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Abstract
Background The proteins contactin (CNTN) 1–6 are synaptic proteins for which there is evidence that they are dysregu-
lated in neurodegenerative dementias. Less is known about CNTN changes and differences in cerebrospinal fluid (CSF) of 
dementias, which can provide important information about alterations of the CNTN network and be of value for differential 
diagnosis.
Methods We developed a mass spectrometry-based multiple reaction monitoring (MRM) method to simultaneously deter-
mine all six CNTNs in CSF samples using stable isotope-labeled standard peptides. The analytical performance of the method 
was evaluated for peptide stability, dilution linearity and precision. CNTNs were measured in 82 CSF samples from patients 
with Alzheimer’s disease (AD, n = 19), behavioural variant frontotemporal dementia (bvFTD, n = 18), Parkinson’s disease 
dementia/dementia with Lewy bodies (PDD/DLB, n = 18) and non-neurodegenerative controls (n = 27) and compared with 
core AD biomarkers.
Results The MRM analysis revealed down-regulation of CNTN2 (fold change (FC) = 0.77), CNTN4 (FC = 0.75) and CNTN5 
(FC = 0.67) in bvFTD and CNTN3 (FC = 0.72), CNTN4 (FC = 0.75) and CNTN5 (FC = 0.73) in PDD/DLB compared to AD. 
CNTN levels strongly correlated with each other in controls (r = 0.73), bvFTD (r = 0.86) and PDD/DLB (r = 0.70), but the 
correlation was significantly lower in AD (r = 0.41). CNTNs in AD did not show correlation even with core AD biomarkers. 
Combined use of CNTN1-6 levels increased diagnostic performance of AD core biomarkers.
Conclusions Our data show CNTNs differentially altered in dementias and indicate CNTN homeostasis being selectively 
dysregulated in AD. The combined use of CNTNs with AD core biomarkers might help to improve differential diagnosis.
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Introduction

Synapses are the functional connections primarily between 
neurons and are essential for memory formation. Conversely, 
synaptic dysfunction or degeneration is strongly associated 
with memory impairment [1], and a common feature across 
various forms of dementia such as Alzheimer’s disease 
(AD).

Synaptic loss is an early event in Alzheimer’s disease 
(AD) pathogenesis [2, 3] and shows stronger correlation 
with cognitive dysfunction than amyloid and tau pathol-
ogy [4, 5]. Synaptic markers are therefore a highly desired 
need for the diagnostic work-up of patients, prognosis and 
to evaluate treatment effects. Fluid biomarkers of synaptic 
dysfunction also offer the opportunity to study synaptic 
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alterations in neurodegenerative dementias and differences 
between the diseases.

Several synaptic biomarker candidates in cerebrospinal 
fluid (CSF) and blood have already been studied in demen-
tias such as β-synuclein [6, 7], neurogranin [8], SNAP-25 
[9], and GAP-43 [10] which reflect different processes and 
synaptic compartments. Many synaptic fluid biomarkers 
are increased in AD [8–16] but are not regulated in other 
dementia patients, such as behavioral variant frontotemporal 
dementia (bvFTD) and Parkinson’s disease dementia/demen-
tia with Lewy bodies (PDD/DLB), or show decreased levels 
compared to controls and AD [10–13, 15, 16]. This discrep-
ancy strongly supports spatial and temporal differences of 
synaptic degeneration [11, 13] or different synaptic pathol-
ogy between dementias [11] and highlights the need for a 
more detailed characterization and comparison of synaptic 
dysfunction between these diseases.

Contactins (CNTNs), including the proteins CNTN1 to 
CNTN6 (CNTN1-6), belong to the Immunoglobulin (Ig) 
superfamily and are structurally strongly related [17, 18]. 
They are predominantly expressed in the brain without spe-
cific localization to a certain brain area [19, 20]. Although 
CNTNs are mainly expressed in neurons, they were also 
found in oligodendrocytes and their precursor cells [21, 
22]. In neurons, CNTNs are located in axons and synapses 
and are involved in the establishment of synaptic contacts, 
synaptic receptor function, and dendritic spine morphol-
ogy [19]. Thereby, they play a pivotal role in many neu-
ron-related processes, such as the organization of axonal 
domains, axonal guidance, myelination, neuritogenesis, 
neuronal development, synaptogenesis, axo-glia interactions, 
and neural circuit [19]. There is evidence linking CNTNs 
and their interaction partners with neurodegeneration [18, 
19, 23]. For instance, CNTNs interact with the amyloid pre-
cursor protein (APP) and knock-out of several of the CNTN 
family members lead to synaptic and memory dysfunction 
[18, 19].

So far and in separate studies, changes of only CNTN1, 
CNTN2, and CNTN5 CSF levels have been reported in neu-
rodegenerative dementias and the results for CNTN2 being 
altered in AD were not always congruent [24–27]. However, 
the assessment of the level of all CNTNs in CSF can provide 
important information about alterations of the CNTN net-
work in neurodegenerative diseases and may uncover their 
potentially distinct role in dementias.

The aim of the present study was to develop a mass spec-
trometry-based method for the simultaneous determination 
of all six CNTNs (CNTN1-6) in CSF using multiple reaction 
monitoring (MRM). CSF levels of CNTN1-6 were measured 
with the developed methods in a pilot cohort of patients to 
investigate disease-related changes and differences between 
dementias including AD (n = 19), bvFTD (n = 18) and DLB/
PDD (n = 18).

Methods

Patients

CSF samples were collected during diagnostic work-up of 
patients at the Ulm University Hospital, Department of Neu-
rology and included patients diagnosed with AD, bvFTD, 
DLB, PDD and non-neurodegenerative controls where CSF 
was collected to rule out a neuroinflammatory condition. 
Diagnoses among control patients included 11 × facial palsy, 
6 × tension headache, 2 × trochlear nerve palsy, 1 × intoxi-
cation, 1 × migraine, 1 × ocular myositis, 1 × pain syndrome 
right leg, 1 × pansinusitis, 1 × physical and mental stress 
and prostate cancer, 1 × polyneuropathy and restless leg 
syndrome, 1 × vertigo. Diseases were diagnosed according 
to established criteria [28–31]. CSF was collected by lum-
bar puncture, centrifuged and stored within 2 h at − 80 °C 
in polypropylene tubes. CSF Tau, pTau181 and Aβ42 were 
measured by ELISAs from Fujirebio Germany GmbH (Han-
nover, Germany) during routine clinical assessment.

CSF sample preparation for MRM analysis

For in-solution digestion, a solution containing TEAB (tri-
ethylammonium bicarbonate), TCEP (tris(2-carboxyethyl) 
phosphine hydrochloride), CAA (2-chloroacetamide), and 
stable isotope-labeled standard peptides (Table S1) was 
added to 200 µL CSF sample, giving a final concentration 
of 100 mM TEAB, 5 mM TCEP and 10 mM CAA. Pro-
teins were reduced and alkylated by incubating the sample 
for 10 min at 95 °C and 400 rpm. Protein digestion took 
place overnight at 37 °C after adding Trypsin/LysC (Pro-
mega) at an enzyme-to-protein ratio of 1:50. Digestion was 
stopped with 1% trifluoroacetic acid (TFA) final concentra-
tion. Digested peptides were fractionated with strong cation 
exchange (SCX) STAGE Tips (Affinisep SPE-Disks-Bio-
SCX-47.20). Peptide fractionation was performed using dif-
ferent concentrations of ammonium acetate (75, 125, 200, 
300, 450 mM) in 20% acetonitrile (ACN) and 0. 5% formic 
acid (FA), while fraction six contained 80% ACN and 5% 
ammonium hydroxide. After vacuum drying, samples were 
reconstituted in 27.5 µL 6% ACN and 0.1% TFA.

MRM analysis

For MRM analysis, 20 µL of the fractionated sample was 
injected onto a C18 PepMap100, 5 μm, 0.3 × 5.0 mm trap 
column (Thermo) using an Agilent 1260 HPLC system 
operating at a flow rate of 200 µL/min. Solvent compo-
sition: A—0.05% TFA in water and B—0.05% TFA in 
methanol. An Eksigent MicroLC200 chromatographic 
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system was used to separate peptides with an Eksigent 
HALO Fused-core C18, 2.7 μm, 0.5 × 100 mm analytical 
column with a gradient time of 10 min and total run time 
of 15.5 min (flow rate of 15 µL/min). Solvent composi-
tion used for peptide separation: A—4% DMSO, 0.1% FA 
and B—96% ACN, 4% DMSO, 0.1% FA. Ionized pep-
tides were analyzed on a QTRAP 6500 mass spectrometer 
in positive ion mode (AB Sciex, Darmstadt, Germany). 
MRM settings are described in Table S1. Skyline software 
was used for the evaluation of all MRM data [32], and 
the data were reported as abundance ratio of endogenous 
peptides and their respective labeled standard peptides 
(light/heavy (L/H) ratio).

MRM method development and validation

For each CNTN at least two most abundant peptides from 
proteomics screening experiments with CSF samples 
[33] were included in the panel of peptides for MRM 
method development. Isotopic labeled standard peptides, 
QPrESTs (Atlas Antibodies AB, Bromma, Sweden) or 
AQUA peptides (Thermo Fisher Scientific), were custom-
synthesized for all peptide candidates and used for MRM 
method development (Table S1) [33]. The final MRM 
method included the best three transitions per peptide. 
For CNTN5, only one transition was used for quantifica-
tion because the others showed interferences in patient 
samples. Finally, the MRM consisted of 18 peptides 
(endogenous and labeled standard peptides) derived from 
CNTN1-6. A CSF pool sample was used to evaluate the 
analytical performance of the developed MRM method. 
Here, the stability of endogenous peptide was tested after 
several times of freezing and thawing of the sample. The 
dilution linearity of the peptides was assessed by dilut-
ing the sample up to eightfold with artificial CSF (aCSF, 
EcoCyte), and intra-assay variation was investigated by 
replicate measurement of the CSF pool sample (n = 5).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
v.6 and R software v. 4.1.0. Groups were compared by 
Kruskal–Wallis test corrected with Dunn’s post hoc test for 
multiple comparisons. Correlation analyses were performed 
using Spearman’s rank correlation coefficient. Receiver 
operating characteristic (ROC) curves were generated in R v. 
4.1.0 by using the package pROC. For the multivariate ROC 
curves, the multinomial logistic regression was implemented 
using nnet R package and the multinomial log-linear model. 
A p-value < 0.05 was regarded statistically significant.

Results

MRM method development and validation

CNTN peptide candidates for MRM method development 
were selected based on CSF proteomics screening data [33]. 
Peptides containing methionine residue were excluded and 
at least two most abundant peptides per CNTN were cho-
sen. We used stable isotope-labeled standard peptides for 
method development and thereby selected the best fragments 
and optimized collision energy, entrance potential, collision 
cell exit potential and prefilter potential. In the end, only 
peptides for which endogenous counterparts showed good 
and interference-free signal in CSF pool sample were con-
sidered for further evaluation (Table S1). Except CNTN4 
which is represented by only the canonical protein variant, 
all conformed protein isoforms of other CNTNs contain the 
sequence of measured peptides (Table S1). Assay perfor-
mance for all CNTN peptides was validated using a CSF 
pool sample regarding dilution linearity, stability and pre-
cision (Table 1). All peptides were stable for 2 h at room 
temperature and up to five freeze–thaw cycles. All peptides 
showed dilution linearity up to eightfold dilution with the 
exception of CNTN3 and CNTN5. CNTN5 showed the low-
est abundance among all CNTNs and dilution linearity was 

Table 1  MRM assay performance

2 h RT—incubated for 2 h at room temperature; 1 cycle—one freeze–thaw cycle; 3 cycles—three freeze–thaw cycles; 5 cycles—five freeze–
thaw cycles. n—number of replicates

Protein gene name Stability test (n = 2) Dilution linearity (n = 2) Intra-assay 
variation 
(n = 5)2 h RT 1 cycle 3 cycles 5 cycles 1 to 2 1 to 4 1 to 8

CNTN1 98.6–99.7 96.0–96.5 92.4–98.3 93.5–97.1 88.8–103.6 81.8–88.3 85.9–90.6 1.3
CNTN2 100.5–100.8 96.4–101.0 97.0–101.4 100.5–103.9 98.5–105.8 101.8–102.3 101.9–104.5 0.5
CNTN3 94.6–95.6 99.7 88.1–94.0 93.1–95.7 114.2–116.5 138.1–138.8 146.1–148.7 3.4
CNTN4 95.5–100.0 93.9–100.3 95.5–103.0 90.3–102.2 109.3–110.9 106.3–109.6 117.1–129.0 1.6
CNTN5 92.3–97.2 119.7–126.2 102.1–97.4 95.3–106.7 115.5–100.4 11.6
CNTN6 98.2–106.3 99.1–104.3 97.3–99.6 108.0–102.5 99.5–113.1 103.9–107.1 109.2–109.6 5
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shown for twofold dilution. Higher dilutions were below the 
detection limit and could not be tested. The CNTN3 peptide 
showed > 20% deviation for the 1:4 and 1:8 dilution indicat-
ing some interferences that need to be considered during 
data interpretation. Assessment of intra-assay variations 
revealed a coefficient of variation (CV) < 5% for all peptides, 
except for CNTN5 with a CV of 11.6%.

Different abundance of CNTNs in neurodegenerative 
dementias

The validated MRM method was applied to measure CNTNs 
in 82 CSF samples including control patients without neu-
rodegenerative diseases and sex- and age-matched patients 
with neurodegenerative dementias (Table 2). The cohort 
comprised 27 controls (Con), 19 AD, 18 bvFTD and 18 
PDD/DLB patients. The variation in quality control sam-
ples (QC) measured in the same batch with patient samples 
was < 10% for all peptides. Technical issues with chromatog-
raphy led to missing values for some samples and peptides. 
Values were missing for: CNTN2—2 patients (1 AD and 1 
PDD/DLB), CNTN3—6 patients (1 Con, 1 AD, 2 bvFTD, 2 
PDD/DLB), CNTN4—7 patients (2 Con, 2 AD, 1 bvFTD, 2 
PDD/DLB, CNTN5—3 patients ( 2 AD and 1 PDD/DLB), 
and CNTN6—1 PDD/DLB patient.

We observed a slight abundance increase of all CNTNs 
in AD compared to controls, even though this was not sig-
nificant for any of the CNTNs (Fig. 1A). Several CNTNs 
were significantly regulated between dementia patients. 
Compared to AD patients, we observed down-regulation of 
CNTN2 (fold change (FC) = 0.77, CNTN4 (FC = 0.75) and 
CNTN5 (FC = 0.67) in bvFTD, and CNTN3 (FC = 0.72), 
CNTN4 (FC = 0.75) and CNTN5 (FC = 0.73) in PDD/DLB. 
Although not all CNTNs are significantly regulated, their 
abundance shows similar trends across all patient groups. 
Next, we combined all CNTNs in a single score by averag-
ing their normalized ratio. The ratio for each CNTN was 
normalized to the average ratio value of respective CNTN 
over all samples. The combined score showed a significant 
decreased in bvFTD (FC = 0.70) and PDD/DLB (FC = 0.76) 
compared to AD (Fig. 1B).

Strong correlation between CNTNs in bvFTD 
but not in AD patients

We next investigated the association of the CNTNs with 
each other in the four patient groups. The levels between 
CNTNs correlated strongly in control samples with a median 
spearman’s correlation coefficient (r) of 0.73 (Fig. 2A). We 
observed a similar strong correlation of CNTNs in bvFTD 
(r = 0.86) and PDD/DLB samples (r = 0.70) but it was sub-
stantially lower within AD samples (r = 0.41). Also, the cor-
relation between all CNTNs with established biomarkers 
was dramatically lower for AD and PDD/DLB compared to 
controls (r; Tau (AD = 0.24, PDD/DLB = 0.42, Con = 0.51), 
pTau (AD = 0.02, PDD/DLB = 0.25, Con = 0.49) and Aβ42 
(AD = 0.04, PDD/DLB = 0.07, Con = 0.76)) (Fig.  2B). 
In contrast, Tau, pTau show a better correlation with 
CNTNs in bvFTD than controls (r in bvFTD; Tau = 0.75, 
pTau = 0.74), and only the correlation of CNTN1 with 
Tau became lower in bvFTD. However, the correlation of 
CNTNs with Aβ42 showed lower r-values in bvFTD than 
controls (r; bvFTD = 0.45, Con = 0.76). None of the CNTNs 
correlated with age within all patient groups (r; Con = 0.09, 
bvFTD = − 0.02, AD = 0.04, PDD/DLB = 0.01).

CNTNs provided an added value to the established 
CSF biomarkers

We performed receiver operating characteristic (ROC) curve 
analysis to investigate the potential of CNTNs as biomarkers 
for differentiating AD patients from bvFTD and PDD/DLB 
(Fig. 3). CNTN4 provided the highest area under the curve 
(AUC) value from all CNTNs for the differentiation of AD 
from bvFTD (AUC = 80.3%) and PDD/DLB (AUC = 83.5%). 
A multivariate ROC curve including all CNTNs revealed an 
AUC value of 91.2% for AD vs. bvFTD and 90.8% for AD 
vs. PDD/DLB. From the established CSF AD biomarkers, 
only Aβ42 showed a higher AUC (96.4%) than all CNTNs 
for the discrimination of AD from bvFTD patients whereas 
CSF Tau and pTau181 showed AUCs of 87.4% and 67.9. 
The best separation of AD from bvFTD and DLB/PDD 
patients was achieved by combining CNTNs with Aβ42 and 
Tau with an AUC value from 98.1 to 100% (Fig. 3).

Table 2  Patient characteristics

AD Alzheimer's disease, bvFTD behavioral variant of frontotemporal dementia, PDD Parkinson’s disease 
dementia, DLB dementia with Lewy bodies

Total Control AD bvFTD PDD/DLB

Patient Nr 82 27 19 18 18
Female (%) 27 (33%) 9 (33%) 7 (37%) 6 (33%) 5 (28%)
Age (years, 

median) Min.—
Max.

69 (46–81.8) 68.7 (48.1–81.7) 73.6 (65–81) 64.2 (46 –69) 73 (62 –81.8)
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Discussion

In the present study, we report the MRM assay develop-
ment and the simultaneous measurement of all six CNTNs in 
CSF samples from patients with different neurodegenerative 
dementias. The validated MRM method revealed different 
abundance changes of CSF CNTNs 1–6 between dementias 
which was similar for all CNTNs in all patient groups. The 
correlation of CNTNs to each other was disrupted only in 
AD.

Here, we show several CNTNs, axonal and synaptic 
proteins, significantly down-regulated in bvFTD and PDD/
DLB compared to AD. However, all CNTNs exhibit similar 

trends over all patient groups, compared to controls i.e. non-
significant abundance increase in AD and an equal or very 
slight decrease in bvFTD and PDD/DLB. This observation 
indicates that, despite the fact that among dementia patients 
different brain regions are affected and CNTN members are 
localized in overlapping but different brain areas [19], all 
CNTNs seem to be equally affected. This conclusion is fur-
ther supported by the normalized average ratio of all CNTNs 
showing equal trend as individual CNTNs, and by the strong 
correlation of all CNTNs with each other. Thus, our data 
suggest differences in pathological processes for explain-
ing the opposite regulation of synaptic markers in dementia 
patients rather than affected brain regions.

Fig. 1  Comparison of CSF 
CNTN levels between neu-
rodegenerative dementias. 
Contactins (CNTN) 1–6 were 
measured in CSF by multiple 
reaction monitoring (MRM) 
in patients with Alzheimer’s 
disease (AD), behavioural 
variant frontotemporal dementia 
(bvFTD), dementia with Lewy 
bodies/Parkinson’s disease 
dementia (DLB/PDD) and 
non-neurodegenerative controls 
(Con). Boxplots show the 
light-to-heavy peptide ratio 
(L/H ratio) of MRM data –for A 
CNTN 1–6 and B the normal-
ized average of all contactins 
(CNTNs). Kruskal–Wallis test 
corrected with Dunn’s factor 
for multiple comparisons was 
applied to investigate differ-
ences in protein level overall 
patient groups. *p-value < 0.05; 
**p-value < 0.01
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In contrast to controls, CSF levels of the different CNTNs 
showed only weak correlation to each other in AD. This 
probably indicates a perturbation of CNTN interaction net-
works in neurons, thus impacting synapse function integ-
rity. Indeed, the interaction of CNTNs with APP plays a 
critical role in AD, potentially by influencing three key pro-
cesses: APP processing, synaptic plasticity, and neuronal 
integrity [18]. It has been hypothesized that any dysregula-
tion or imbalance in these processes could lead to aberrant 
APP processing and contribute to the pathogenesis of AD 
[18]. Thus, our data in CSF provide further support for an 
imbalance of CNTN homeostasis in AD. Interestingly, the 
correlation of CNTNs in bvFTD exhibits an opposite trend 
compared to AD, highlighting its potential utility in differ-
ential diagnosis between different types of dementia. This 
is supported by our ROC curve analysis showing good dis-
criminatory power of CNTNs alone to distinguish AD from 
bvFTD and PDD/DLB and an added value when combined 
with core AD biomarkers.

Although CNTN2 showed a significant difference only 
between AD and bvFTD, elevated abundance levels in AD 
compared to controls can be easily recognized. This find-
ing aligns with a study that identified a significant increase 
of CNTN2 in AD through mass spectrometry analysis con-
ducted on a limited number of samples [26]. Another study 
in two cohorts with a significantly higher number of patients 
and by using ELISA, observed down-regulation of CNTN2 
in CSF samples of AD patients [25]. The reduced CNTN2 
levels in AD have been attributed to its protective function 

by lowering the production of Aβ peptides induced upon 
CNTN2 binding with APP [25]. Indeed, the interplay of 
CNTN2-5 with APP proteins has been demonstrated many 
times [34–39]. Nevertheless, besides possible discrepancies 
in patient stratification, the contradictory observations might 
be related to different applied methodologies. Further, an 
ELISA targeting a single protein variant might yield differ-
ent outcomes than MS measuring small protein fragments 
(peptides) generated after the digestion of proteins or protein 
fragments. An alternative approach involving peptidomics, 
which analyzes peptides without protein digestion and sepa-
rates proteins from their larger fragments (peptides), could 
help elucidate the observed discrepancies regarding CNTN2 
[40].

We observed a non-significant increase of CNTN5 levels 
in AD and significant differences in AD relative to bvFTD 
and PDD/DLB. In contrast to our findings, recent research 
measuring CNTN5 in CSF with an antibody-based proxim-
ity extension assay reported decreased levels in AD and even 
in MCI patients compared to cognitively unaffected individ-
uals [27]. However, there is no analytical validation of this 
assay reported especially regarding specificity for CNTN5 
or whether specific CNTN5 protein isoform was measured, 
thus hampering the interpretation of the discrepancies with 
our study. Further examinations are required to clarify the 
conflicting results.

The strength of this study is the simultaneous investi-
gation of all six CNTNs and the use of the highly specific 
MRM providing a comprehensive overview of the CNTN 

Fig. 2  Correlation of CNTNs 
with age and other biomark-
ers. Heat map representing the 
Spearman’s rank correlation 
coefficient within each patient 
group for the correlation of CSF 
levels of contactins (CNTN) 
1–6 with A each other and B 
with age and other biomarkers. 
AD Alzheimer’s disease, bvFTD 
behavioural variant fronto-
temporal dementia, DLB/PDD 
dementia with Lewy bodies/Par-
kinson’s disease dementia, Con 
non-neurodegenerative controls
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system in neurodegenerative dementias. The main limi-
tation of this pilot study is the small sample size which 
originates from the exploratory nature of this project to 
provide a basis for the initiation of larger studies in the 
future.

Conclusion

In conclusion, our data indicate that CNTN homeostasis is 
dysregulated in neurodegenerative dementias. CSF CNTN 

Fig. 3  Diagnostic performance of CNTNs. Receiver operating char-
acteristic (ROC) curve analysis of CSF levels of contactins (CNTN) 
1–6 (A, B), core AD biomarkers and biomarker combinations (C, D). 
Data are the area under the curve (AUC) and 95% confidence inter-

val. AD Alzheimer’s disease, bvFTD behavioural variant frontotem-
poral dementia, DLB/PDD dementia with Lewy bodies/Parkinson’s 
disease dementia, Con non-neurodegenerative controls
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levels show different patterns across dementia disorders 
and they might provide an added value to the AD core 
biomarkers in differential diagnosis. The assay developed 
in our study provide a basis to further study CSF CNTNs 
in larger patient cohorts.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00415- 024- 12694-6.

Acknowledgements We are grateful to all patients for their partici-
pation in this study. We would like to thank Stephen Meier for his 
excellent technical assistance and the biobank of the Department of 
Neurology in Ulm (Alice Beer, Sandra Hübsch and Dagmar Schattauer) 
for their help with providing the samples.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This study was supported by the Alzheimer Forschung Initia-
tive e.V. (20059CB). The funding sources had no role in the design 
and conduct of the study; in the collection, analysis, or interpretation 
of the data; or the preparation, review, or approval of the manuscript.

Data availability The data supporting the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations 

Conflicts of interest PO received research support from the ALS As-
sociation (24-SGP-691, 23-PPG-674–2), ALS Finding a Cure, the 
Charcot Foundation, the DZNE Innovation-to-Application program 
and consulting fees from LifeArc and Fundamental Pharma. PO and 
MO received support from the Cure Alzheimer Fund. MO received 
research support from German Federal Ministry of Education and Re-
search (FTLDc 01GI1007A), the EU Joint Programme-Neurodegener-
ative Diseases networks Genfi-Prox (01ED2008A), the EU (MOOD-
MARKER 01EW2008), the German Research Foundation/DFG 
(SFB1279), the foundation of the state Baden-Württemberg (D.3830), 
Boehringer Ingelheim Ulm University BioCenter (D.5009), and the 
Thierry Latran Foundation.

Ethical approval The Ethics Committee of Ulm University approved 
the study (approval no. 20/10).

Consent to participate All patients gave written informed consent to 
be included in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Scheltens P, Blennow K, Breteler MM, de Strooper B, Frisoni GB, 
Salloway S, Van der Flier WM (2016) Alzheimer’s disease. Lancet 
388:505–517. https:// doi. org/ 10. 1016/ S0140- 6736(15) 01124-1

 2. Selkoe DJ (2001) Alzheimer’s disease: genes, proteins, and ther-
apy. Physiol Rev 81:741–766. https:// doi. org/ 10. 1152/ physr ev. 
2001. 81.2. 741

 3. de Wilde MC, Overk CR, Sijben JW, Masliah E (2016) Meta-anal-
ysis of synaptic pathology in Alzheimer’s disease reveals selective 
molecular vesicular machinery vulnerability. Alzheimers Dement 
12:633–644. https:// doi. org/ 10. 1016/j. jalz. 2015. 12. 005

 4. DeKosky ST, Scheff SW (1990) Synapse loss in frontal cortex 
biopsies in Alzheimer’s disease: correlation with cognitive sever-
ity. Ann Neurol 27:457–464. https:// doi. org/ 10. 1002/ ana. 41027 
0502

 5. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, 
Hansen LA, Katzman R (1991) Physical basis of cognitive altera-
tions in Alzheimer’s disease: synapse loss is the major correlate 
of cognitive impairment. Ann Neurol 30:572–580. https:// doi. org/ 
10. 1002/ ana. 41030 0410

 6. Oeckl P, Halbgebauer S, Anderl-Straub S, von Arnim CAF, Diehl-
Schmid J, Froelich L, Grimmer T, Hausner L, Denk J, Jahn H 
et al (2020) Targeted mass spectrometry suggests beta-synuclein 
as synaptic blood marker in Alzheimer’s disease. J Proteome Res 
19:1310–1318. https:// doi. org/ 10. 1021/ acs. jprot eome. 9b008 24

 7. Oeckl P, Anderl-Straub S, Danek A, Diehl-Schmid J, Fassbender 
K, Fliessbach K, Halbgebauer S, Huppertz HJ, Jahn H, Kassubek 
J et al (2023) Relationship of serum beta-synuclein with blood 
biomarkers and brain atrophy. Alzheimers Dement 19:1358–1371. 
https:// doi. org/ 10. 1002/ alz. 12790

 8. Kvartsberg H, Duits FH, Ingelsson M, Andreasen N, Ohrfelt A, 
Andersson K, Brinkmalm G, Lannfelt L, Minthon L, Hansson 
O et al (2015) Cerebrospinal fluid levels of the synaptic protein 
neurogranin correlates with cognitive decline in prodromal Alz-
heimer’s disease. Alzheimers Dement 11:1180–1190. https:// doi. 
org/ 10. 1016/j. jalz. 2014. 10. 009

 9. Brinkmalm A, Brinkmalm G, Honer WG, Frolich L, Hausner 
L, Minthon L, Hansson O, Wallin A, Zetterberg H, Blennow K 
et al (2014) SNAP-25 is a promising novel cerebrospinal fluid 
biomarker for synapse degeneration in Alzheimer’s disease. Mol 
Neurodegener 9:53. https:// doi. org/ 10. 1186/ 1750- 1326-9- 53

 10. Sandelius A, Portelius E, Kallen A, Zetterberg H, Rot U, Olsson 
B, Toledo JB, Shaw LM, Lee VMY, Irwin DJ et al (2019) Elevated 
CSF GAP-43 is Alzheimer’s disease specific and associated with 
tau and amyloid pathology. Alzheimers Dement 15:55–64. https:// 
doi. org/ 10. 1016/j. jalz. 2018. 08. 006

 11. Clarke MTM, Brinkmalm A, Foiani MS, Woollacott IOC, Heller 
C, Heslegrave A, Keshavan A, Fox NC, Schott JM, Warren JD 
et al (2019) CSF synaptic protein concentrations are raised in 
those with atypical Alzheimer’s disease but not frontotemporal 
dementia. Alzheimers Res Ther 11:105. https:// doi. org/ 10. 1186/ 
s13195- 019- 0564-2

 12. Antonell A, Tort-Merino A, Rios J, Balasa M, Borrego-Ecija 
S, Auge JM, Munoz-Garcia C, Bosch B, Falgas N, Rami L et al 
(2020) Synaptic, axonal damage and inflammatory cerebrospinal 
fluid biomarkers in neurodegenerative dementias. Alzheimers 
Dement 16:262–272. https:// doi. org/ 10. 1016/j. jalz. 2019. 09. 001

 13. Wellington H, Paterson RW, Portelius E, Tornqvist U, Magdalinou 
N, Fox NC, Blennow K, Schott JM, Zetterberg H (2016) Increased 
CSF neurogranin concentration is specific to Alzheimer disease. 
Neurology 86:829–835. https:// doi. org/ 10. 1212/ WNL. 00000 
00000 002423

 14. Ohrfelt A, Benedet AL, Ashton NJ, Kvartsberg H, Vandijck M, 
Weiner MW, Trojanowski JQ, Shaw LM, Zetterberg H, Blennow 

https://doi.org/10.1007/s00415-024-12694-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1152/physrev.2001.81.2.741
https://doi.org/10.1152/physrev.2001.81.2.741
https://doi.org/10.1016/j.jalz.2015.12.005
https://doi.org/10.1002/ana.410270502
https://doi.org/10.1002/ana.410270502
https://doi.org/10.1002/ana.410300410
https://doi.org/10.1002/ana.410300410
https://doi.org/10.1021/acs.jproteome.9b00824
https://doi.org/10.1002/alz.12790
https://doi.org/10.1016/j.jalz.2014.10.009
https://doi.org/10.1016/j.jalz.2014.10.009
https://doi.org/10.1186/1750-1326-9-53
https://doi.org/10.1016/j.jalz.2018.08.006
https://doi.org/10.1016/j.jalz.2018.08.006
https://doi.org/10.1186/s13195-019-0564-2
https://doi.org/10.1186/s13195-019-0564-2
https://doi.org/10.1016/j.jalz.2019.09.001
https://doi.org/10.1212/WNL.0000000000002423
https://doi.org/10.1212/WNL.0000000000002423


7524 Journal of Neurology (2024) 271:7516–7524

K et al (2023) Association of CSF GAP-43 with the rate of cog-
nitive decline and progression to dementia in amyloid-positive 
individuals. Neurology 100:e275–e285. https:// doi. org/ 10. 1212/ 
WNL. 00000 00000 201417

 15. Janelidze S, Hertze J, Zetterberg H, Landqvist Waldo M, Santillo 
A, Blennow K, Hansson O (2016) Cerebrospinal fluid neurogra-
nin and YKL-40 as biomarkers of Alzheimer’s disease. Ann Clin 
Transl Neurol 3:12–20. https:// doi. org/ 10. 1002/ acn3. 266

 16. Portelius E, Olsson B, Hoglund K, Cullen NC, Kvartsberg H, 
Andreasson U, Zetterberg H, Sandelius A, Shaw LM, Lee VMY 
et al (2018) Cerebrospinal fluid neurogranin concentration in 
neurodegeneration: relation to clinical phenotypes and neuropa-
thology. Acta Neuropathol 136:363–376. https:// doi. org/ 10. 1007/ 
s00401- 018- 1851-x

 17. Stoeckli ET (2010) Neural circuit formation in the cerebellum is 
controlled by cell adhesion molecules of the Contactin family. 
Cell Adh Migr 4:523–526. https:// doi. org/ 10. 4161/ cam.4. 4. 12733

 18. Bamford RA, Widagdo J, Takamura N, Eve M, Anggono V, 
Oguro-Ando A (2020) The interaction between contactin and 
amyloid precursor protein and its role in Alzheimer’s disease. 
Neuroscience 424:184–202. https:// doi. org/ 10. 1016/j. neuro scien 
ce. 2019. 10. 006

 19. Chatterjee M, Schild D, Teunissen CE (2019) Contactins in the 
central nervous system: role in health and disease. Neural Regen 
Res 14:206–216. https:// doi. org/ 10. 4103/ 1673- 5374. 244776

 20. The Human Protein Atlas. https:// www. prote inatl as. org.
 21. Colakoglu G, Bergstrom-Tyrberg U, Berglund EO, Ranscht B 

(2014) Contactin-1 regulates myelination and nodal/paranodal 
domain organization in the central nervous system. Proc Natl 
Acad Sci USA 111:E394-403. https:// doi. org/ 10. 1073/ pnas. 13137 
69110

 22. Zoupi L, Savvaki M, Kalemaki K, Kalafatakis I, Sidiropoulou 
K, Karagogeos D (2018) The function of contactin-2/TAG-1 in 
oligodendrocytes in health and demyelinating pathology. Glia 
66:576–591. https:// doi. org/ 10. 1002/ glia. 23266

 23. Gautam V, D’Avanzo C, Hebisch M, Kovacs DM, Kim DY (2014) 
BACE1 activity regulates cell surface contactin-2 levels. Mol 
Neurodegener 9:4. https:// doi. org/ 10. 1186/ 1750- 1326-9-4

 24. Chatterjee M, van Steenoven I, Huisman E, Oosterveld L, Ber-
endse H, van der Flier WM, Del Campo M, Lemstra AW, van 
de Berg WDJ, Teunissen CE (2020) Contactin-1 is reduced in 
cerebrospinal fluid of Parkinson’s disease patients and is present 
within lewy bodies. Biomolecules. https:// doi. org/ 10. 3390/ biom1 
00811 77

 25. Chatterjee M, Del Campo M, Morrema THJ, de Waal M, van der 
Flier WM, Hoozemans JJM, Teunissen CE (2018) Contactin-2, a 
synaptic and axonal protein, is reduced in cerebrospinal fluid and 
brain tissue in Alzheimer’s disease. Alzheimers Res Ther 10:52. 
https:// doi. org/ 10. 1186/ s13195- 018- 0383-x

 26. Yin GN, Lee HW, Cho JY, Suk K (2009) Neuronal pentraxin 
receptor in cerebrospinal fluid as a potential biomarker for neuro-
degenerative diseases. Brain Res 1265:158–170. https:// doi. org/ 
10. 1016/j. brain res. 2009. 01. 058

 27. Dauar MT, Labonte A, Picard C, Miron J, Rosa-Neto P, Zetterberg 
H, Blennow K, Villeneuve S, Poirier J (2022) Characterization of 
the contactin 5 protein and its risk-associated polymorphic vari-
ant throughout the Alzheimer’s disease spectrum. Alzheimers 
Dement. https:// doi. org/ 10. 1002/ alz. 12868

 28. McKhann GM, Knopman DS, Chertkow H, Hyman BT, 
Jack CR Jr, Kawas CH, Klunk WE, Koroshetz WJ, Manly JJ, 
Mayeux R et al (2011) The diagnosis of dementia due to Alzhei-
mer’s disease: recommendations from the National Institute on 

Aging-Alzheimer’s Association workgroups on diagnostic guide-
lines for Alzheimer’s disease. Alzheimers Dement 7:263–269. 
https:// doi. org/ 10. 1016/j. jalz. 2011. 03. 005

 29. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, 
Neuhaus J, van Swieten JC, Seelaar H, Dopper EG, Onyike CU 
et al (2011) Sensitivity of revised diagnostic criteria for the behav-
ioural variant of frontotemporal dementia. Brain 134:2456–2477. 
https:// doi. org/ 10. 1093/ brain/ awr179

 30. McKeith IG, Dickson DW, Lowe J, Emre M, O’Brien JT, Feld-
man H, Cummings J, Duda JE, Lippa C, Perry EK et al (2005) 
Diagnosis and management of dementia with Lewy bodies: third 
report of the DLB Consortium. Neurology 65:1863–1872. https:// 
doi. org/ 10. 1212/ 01. wnl. 00001 87889. 17253. b1

 31. Emre M, Aarsland D, Brown R, Burn DJ, Duyckaerts C, Mizuno 
Y, Broe GA, Cummings J, Dickson DW, Gauthier S et al (2007) 
Clinical diagnostic criteria for dementia associated with Parkin-
son’s disease. Mov Disord 22:1689–1707. https:// doi. org/ 10. 1002/ 
mds. 21507. (quiz 1837)

 32. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, 
Frewen B, Kern R, Tabb DL, Liebler DC, MacCoss MJ (2010) 
Skyline: an open source document editor for creating and analyz-
ing targeted proteomics experiments. Bioinformatics 26:966–968. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btq054

 33. Oeckl P, Weydt P, Thal DR, Weishaupt JH, Ludolph AC, Otto 
M (2020) Proteomics in cerebrospinal fluid and spinal cord sug-
gests UCHL1, MAP2 and GPNMB as biomarkers and underpins 
importance of transcriptional pathways in amyotrophic lateral 
sclerosis. Acta Neuropathol 139:119–134. https:// doi. org/ 10. 1007/ 
s00401- 019- 02093-x

 34. Bai Y, Markham K, Chen F, Weerasekera R, Watts J, Horne P, 
Wakutani Y, Bagshaw R, Mathews PM, Fraser PE et al (2008) The 
in vivo brain interactome of the amyloid precursor protein. Mol 
Cell Proteomics 7:15–34. https:// doi. org/ 10. 1074/ mcp. M7000 
77- MCP200

 35. Puzzo D, Bizzoca A, Loreto C, Guida CA, Gulisano W, Frasca G, 
Bellomo M, Castorina S, Gennarini G, Palmeri A (2015) Role of 
F3/contactin expression profile in synaptic plasticity and memory 
in aged mice. Neurobiol Aging 36:1702–1715. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2015. 01. 004

 36. Konietzko U (2012) AICD nuclear signaling and its possible con-
tribution to Alzheimer’s disease. Curr Alzheimer Res 9:200–216. 
https:// doi. org/ 10. 2174/ 15672 05127 99361 673

 37. Osterfield M, Egelund R, Young LM, Flanagan JG (2008) Interac-
tion of amyloid precursor protein with contactins and NgCAM in 
the retinotectal system. Development 135:1189–1199. https:// doi. 
org/ 10. 1242/ dev. 007401

 38. Karuppan SJ, Vogt A, Fischer Z, Ladutska A, Swiastyn J, McGraw 
HF, Bouyain S (2022) Members of the vertebrate contactin and 
amyloid precursor protein families interact through a conserved 
interface. J Biol Chem 298:101541. https:// doi. org/ 10. 1016/j. jbc. 
2021. 101541

 39. Toyoshima M, Sakurai K, Shimazaki K, Takeda Y, Nakamoto M, 
Serizawa S, Shimoda Y, Watanabe K (2009) Preferential localiza-
tion of neural cell recognition molecule NB-2 in developing glu-
tamatergic neurons in the rat auditory brainstem. J Comp Neurol 
513:349–362. https:// doi. org/ 10. 1002/ cne. 21972

 40. Muqaku B, Oeckl P (2022) Peptidomic approaches and observa-
tions in neurodegenerative diseases. Int J Mol Sci. https:// doi. org/ 
10. 3390/ ijms2 31373 32

https://doi.org/10.1212/WNL.0000000000201417
https://doi.org/10.1212/WNL.0000000000201417
https://doi.org/10.1002/acn3.266
https://doi.org/10.1007/s00401-018-1851-x
https://doi.org/10.1007/s00401-018-1851-x
https://doi.org/10.4161/cam.4.4.12733
https://doi.org/10.1016/j.neuroscience.2019.10.006
https://doi.org/10.1016/j.neuroscience.2019.10.006
https://doi.org/10.4103/1673-5374.244776
https://www.proteinatlas.org
https://doi.org/10.1073/pnas.1313769110
https://doi.org/10.1073/pnas.1313769110
https://doi.org/10.1002/glia.23266
https://doi.org/10.1186/1750-1326-9-4
https://doi.org/10.3390/biom10081177
https://doi.org/10.3390/biom10081177
https://doi.org/10.1186/s13195-018-0383-x
https://doi.org/10.1016/j.brainres.2009.01.058
https://doi.org/10.1016/j.brainres.2009.01.058
https://doi.org/10.1002/alz.12868
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1212/01.wnl.0000187889.17253.b1
https://doi.org/10.1212/01.wnl.0000187889.17253.b1
https://doi.org/10.1002/mds.21507
https://doi.org/10.1002/mds.21507
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1007/s00401-019-02093-x
https://doi.org/10.1007/s00401-019-02093-x
https://doi.org/10.1074/mcp.M700077-MCP200
https://doi.org/10.1074/mcp.M700077-MCP200
https://doi.org/10.1016/j.neurobiolaging.2015.01.004
https://doi.org/10.1016/j.neurobiolaging.2015.01.004
https://doi.org/10.2174/156720512799361673
https://doi.org/10.1242/dev.007401
https://doi.org/10.1242/dev.007401
https://doi.org/10.1016/j.jbc.2021.101541
https://doi.org/10.1016/j.jbc.2021.101541
https://doi.org/10.1002/cne.21972
https://doi.org/10.3390/ijms23137332
https://doi.org/10.3390/ijms23137332

	Contactin proteins in cerebrospinal fluid show different alterations in dementias
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Patients
	CSF sample preparation for MRM analysis
	MRM analysis
	MRM method development and validation
	Statistical analysis

	Results
	MRM method development and validation
	Different abundance of CNTNs in neurodegenerative dementias
	Strong correlation between CNTNs in bvFTD but not in AD patients
	CNTNs provided an added value to the established CSF biomarkers

	Discussion
	Conclusion
	Acknowledgements 
	References




