pilot cohort [31]. Moreover, it might be interesting to evaluate how contactin-2 in CSF is changed 

during the course of AD in a longitudinal study design since pattern of fluctuations of synaptic/

axonal proteins may shed more light to the trajectory of neurodegenerative processes. Taken 

together, our findings provide additional evidence suggesting that contactin-2 might be involved 

in the development of AD with changes observed not only post-mortem, but also ante-mortem in 

CSF. The clinical utility of this protein as a biomarker is likely limited since the changes observed 

do not have the sufficient power to reach optimal performance in clinical settings (sensitivity 

and specificity>80%). However, future studies could investigate the prognostic utility of this 

biomarker in independent larger cohorts including earlier stages of AD such as mild cognitive 

impairment (MCI).

Recent studies have shown that APOE4 genotype, the major AD genetic risk factor identified to 

date, can influence synaptic loss/dysfunction [32]. Thus, we next investigated whether the lower 

CSF contactin-2 levels observed in AD patients [30] could be more pronounced or influenced by 

their APOE genotype (Chapter 4 ). We found that CSF contactin-2 levels were similar in APOE 

ɛ4 stratified AD type dementia patients. Contactin-2 levels were slightly lower, although not 

statistically significant in APOE ɛ4 positive subjects compared to negative subjects. This could 

be due to small sample size of our cohort. However, interestingly, we found that contactin-2 

was significantly positively correlated with Aβ peptides as surrogate markers for APP processing 

(Aβ38, 40 and 42) only in APOE ɛ4 positive AD type dementia patients compared to APOE ɛ4 

negative AD patients, indicating that APOE ɛ4 carriership influences the relationship between 

various proteins that play important roles in AD pathology. Such associations with APOE ɛ4 

were not observed in control subjects with subjective memory complaints indicating that the 

correlations observed may be disease-specific. To better understand the effect of APOE ɛ4 on 

contactin-2 in relation to AD pathology, analysis on longitudinal data with a larger sample size 

should be done in future.

7



162

Chapter 7

CONTACTINS IN PD AND DLB

PD is one of the most common neurodegenerative disorders of the aging population besides AD 

[33]. In spite of the fact that PD has different disease etiology mechanisms and clinical features 

compared to AD, there are some overlapping features in the neurodegenerative process [34] , 

such as synaptic degeneration [1,35,36]. Thus, we also investigated if similar to what we observed 

in AD, the synaptic proteins contactin-1 and -2 could be also potential CSF biomarkers reflecting 

synaptic degeneration in PD (Chapter 5). Since DLB is a synucleinopathy closely related to PD 

[37], we additionally investigated contactin levels in CSF of DLB patients. The aims of this study 

were to investigate whether CSF levels of contactin-1 and contactin-2 are reduced in CSF of PD 

patients and whether contactins can discriminate PD patients from controls and DLB patients. In 

addition, we examined whether contactin-1 and -2 are associated with Lewy pathology in post-

mortem brain tissue of patients diagnosed with PD. We observed that both CSF contactin-1 and 

contactin-2 levels were decreased in patients with PD compared to controls and DLB. The levels 

of contactin-1 could aid in the discrimination of PD patients from controls (AUC (area under the 

curve) [CI (confidence interval)] = 0.72[0.63-0.81], p<0.0001) and DLB (AUC [CI] = 0.76[0.67-0.85], 

p<0.0001). Contactin-2 did not aid however in the discrimination between PD and controls or 

DLB. We next hypothesized that the lower CSF contactin levels might reflect contactin changes 

in the brain and thus we next investigated their expression in the brain areas primarily affected 

in PD (i.e. substantia nigra, hippocampus and entorhinal cortex). We did not find changes in the 

overall immunostaining pattern or intensity of both contactins in post-mortem PD brain tissue 

sections compared to those of age-matched controls. However, we observed that both contactins 

were localized inside alpha synuclein positive Lewy bodies and Lewy neurites. This finding adds 

further evidence to the growing body of studies that demonstrated that synaptic proteins along 

with other proteins are found within Lewy bodies (LBs) and neurites (LNs) [38,39]. The reduced 

levels in CSF could be due to trapping of synaptic proteins within LBs in the brain leading to 

diminished release of contactins in the CSF. The molecular or pathological significance of trapping 

of synaptic proteins within these structures is still unknown but it could be one of the causes of 

synaptic dysfunction in PD. This finding needs replication in a larger cohort. Nevertheless, the 

areas under the ROC curves at least for contactin-1 indicate that it could be a valuable biomarker 

for discriminating PD from controls or DLB.

CONTACTINS IN MS

Next, another neurodegenerative disorder, MS, was investigated. MS is a neuroinflammatory 

disorder characterized by demyelinating lesions in the white and grey matter of the brain and 

spinal cord [40],[41]. Demyelination and destruction of axons to varying degrees also occur in 
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MS [42]. Recent studies have revealed that besides axons, synapses are affected in MS [17],[43]. 

The disease can be relapsing and remitting (RRMS), secondary progressive (SPMS) and primary 

progressive (PPMS) [44]. RRMS is characterized by exacerbation followed by remission. SPMS is 

marked by relapsing-remitting course which later becomes progressive whereas in PPMS, the 

disease progresses gradually with occasional plateaus [44]. Clinically isolated syndrome (CIS) 

is an early stage of MS that refers to the first brief episode of neurologic symptoms caused by 

inflammation or demyelination in the central nervous system (CNS) [45,46].

In Chapter 6a [47], we examined whether contactin levels are changed in CSF of MS patients 

similar to other neurodegenerative disorders that we investigated in previous chapters, i.e. AD 

and PD. We measured the levels of contactin-1 and contactin-2 in CSF, first in clinically definite 

MS patients (RRMS, SPMS and PPMS), and next in patients with clinically isolated syndrome (CIS), 

to evaluate the potential of these proteins as markers for axonal domain dysfunction in different 

subtypes and stages of MS. Specifically, both contactin-1 and contactin-2 were decreased in 

CSF of MS patients (both PPMS and SPMS) versus controls, likely reflecting axonal and synaptic 

degeneration. However, the lower contactin levels found in MS patients may also reflect the 

demyelination process since both contactin-1 and -2 are present at the junctions of myelin and 

axons. These proteins also aid mutual communication among neurons and oligodendrocytes. 

Our result on reduction in CSF contactin-1 levels in RRMS was in accordance with previous 

proteomics studies [48,49]. Strikingly, we additionally found a tendency of higher levels of CSF 

contactin-1 but not contactin-2 levels in patients with CIS compared to controls. Slightly higher 

contactin-1 levels in CIS could be due to acute release during axonal myelin domain dysfunction, 

or a compensatory mechanism to counter balance demyelination by trying to keep the axonal 

domains intact. Furthermore, contactin-1 levels correlated positively with NFH in CIS, RRMS 

and SPMS patients. It correlated positively with NFL in progressive MS patients, i.e. SPMS and 

PPMS only. These findings suggest that contactin-1 is related to NFH and NFL in unique patterns 

depending on the disease stage. We found that decreased brain volume or atrophy was positively 

correlated with reduced CSF levels of contactin-1 in SPMS patients. This was further supported 

by negative correlation of contactin-1with T2 lesion load in progressive disease stage. On the 

contrary, CSF contactin-2 did not correlate with CSF neurofilament levels in RRMS, SPMS or 

PPMS. However, it correlated with NFH in CIS patients and was found to be the best predictor 

(among contactin-1, NFL and NFH) of longitudinal change in cortex volume of CIS patients. 

Therefore, CSF contactin-1 and contactin-2 reveal axonal dysfunction in various stages of MS 

differently and their inclusion to an axonal damage biomarker panel may provide better insight 

into the extent of axonal damage/dysfunction. This MS biomarker study was exploratory in 

nature due to small cohort size and future large cohort studies are warranted to evaluate the 

value of contactins as biomarkers for monitoring axonal degeneration in MS.

7
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In Chapter 6b, we extended our findings in CSF of MS patients to serum analysis, since it can 

be obtained easily and repeatedly compared to CSF remarkably facilitating the performance of 

longitudinal studies. Contactins are primarily expressed in the CNS, and thus are present in very 

low concentration in serum (at least 10 folds lower). Thus, we first validated a Luminex assay for 

measuring contactin-1 in serum, which is more sensitive than ELISA and could optimally detect 

contactin-1 in serum of MS patients and non- neurological controls. Similar to the CSF contactin-1 

results, we found that contactin-1 levels tended to be lower in MS versus controls. Therefore, 

it is worth to validate these findings in larger cohorts to assess if serum contactin-1 might also 

be informative on neuronal dysfunction in MS or even be able to replace the CSF analysis. This 

may also have implications in diagnosis of diseases such as chronic inflammatory demyelinating 

neuropathy (CIDP), which is an autoimmune disease of the periphery [50]. Autoantibodies against 

contactin-1 are prevalent in the blood of patients with CIDP [24],[51]. The level of contactin-1 

protein is also thought to be reduced. Thus, the study of blood or serum contactin-1 is more 

relevant at least for patients with CIDP.

SUMMARY & FUTURE DIRECTIONS

The key findings of this thesis are summarized in Fig. 1. In this thesis, we have developed and 

optimized assays and extensively characterized the concentrations of contactin-2 in CSF and 

contactin-1 in CSF and serum in several patient cohorts and the immunostaining patterns of 

these proteins in post-mortem human brain. Experimental evidence from our studies shows 

that contactin-1 and -2 are decreased in the CSF of patients with AD, PD and MS (RRMS and 

SPMS) compared to relevant controls. CSF contactin-1 and -2 levels are correlated with levels 

of many proteins in CSF that are altered in these diseases such as amyloid beta species, beta 

secretase 1, neurogranin, total tau, phosphorylated tau, neurofilament (light and heavy) and 

alpha-synuclein. Furthermore, the pattern of contactin immunoreactivity differed between post-

mortem AD and PD brains. In AD brain, contactin staining was reduced in areas where amyloid 

plaques were present, whereas in PD brain, contactins were concentrated within Lewy bodies 

and Lewy neurites. These intriguing results indicate that although the CSF levels of contactins 

are reduced across diseases, they have different pathological relationships with aggregation-

prone proteins such as amyloid β, tau and α-synuclein. Lastly, we provided further support that 

synaptic degeneration is involved in MS pathogenesis that could also be detected in serum apart 

from CSF. In addition to decreases in levels of CSF contactin-1 and -2 in RRMS and SPMS, the 

decreases were associated with lower normalized brain volumes of MS patients. In summary, 

our findings indicate that there are overlapping features of synaptic pathology in AD, PD and 

MS and highlight the potential of contactin-1 and -2 are possible cross-diseases biomarkers for 

synaptic and axonal degeneration in neurodegenerative and neuro-inflammatory disorders.
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Overall, contactin-2 was found to be reduced in CSF and brain tissue of AD patients compared 

to controls. Contactin-1 levels in AD and controls were comparable. Both contactin-1 and -2 

were found to be reduced in CSF of PD and MS patients versus controls and their levels were 

positively correlated to each other. However, one of the two contactins mostly showed stronger 

reductions than its counterpart, depending on the diagnostic group, indicating that they might 

reflect slightly different processes. For example, CSF contactin-2 was significantly reduced in 

AD type dementia than controls, whereas CSF contactin-1 was not reduced to such an extent 

(Chapter 3, Supplementary section). In PD, CSF contactin-1 was reduced strongly when compared 

to contactin-2. In RRMS, CSF contactin-1 and contactin-2 levels were reduced compared to 

controls to a similar extent. In SPMS, however, contactin-2 was reduced more strongly than 

contactin-1.

Since contactins seem to reflect synaptic dysfunction and that is something that happens early in 

the disease, it would be interesting to study in the prodromal stages of the disease. Furthermore, 

several studies have shown that many synaptic proteins are downregulated in neurodegenerative 

diseases [10,52], and thus it would be worth investigating whether contactins are downregulated 

at gene level as well e.g., by performing quantitative polymerase chain reaction or RNA-seq 

on post-mortem brain homogenates of these patients at different disease stages compared 

to controls. Furthermore, the effect of CNTN1 or CNTN2 knock out on synaptic structure and 

function and axonal degeneration in established mouse models of amyloidosis such as APP/PS1 

[53]or 5XFAD [54], mouse models of tauopathy such as P301S [55] and A53T mouse model of 

synucleinopathy [56] may shed more light on the role of contactins in into common mechanisms 

associated with synaptopathies.

Contactin-1 and -2 have been found to be expressed in extracellular vesicles (EVs) [57]. EVs are 

usually 50-1000 nm in diameter that are released by almost all types of cells in the brain, including 

neurons, astrocytes and microglia [58,59]. EVs are mediators in inter-cellular communication 

and delivery of molecules such as proteins, DNA, miRNA etc [60]. Thus, EVs isolated from various 

body fluids can be rich source of biomarkers. Otherwise low abundant disease- relevant proteins 

maybe enriched in EVs [59]. EVs have been shown to play multiple roles in the pathogenesis of 

AD and PD including propagation of aggregation-prone Aβ, tau and alpha- synuclein from one 

cell to the other [61–64]. Studies have also suggested that EVs could be another site for amyloid 

precursor protein (APP) processing apart from the plasma membrane of neurons. Full length 

APP, APP C-terminal fragments and APP cleaving enzymes were identified in brain EVs [65]. 

Furthermore, classical AD biomarkers such as Aβ42, total tau and phosphorylated tau have been 

shown to be differentially expressed in EVs derived from CSF and plasma of AD patients [66]. In 

addition, synaptic proteins have been shown to be differentially expressed in EVs derived from 

plasma of AD patients compared to controls reflecting synaptic dysfunction [67]. In fact, our pilot 

7
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proteomics data on EVs derived from CSF indicates that contactins (contactin-1, contactin-4 and 

contactin-6) might be reduced in EVs derived from AD patients compared to controls. Contactins 

may be enriched in EVs in a different manner compared to body fluids such as CSF or plasma 

and thus may be potential EV biomarkers and provide new insights to AD pathology. Novel EV 

biomarkers could pave the way to better understanding of cell-to-cell spreading and clearance 

of disease-related proteins and thus may serve as tools for early diagnosis, monitoring disease 

progression and response to therapeutic interventions in neurodegenerative disorders [68].

Finally, since various protein levels have been shown to be fluctuating during the disease 

course, at least in AD [69], longitudinal study designs are needed to investigate the potential 

of contactin-1 and -2 as disease progression markers. To this end, assays for reliable detection 

of these proteins in blood should be developed for multiple longitudinal sampling and non-

invasive analysis to explore their potential as biomarkers for monitoring disease course and 

response to therapeutic interventions. Furthermore, the other contactin family members, 

contactin-3 to -6 should also be investigated to understand their roles in neurodegeneration. For 

example, contactin-5 may be a promising body fluid biomarker for early AD as CNTN5, the gene 

encoding contactin-5 has been found to be associated with AD in large scale Alzheimer’s disease 

neuroimaging initiative genome-wide association study [70]. Developing molecular signatures 

from various synaptic biomarkers may pave the way for a better reflection of underlying synaptic 

pathology in various neurodegenerative disorders enhancing the diagnostic and prognostic utility 

of CSF biomarkers for neurodegenerative disorders.
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KEY FINDINGS OF THIS THESIS

Fig. 1: Summary of key findings of this thesis. All alterations in contactin-1/-2 CSF and brain tissue levels 
mentioned here are in comparison with relevant controls. CSF Contactin-1 and contactin-2 were reduced 
in AD, PD and MS. However, in CSF of patients with clinically isolated syndrome (CIS), both contactin-1 and 
-2 tended to be increased. Synaptic and axonal degeneration as well as demyelination have been observed 
in AD brain [71]. As contactin-1 and -2 are both expressed on synaptic and axonal membranes, reduction 
in levels of these proteins may reflect synaptic and axonal degeneration or even demyelination in AD. It 
can be speculated that similar alterations in synaptic connections [72] and axonal integrity [73] might be 
the reasons behind reductions in contactin levels in CSF of PD patients. However, the pattern of contactin 
immunoreactivity in post-mortem AD and PD brains were different. In AD brain, contactin staining was 
reduced in areas where amyloid plaques were present, whereas in PD brain, contacins were found within 
Lewy bodies and Lewy neurites. These intriguing results indicate that although the CSF levels of contactins 
are mostly reduced but they have different pathological relationships with aggregation-prone proteins such 
as amyloid beta, tau and alpha-synuclein.

MS has long been postulated as a demyelinating disease. However, synaptic degeneration has 

been found to be involved in MS pathogenesis as well [17]. Thus, there might be overlapping 

pathological features in different neurodegenerative diseases and contactin-1 and -2 are possibly 

general markers for synaptic and axonal degeneration in such disorders.

7
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Synaptische degeneratie is een veelvoorkomende (vroege) pathologie bij verschillende 

neurodegeneratieve en neuro-inflammatoire aandoeningen, zoals de ziekte van Alzheimer 

(AD), de ziekte van Parkinson (PD) en multipele sclerose (MS). Synaptische biomarkers in het 

hersenvocht kunnen mogelijk de verstoorde synaptische werking in de hersenen nauwkeurig 

weerspiegelen. Daarmee kunnen ze bijdragen aan het verbeteren van de diagnostische 

nauwkeurigheid, het volgen van ziekteprogressie en het monitoren van behandelingseffecten 

van ziekte-modificerende therapieën. Het hoofddoel van dit proefschrift was om biomarkers 

te identificeren die synaptische degeneratie kunnen weerspiegelen bij verschillende 

neurodegeneratieve en neuro-inflammatoire ziekten. We onderzochten de waarde van twee 

eiwitten uit de eiwit-familie ‘contactins’, namelijk contactin-1 en contactin-2, als synaptische 

(of axonale) biomarkers voor AD, PD en MS. We onderzochte ook hun mogelijke pathologische 

relatie met deze ziekten.

In dit proefschrift hebben wij testen ontwikkeld en geoptimaliseerd om de concentraties 

van contactin-2 in hersenvocht en contactin-1 in hersenvocht en serum in verschillende 

patiëntencohorten te meten. Daarnaast hebben wij middels immunokleuringen de patronen 

van deze eiwitten in het hersenweefsel van overleden mensen gekarakteriseerd. Experimenteel 

bewijs uit onze studies toont aan dat contactin-1 en -2 meestal lager zijn in het hersenvocht 

van patiënten met AD, PD en MS (RRMS en SPMS), in vergelijking met hun relevante controles. 

Hersenvocht contactin-1 en -2 concentraties bleken samen te hangen met concentraties van 

specifieke CSF amyloïde β soorten, beta secretase 1, neurogranine, totaal tau, gefosforyleerd tau, 

neurofilament (lichte en zware ketens) en α-synucleïne in verschillende diagnostische groepen. 

Daarnaast bleek het patroon van contactine-immunoreactiviteit in hersenweefsel te verschillen 

tussen AD- en PD-patiënten. In AD-hersenen was de kleuring van contactinen verminderd 

in gebieden waar amyloïde plaques aanwezig waren, terwijl in PD-hersenen contactinen 

geconcentreerd waren in Lewy-lichamen en Lewy-neurieten. Deze intrigerende resultaten geven 

aan dat hoewel de hersenvocht concentraties van contactinen over het algemeen verlaagd zijn 

in AD, PD en MS, de contactinen waarschijnlijk verschillende pathologische relaties hebben 

met aggregerende eiwitten zoals amyloïde β, tau en α-synucleïne. Onze resultaten hebben ook 

verder bewijs gegenereerd dat synaptische degeneratie betrokken is bij MS-pathogenese. Ook 

in MS zagen we een afname van het contactin-1 en -2 in het hersenvocht in RRMS en SPMS, en 

deze afname was gecorreleerd met hersenvolumes van MS-patiënten. Samenvattend geven 

onze bevindingen aan dat contactin-1 en -2 mogelijke markers zijn voor synaptische en axonale 

degeneratie bij verschillende neurodegeneratieve aandoeningen.
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