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Synaptic dysfunction and degeneration is likely the key pathophysiology for the progression of cognitive decline in 
various dementia disorders. Synaptic status can be monitored by measuring synaptic proteins in CSF. In this study, 
both known and new synaptic proteins were investigated and compared as potential biomarkers of synaptic dysfunc
tion, particularly in the context of Alzheimer’s disease (AD).
Seventeen synaptic proteins were quantified in CSF using two different targeted mass spectrometry assays in the pro
spective Swedish BioFINDER-2 study. The study included 958 individuals, characterized as having mild cognitive im
pairment (MCI, n = 205), AD dementia (n = 149) and a spectrum of other neurodegenerative diseases (n = 171), in 
addition to cognitively unimpaired individuals (CU, n = 443). Synaptic protein levels were compared between diagnos
tic groups and their associations with cognitive decline and key neuroimaging measures (amyloid-β-PET, tau-PET and 
cortical thickness) were assessed.
Among the 17 synaptic proteins examined, 14 were specifically elevated in the AD continuum. SNAP-25, 14-3-3 zeta/ 
delta, β-synuclein, and neurogranin exhibited the highest discriminatory accuracy in differentiating AD dementia 
from controls (areas under the curve = 0.81–0.93). SNAP-25 and 14-3-3 zeta/delta also had the strongest associations 
with tau-PET, amyloid-β-PET and cortical thickness at baseline and were associated with longitudinal changes in 
these imaging biomarkers [β(standard error, SE) = −0.056(0.0006) to 0.058(0.005), P < 0.0001]. SNAP-25 was the stron
gest predictor of progression to AD dementia in non-demented individuals (hazard ratio = 2.11). In contrast, neuronal 
pentraxins were decreased in all neurodegenerative diseases (except for Parkinson’s disease), and NPTX2 showed the 
strongest associations with subsequent cognitive decline [longitudinal Mini-Mental State Examination: β(SE) =  
0.57(0.1), P ≤ 0.0001; and mPACC: β(SE) = 0.095(0.024), P ≤ 0.001] across the AD continuum. Interestingly, utilizing a ra
tio of the proteins that displayed higher levels in AD, such as SNAP-25 or 14-3-3 zeta/delta, over NPTX2 improved the 
biomarkers’ associations with cognitive decline and brain atrophy.
We found 14-3-3 zeta/delta and SNAP-25 to be especially promising as synaptic biomarkers of pathophysiological 
changes in AD. Neuronal pentraxins were identified as general indicators of neurodegeneration and associated 
with cognitive decline across various neurodegenerative dementias. Cognitive decline and brain atrophy were best 
predicted by ratios of SNAP-25/NPTX2 and 14-3-3 zeta/delta/NPTX2.
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Introduction
The increasing prevalence of dementia is a major global challenge. 
The most common cause is Alzheimer’s disease (AD), which has 
been predicted to affect 100 million people by 2050.1 The World 
Health Organization has specified improved early diagnostics as a 
key area in the global action plan against dementia since it is of 
high importance for optimal disease management and treatment.2

Furthermore, the boundaries between the different causes of de
mentia are often clinically unclear, and the presence of mixed path
ology is common. With the advent of disease-modifying treatments 
now within reach, it is of utmost importance to have early and ac
curate diagnostic tools that assess multiple disease domains, for 
which fluid biomarkers will likely be of great value. In AD, recent 
improvements include the incorporation in the diagnostic frame
work of PET targeting the underlying disease pathologies of 
amyloid-β (Aβ)3 and tau,4 as well as CSF analysis of the Aβ42/40 ratio 
and phosphorylated tau (p-tau) forms,5 providing high diagnostic 
accuracy.6 However, there is still a need for additional biomarkers 
that target other pathophysiological processes beyond Aβ and tau, 
especially when it comes to improving the prediction of cognitive 
decline and tightening associations between biomarkers and mea
sures of cognitive function. Furthermore, exploring the relation
ship between distinct classes of mechanistic pathways can 
expand the understanding of dementia and assist in the identifica
tion of novel drug target candidates.

Part of the central pathophysiology of dementia is the dysfunc
tion of synapses, followed by their degeneration. In fact, in clinico
pathological AD studies, measures of synaptic degeneration better 
correlate with antemortem cognitive function than the underlying 
Aβ and tau pathologies, even though synaptic degeneration has 
also mechanistically been linked as a downstream effect of such 
pathologies.7 This strong link between synaptic dysfunction and 

cognitive decline highlights the potential use of synaptic biomar
kers as relevant outcome measures in interventional studies. 
Over the past 30 years, since their first detection in CSF,8 various 
synaptic proteins have been studied as potential biomarkers, and 
several methods for their quantification have been developed, 
such as SNAP-25 and neurogranin, which are among the most 
prominent.9 Recently, we developed two in-house mass spectro
metric assays to quantify synaptic proteins in the CSF and to study 
synaptic dysfunction in dementia.10,11 The first method utilizes an 
immunoprecipitation step to target the low-abundance proteins 
SNAP-25 and synaptotagmin-1,10 both found to be increased in 
the CSF of AD patients. The second method includes a panel of 15 
synaptic proteins which were selected based on an exploratory pro
teomics study12 and encompasses neurogranin, the activating pro
tein 2 subunit complex beta (AP2B1), complexin-2, rab GDP 
dissociation inhibitor alpha (GDI-1), phosphatidylethanolamine- 
binding protein 1 (PEBP-1) and several members of the protein fam
ilies of the 14-3-3s, syntaxins, synucleins and neuronal pentraxins 
(NPTXs).11 Using this panel, we showed, in a smaller AD dataset, 
that the concentrations of β-synuclein, gamma-synuclein, neuro
granin, PEBP-1 and 14-3-3 proteins are higher in the CSF of AD pa
tients compared with cognitively unimpaired (CU) individuals. At 
the same time, the NPTX proteins are found at lower levels in AD 
patients compared with CU individuals, while the concentrations 
of complexin-2, GDI-1 and AP2B1 seem to remain unchanged.11

The main objective of this study was to leverage the two meth
ods to study these synaptic CSF biomarker candidates in the 
Swedish BioFINDER-2 study, which is a prospective and longitudin
al cohort study, including a deeply-characterized sample covering 
the AD continuum as well as a broad range of non-AD neurodegen
erative diseases. Together, the two methods cover several synaptic 
proteins with diverse functions and localizations at the synapse, 
hopefully allowing for a comprehensive overview when studying 
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synaptic dysfunction in dementia. The aim was to determine when 
CSF levels of synaptic proteins become abnormal and investigate 
their potential clinical utility and discriminatory ability between 
diagnoses as well as their associations with clinical deterioration 
over time and core AD pathologies, including Aβ-plaque pathology 
(determined by Aβ-PET), tau-tangle pathology (determined by 
tau-PET) and neurodegeneration (determined by volumetric MRI).

Materials and methods
Study population (Swedish BioFINDER-2 study)

The prospective Swedish BioFINDER-2 study (NCT03174938)13 in
cluded patients with mild cognitive impairment (MCI), AD demen
tia (ADD) and a spectrum of other neurodegenerative diseases as 
well as CU individuals. The patients with AD fulfilled the 
Diagnostic and Statistical Manual of Mental Disorders (5th edition) 
criteria for AD14 and were required to be Aβ-positive (Aβ+) as previ
ously described.15 The CU and MCI participants were required to be 
fluent in Swedish, be 40 years of age or older and have a 
Mini-Mental State Examination (MMSE) score between 27 and 30 
for CU participants and between 24 and 30 for MCI. MCI was classi
fied as previously described.16 Further subdivision into Aβ+ and 
Aβ-negative (Aβ−) members of the CU group (Aβ−/Aβ+ CU) and par
ticipants with MCI (Aβ−/Aβ+ MCI) was performed based on the CSF 
Aβ1-42/1-40 ratio.17 Inclusion criteria for the other neurodegenerative 
diseases included fulfilment of criteria for behavioural variant fron
totemporal dementia (bvFTD),14 dementia with Lewy bodies 
(DLB),18 Parkinson’s disease (PD),19 PD with dementia (PDD),14 sub
cortical vascular dementia (VaD),14 progressive supranuclear palsy 
(PSP),20 multiple system atrophy (MSA)21 or primary progressive 
aphasia (PPA).22 Of the PPA patients, five presented with semantic 
variant PPA and three with non-fluent variant PPA. Due to small in
clusion numbers for PPA (n = 7), bvFTD (n = 23), PSP (n = 24) and MSA 
(n = 13), these patients were merged into bvFTD/PPA (frontotempor
al disorders) and PSP/MSA (atypical parkinsonism) groups. All 
non-AD patients had negative AD core biomarkers (CSF Aβ1–42/1–40 

ratio and p-tau181), except for four participants (DLB, n = 1; PD, 
n = 1; and VaD, n = 2). Participants were recruited at Skåne 
University Hospital between April 2017 to September 2019. The 
Regional Ethical Committee in Lund, Sweden provided ethical 
approval. The patient demographics are listed in Table 1. For full 
details on the diagnostic criteria, refer to Palmqvist et al.15

CSF sampling and analysis

The collection of lumbar CSF samples was performed according to a 
standardized protocol developed by an international expert 
group.23 Following collection, the samples were centrifuged 
(2000g, +4°C, 10 min), aliquoted in polypropylene tubes and stored 
at −80°C. CSF Aβ1–42/1–40 ratio, phosphorylated tau at Thr181 
(p-tau181), and total tau (t-tau) were determined on a Cobase 601 
analyser using the NeuroToolKit (Roche Diagnostics). The Aβ status 
(positive/negative) was determined based on the CSF Aβ1–42/1–40 ra
tio, using a cut-off value of 0.08.24 The p-tau181 status (positive/ 
negative) was determined using a cut-off of 27 pg/ml.25

Neuropsychological tests

A neuropsychological evaluation was performed at baseline and 
then yearly for participants with cognitive impairment and every 
2 years for CU participants. The main measures of interest for the 
study were the MMSE score to assess global cognition26 and a T
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modified composite score of the Preclinical Alzheimer’s Cognitive 
Composite 5 (PACC5)27,28 as a measure to capture early cognitive 
decline (mPACC). The tests included were the MMSE, ADAS-cog de
layed recall, Symbol Digit Test and Category Fluency of animals. All 
tests were z-scored based on the mean and standard deviation (SD) 
of CU Aβ− participants over 50 years old and then averaged to gen
erate the mPACC score as described previously.29 For longitudinal 
analyses, regardless of diagnosis, 830 and 622 participants had 
follow-up neuropsychological tests and clinical diagnoses on aver
age 2.53 (0.95) (range 0.40–4.76) and 2.61 (0.99) (range 0.37–4.76) 
years after baseline for MMSE and mPACC, respectively.

Liquid chromatography-tandem mass spectrometry 
analysis

For details on sample preparation, refer to previously published 
work.11 In brief, a mixture of heavy peptide standards was added 
to 100 µl CSF; the samples were then subjected to reduction of cyst
eine disulfides, alkylation and trypsin digestion. Quantitation was 
performed by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) on a micro-flow LC-MS/MS system (6495 Triple 
Quadrupole LC/MS system, Agilent Technologies) equipped with a 
Hypersil Gold reversed-phase column (100×2.1 mm, particle size 
1.9 µm, Thermo Fisher Scientific). A panel of 15 synaptic proteins 
was measured: neurogranin, AP2B1, complexin-2, GDI-1, PEBP-1, 
14-3-3 epsilon, 14-3-3 theta, 14-3-3 zeta/delta, syntaxin-1B, 
syntaxin-7, β-synuclein, gamma-synuclein, NPTX1, NPTX2 and 
NPTXR. For detailed settings, refer to Supplementary Table 1A. 
Quality control samples, consisting of CSF pools, were injected peri
odically to monitor assay performance.

For SNAP-25 and synaptotagmin-1 measurements, an in-house 
assay was used consisting of enrichment with immunoprecipita
tion (KingFisher™ Flex System) of 200 µl CSF, followed by digestion, 
the addition of heavy isotope-labelled standards and quantitation 
with liquid chromatography/selected reaction monitoring mass 
spectrometry (LC-SRM/MS) (Agilent 6490 QQQ MS). For details on 
sample preparation and settings, refer to previously published 
work30,31 and Supplementary Table 1B, respectively.

MRI and PET acquisition and processing

MRI was performed on a Siemens 3T MAGNETOM Prisma scanner 
(Siemens Medical Solutions). Structural T1-weighted MRI images 
were acquired from a magnetization-prepared rapid gradient 
echo (MPRAGE) sequence with 1 mm isotropic voxels. PET images 
were acquired on digital GE Discovery MI scanners. For Aβ-PET, im
age acquisition was performed 90–110 min post injection of 
∼185 MBq 18F-flutemetamol. Note that patients with dementia did 
not undergo Aβ-PET. For tau-PET, acquisition was carried out 
70–90 min post injection of ∼370 MBq 18F-RO948 and was available 
for all participants. Image processing was done as described previ
ously.32 Briefly, PET images were attenuation corrected, motion cor
rected, summed and registered to the closest T1-weighted MRI 
processed through the longitudinal pipeline of FreeSurfer version 
6.0. Standardized uptake value ratio (SUVR) images were created 
using the inferior cerebellar grey matter as the reference region 
for 18F-RO948 and the cerebellum for 18F-flutemetamol.

For Aβ, the region of interest (ROI) was the average SUVR from a 
neocortical global region (prefrontal, lateral temporal, parietal, an
terior cingulate and posterior cingulate/precuneus). For tau, a tem
poral meta-ROI comprised of the average bilateral entorhinal, 
amygdala, fusiform, parahippocampal, inferior and middle 

temporal cortex SUVR was used.33 As a measure of neurodegenera
tion, the average cortical thickness from an AD signature of tem
poral regions34 (bilateral entorhinal, inferior and middle temporal 
and fusiform cortex) was used. For tau-PET and cortical thickness, 
longitudinal data regardless of diagnosis were available for 638 
and 626 participants, respectively, for an average follow-up of 2.4 
(SD 0.9) years.

Data processing and statistical analysis

Skyline 20.1 (MacCoss Lab Software) was utilized to analyse the 
mass spectrometric data. For the statistical analyses, R version 
3.6.1 (R Foundation for Statistical Computing) was used. Group 
comparisons of continuous and categorical demographics values 
were performed using ANOVA and chi-squared goodness-of-fit 
tests, respectively. The group-wise comparisons of the biomarkers 
were all assessed in linear regression models, with respective bio
markers as an outcome and adjusted for sex and age as well as 
for multiple comparisons with false rate discovery (FDR) correction. 
Standardization of relative peptide levels was performed by 
z-scoring biomarker values based on the controls (Aβ− CU). Forty 
subjects had missing SNAP-25 levels due to technical problems 
(seven CU−, seven CU+, seven MCI+, 10 AD, five MCI−, one PD, 
one PSP/MSA and two VaD). Following group comparison analyses, 
all subsequent analyses excluded subjects missing SNAP-25 to en
sure that all analyses included the same participants.

The receiver operating characteristic curve (ROC) area under the 
curve (AUC) was used to evaluate diagnostic performance, and the 
DeLong test was performed to compare AUCs. For these analyses, 
the NPTX2 levels were inverted so that all coefficients were in the 
same direction. To determine which combination of biomarkers 
enabled the best discrimination in the logistic regression, the 
Multi-Model-Inference R package version 1.43.17, which generates 
models with the best combinations of biomarker ranking based 
on Akaike Information Criteria (AIC), was utilized. The model 
with the lowest AIC represented the best model fit (change lower 
than two points implied a similar fit) and was compared to subse
quent models to retain the most parsimonious models. Note that 
when performing the analyses, biomarker inclusion was limited 
to the best performers to minimize the risk of random false-positive 
findings. ANOVA and the Delong test were used to compare the best 
model to subsequent models. Furthermore, to avoid collinearity 
due to dependent predictors, the analyses of synaptic biomarkers 
and their ratios were performed separately.

Associations between the CSF levels of synaptic proteins (stan
dardized) and neocortical Aβ-PET SUVR, tau-PET SUVR in the tem
poral meta-ROI, cortical thickness in the temporal AD (only 
cross-sectional data) and cognition (MMSE and mPACC) cross- 
sectionally and longitudinally were tested using linear models 
and linear mixed models, respectively. All models were adjusted 
for sex, age and diagnosis at baseline, whereas models of cognition 
also included adjustment for years of education. Separate analysis 
of cross-sectional and longitudinal data was performed to maxi
mize data inclusion. All linear mixed models had random inter
cepts and slopes, and the interaction between time and the 
synaptic marker is reported. Cox-proportional hazard regression 
models were used with age and sex as covariates to assess the as
sociation of the baseline concentrations of the synaptic proteins 
(standardized) and conversion to AD dementia during longitudinal 
follow-up, and hazard ratios are reported. The outcome for 
the model was time to diagnosis, the patients were censored at 
their last follow-up visit and the NPTX2 levels were inverted. 
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FDR correction was performed for multiple comparisons for all 
models, where all P-values reported are FDR-corrected.

Results
The BioFINDER-2 study included 958 participants, of whom 330 
(34%) were controls (Aβ− CU), 113 (12%) had preclinical AD (Aβ+ 
CU), 122 (13%) had prodromal AD (Aβ+ MCI), 149 (16%) had ADD 
and 244 (25%) had various other neurodegenerative diseases 
(Table 1). The non-AD neurodegenerative disease groups included 
bvFTD/PPA, DLB, PD, VaD and PSP/MSA. The mean age was 68.4 
(SD 10.4) years, 49.3% were women and the mean years of education 
was 12.5 (SD 3.8).

Diagnostic group comparisons of synaptic 
biomarkers

All synaptic biomarkers, except for the NPTX proteins, were found 
at higher levels in CSF of ADD patients compared with controls (Aβ− 
CU) [β(standard error, SE) = −0.37(0.11) to −2.51(0.14), P < 0.01; 
Supplementary Fig. 1 and Supplementary Table 2]. Of the synaptic 
proteins, SNAP-25, 14-3-3 zeta/delta, β-synuclein and neurogranin 
were the top-performing biomarkers with the largest concentration 
increases in ADD compared with controls (Aβ− CU). The standar
dized CSF concentrations by diagnostic group are shown in Fig. 1.

Most of the proteins, except NPTXs and syntaxin-1B, were also 
already found to be increased in CSF of preclinical AD (Aβ+ CU) par
ticipants when compared with controls (Aβ− CU) [β(SE) = −0.26(0.12) 
to −1.07(0.15), P < 0.05], and they (except syntaxin-7) were also in
creased in prodromal AD (Aβ+ MCI) when compared with controls 
(Aβ− CU) [β(SE) = −0.41(0.12) to −1.40(0.15), P < 0.01]. In addition, 
14-3-3 was further increased in prodromal AD (Aβ+ MCI) when com
pared with preclinical AD (Aβ+ CU) [β(SE) = −0.42(0.17), P = 0.032], 
which was not the case for the other proteins. Finally, the levels 
of 14-3-3 zeta/delta, SNAP-25, β-synuclein, neurogranin, 14-3-3 epsi
lon, gamma-synuclein, GDI-1 and PEBP-1 were further increased in 
ADD compared with prodromal AD (Aβ+ MCI) [β(SE) = −0.38(0.16) to 
−1.11(0.16), P < 0.01].

In summary, SNAP-25, 14-3-3 zeta/delta, β-synuclein and neuro
granin were clearly increased in all stages of AD when compared 
with controls, and 14-3-3 zeta/delta increased further when moving 
from preclinical AD to prodromal AD, and all of these four proteins 
increased further when moving from prodromal AD to ADD (Fig. 1).

When comparing non-AD neurodegenerative diseases with 
controls (Aβ− CU), most synaptic proteins were unchanged. The 
CSF concentrations of SNAP-25, neurogranin and β-synuclein 
were found to be lower [β(SE) = 0.68(0.25) to 1.01(0.25), P < 0.05] in 
the PSP/MSA group compared with controls (Aβ− CU). 
Additionally, 14-3-3 zeta/delta were found to be present at higher 
concentrations in bvFTD/PPA compared with controls (Aβ− CU) 
[β(SE) = −0.63(0.26), P = 0.030].

When it comes to the NPTXs, the CSF concentrations of NPTX1, 
NPTX2 and NPTXR were found to be lower in ADD as well as in the 
non-AD neurodegenerative groups, except PD, when compared 
with controls (Aβ− CU) [NPTX2: β(SE) = 0.57(0.10) to 1.13(0.17), 
P < 0.01; NPTX1: β(SE) = 0.56(0.21) to 0.97(0.17) (except AD), P < 0.05; 
NPTXR: β(SE) = 0.35(0.11) to 1.21(0.18), P < 0.01]. However, the 
NPTXs showed no stepwise decrease along the AD continuum, i.e. 
no differences were found between preclinical AD, prodromal AD 
and ADD. Furthermore, only NPTX2 was found at lower concentra
tions at the prodromal stage of AD (Aβ+ MCI) when compared with 
controls (Aβ− CU) [β(SE) = 0.42(0.11), P = 0.00031].

Given that SNAP-25, 14-3-3 zeta/delta, β-synuclein and neuro
granin were the proteins with the most significant increases across 
the AD continuum and compared with the non-AD neurodegenera
tive disease group, the main results from subsequent analyses fo
cus on these four proteins. NPTX2, which was most clearly 
decreased in both AD and most other neurodegenerative diseases, 
is also highlighted. Detailed results for all proteins quantified can 
be found in the Supplementary material.

Discriminatory accuracy of synaptic biomarkers

Next, the ability of the synaptic proteins to differentiate the differ
ent diagnostic groups from controls (Aβ− CU) was evaluated (Fig. 2). 
Overall, 14-3-3 zeta/delta exhibited the highest AUCs (AUC = 0.80– 
0.95) across the AD continuum (Fig. 2A–C), showing significantly 
better diagnostic performance than the other synaptic proteins at 
both the prodromal AD (Aβ+ MCI) and AD dementia stages 
(DeLong, P < 0.001). Furthermore, 14-3-3 zeta/delta exhibited better 
diagnostic performance than NPTX2 even at the preclinical AD (Aβ+ 
CU) stage (DeLong, P ≤ 0.0001). The protein exhibiting the second 
highest AUCs across the AD continuum was SNAP-25, i.e. when 
comparing preclinical AD, prodromal AD and ADD dementia to con
trols (AUC = 0.77–0.88).

When differentiating ADD from all other non-AD neurodegenera
tive diseases, SNAP-25 was instead the protein demonstrating the 
highest AUCs [AUC = 0.89, 95% confidence interval (CI) = 0.85–0.92; 
Fig. 2D], which were significantly higher than those of β-synuclein, 
neurogranin and NPTX2 (DeLong, P < 0.01).

When comparing ADD to preclinical AD (Aβ+ CU) instead of con
trols (Aβ− CU), the diagnostic performance of all markers was lower, 
as expected, but 14-3-3 zeta/delta showed acceptable discrimination 
with an AUC of 0.75 (95%CI = 0.69–0.81; Fig. 2E), which was signifi
cantly better than β-synuclein, neurogranin and SNAP-25 (DeLong, 
P < 0.01).

When differentiating non-AD neurodegenerative diseases from 
controls (Aβ− CU), NPTX2 provided the best discrimination (AUC =  
0.73, 95%CI = 0.68–0.78; Fig. 2F), which was significantly better than 
β-synuclein, neurogranin and SNAP-25 (Delong, P ≤ 0.0001) but not 
14-3-3 zeta/delta. The performance of NPTX2 in this context was 
comparable to its performance when discriminating ADD from 
controls (Aβ− CU) (AUC = 0.68, 95%CI = 0.62–0.73). Results for all pro
teins can be found in Supplementary Table 3.

Associations of synaptic markers with AD pathology 
and atrophy

Associations between the different synaptic markers and AD path
ology measured with neuroimaging, i.e. Aβ-plaque pathology load 
(measured with Aβ-PET SUVR), tau-tangle pathology (measured 
with tau-PET SUVR) as well as cortical thickness (measured with 
volumetric MRI) were assessed both cross-sectionally and longitu
dinally. The strongest associations with Aβ-plaque pathology 
load and tau-tangle pathology across the AD continuum, i.e. in 
preclinical AD, prodromal AD and ADD were seen consistently 
with 14-3-3 zeta/delta and SNAP-25 (Supplementary Table 4A). 
Cross-sectionally, higher levels of 14-3-3 zeta/delta and SNAP-25 
were related to a higher load of tau-tangle pathology [β(SE) =  
0.40(0.03) and β(SE) = 0.41(0.03), respectively, both P ≤ 0.0001] as 
well as more Aβ-plaque pathology [β(SE) = 0.22(0.02), P = 0.011 and 
β(SE) = 0.31(0.02), P ≤ 0.0001, respectively]. The next strongest asso
ciations with baseline tau- and Aβ-PET were seen for β-synuclein 
and NPTX2 but with lower magnitudes [tau-PET: β(SE) = −0.23 to 
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0.26(0.03), P ≤ 0.0001 and Aβ PET: β(SE) = −0.18(0.02), P = 0.025 (only 
NPTX2)]. When it comes to cross-sectional associations with cor
tical thickness, NTPX2 exhibited the strongest association [β(SE) =  
0.34(0.01), P ≤ 0.0001], followed by 14-3-3 zeta/delta [β(SE) =  
−0.13(0.01), P = 0.023].

Looking at longitudinal increases in tau-tangle pathology or 
brain atrophy [average 2.3 (0.9 SD) years, n = 248 participants for 
tau-PET and n = 260 for cortical thickness], higher baseline levels 
of 14-3-3 zeta/delta or SNAP-25 and lower baseline levels of 
NPTX2 were most strongly associated with a greater increase in 
tau-PET SUVR [β(SE) = 0.022(0.009), β(SE) = 0.032(0.009) and β(SE) =  
−0.024(0.009), respectively, all P < 0.05] and decrease in cortical 
thickness over time [β(SE) = −0.032(0.010), β(SE) = −0.024(0.010) and 
β(SE) = 0.051(0.009), respectively, all P < 0.05] (Fig. 3). In longitudinal 
analyses, no associations were found for β-synuclein or 
neurogranin.

In contrast, looking at associations between CSF biomarkers of 
synaptic pathology and neuroimaging across the non-AD neurode
generative diseases, no associations (P > 0.05; Supplementary 
Table 4B) were found with either tau-PET or cortical thickness for 
cross-sectional analyses as well as when studying the prediction 
of subsequent longitudinal change. The exception was for lower 
baseline levels of NPTX2, which was found to be associated with 
cross-sectional cortical thickness [β(SE) = 0.26(0.01), P = 0.00012]. 
Similarly, no associations (P > 0.05; Supplementary Table 4C) were 

found in controls (Aβ− CU). All statistical details with associations 
with PET and MRI can be found in Supplementary Tables 4A–C.

Associations of synaptic markers with cognitive 
decline and clinical progression

Associations between CSF biomarkers of synaptic pathology and 
cognitive decline were assessed across the AD continuum, i.e. in 
preclinical AD, prodromal AD and ADD (Supplementary Table 5A). 
Cross-sectional analyses revealed that only higher levels of 14-3-3 
zeta/delta [β(SE) = −0.16(0.053), P = 0.013] were found to be asso
ciated with lower performance on mPACC, but no synaptic protein 
showed any association with MMSE. When studying subsequent 
longitudinal change in MMSE [average follow-up 2.61 (0.94 SD) 
years, n = 336 participants], it was found that lower baseline con
centrations of NPTX2 [β(SE) = 0.57(0.11), P ≤ 0.0001] and higher con
centrations of SNAP-25, 14-3-3 zeta/delta and β-synuclein [β(SE) =  
−0.26(0.11) to −0.43(0.11), P < 0.05] were associated with more rapid 
cognitive decline on MMSE over time (Fig. 4). When studying subse
quent longitudinal change in mPACC [average follow-up 2.66 (0.98 
SD) years, n = 242 participants], only baseline NPTX2 [β(SE) =  
0.099(0.025), P = 0.00043] and SNAP-25 [β(SE) = −0.072(0.027), P = 0.016] 
were associated with more rapid cognitive decline (Fig. 4).

In contrast, when assessing associations between CSF biomar
kers of synaptic pathology and cognitive decline across the 

Figure 1 CSF concentrations of SNAP-25, 14-3-3 zeta/delta (ζ/d), β-synuclein, neurogranin and NPTX2 (one representative peptide for each protein) 
across diagnostic groups. For visualization purposes only, P-values for comparisons, including the control or Alzheimer’s disease dementia (ADD) 
groups, are shown due to space constraints. All P-values from the group comparisons are shown in Supplementary Table 2. The bottom and top hinges 
of the box plot denote the 25th and 75th percentiles, respectively, while the medians are represented by vertical lines, and the whiskers extend to the 
most extreme points within the 1.5× interquartile range of the 25th and 75th percentiles. AD = Alzheimer’s disease; Aβ = amyloid-β; Aβ− CU = controls; 
Aβ+ CU = preclinical AD; Aβ+ MCI = prodromal AD; bvFTD/PPA = behavioural variant frontotemporal dementia/primary progressive aphasia; CU = cog
nitively unimpaired; DLB = dementia with Lewy bodies; MCI = mild cognitive impairment; non-AD = non-AD neurodegenerative diseases; PD =  
Parkinson’s disease; PSP/MSA =  progressive supranuclear palsy/multiple system atrophy; VaD = subcortical vascular dementia. P-values: *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. 
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non-AD neurodegenerative diseases, no associations (P > 0.05; 
Supplementary Table 5B) were found with either MMSE or mPACC 
for cross-sectional analyses as well as when studying the predic
tion of subsequent longitudinal change. The exception was for low
er baseline levels of NPTX2, which was found to be associated with 
baseline mPACC [β(SE) = 0.22(0.08), P = 0.04] and longitudinal 
change in MMSE [β(SE) = 0.39(0.12), P = 0.0087]. Similarly, no asso
ciations (P > 0.05; Supplementary Table 5C) were found in controls 
(Aβ− CU) except for 14-3-3 zeta/delta and mPACC [β(SE) =  
−0.13(0.04), P = 0.010] in the cross-sectional analysis.

Follow-up diagnosis over the same period with an average of 2.4 
(1.18 SD) years was available from 586 study participants who were 
non-demented (CU or MCI) at baseline, of whom 59 (10%) pro
gressed to ADD. Cox regression analysis showed that SNAP-25, 
14-3-3 zeta/delta, β-synuclein, neurogranin and NPTX2 were inde
pendent predictors of progression to an ADD diagnosis [hazard ra
tio = 1.42–2.11, P < 0.05; Supplementary Table 6A]. SNAP-25 
concentration was the strongest predictor, with a hazard ratio of 
2.11, indicating a substantial increase in the likelihood of progres
sion to ADD, with higher concentrations of baseline SNAP-25 
in non-demented individuals (Fig. 5A). Replicating the analyses 
focusing on the progression to a diagnosis of MCI due to AD from 
non-demented (CU) at baseline [17 (4%) progressors of 425 partici
pants, mean follow-up = 2.42 (1.17 SD) years], similar results were 
observed with SNAP-25 concentration as the strongest predictor, 
with a hazard ratio of 2.79 (Supplementary Table 6B). Focusing on 
the non-AD neurodegenerative diseases, 34 non-demented (6%, 
CU and MCI) of 561 study participants [average follow-up of 2.42 

(1.19 SD) years] progressed to a dementia diagnosis. For this case, 
Cox regression analysis revealed NPTX2 to be an independent pre
dictor of progression to a dementia diagnosis in non-AD neurode
generative diseases, with a hazard ratio of 6.03 (inverted levels, 
P ≤ 0.0001), indicating a substantial increase in the likelihood of 
progression, with lower concentrations of baseline NPTX2 in non- 
demented individuals (Fig. 5B).

Utility of combining synaptic proteins in ratios

Lastly, to investigate the potential utility of combining synaptic bio
markers for the quantification of synaptic pathology, the ratio of 
SNAP-25, 14-3-3 zeta/delta, β-synuclein, or neurogranin over 
NPTX2 was also explored for all previous analyses. The rationale 
was to create ratios of key proteins with increased concentrations 
along the AD continuum to the key protein with a decreased con
centration in AD and non-AD (NPTX2). Interestingly, the results im
proved, and the most notable changes were related to associations 
with cognitive function in the AD continuum. Across all analyses, 
the ratios SNAP-25/NPTX2 and 14-3-3 zeta/delta/NPTX2 yielded 
the strongest associations, and the main focus in the following sec
tion will then be on these two ratios. Both for cross-sectional and 
longitudinal associations with MMSE and mPACC, using the ratio 
SNAP-25/NPTX2 or 14-3-3 zeta/delta/NPTX2 yielded much stronger 
associations [MMSE: β(SE) = −0.75(0.18) to −0.95(0.10), P < 0.001; 
mPACC: β(SE) = −0.15(0.026) to −0.28(0.055), P ≤ 0.0001], with coeffi
cients from regressions models being almost twice as high with 
the ratios compared with SNAP-25 or 14-3-3 zeta/delta alone 

Figure 2 Diagnostic accuracy of SNAP-25, neurogranin, 14-3-3 zeta/delta (ζ/d), β-synuclein and NPTX2. Receiver operating curves calculated for (A) 
controls (amyloid-β-negative cognitively unimpaired, Aβ− CU) versus preclinical Alzheimer’s disease (AD) (amyloid-β-negative cognitively unimpaired, 
Aβ+ CU), (B) Aβ− CU versus prodromal AD (Aβ+ MCI), (C) Aβ− CU versus Alzheimer’s disease dementia (ADD), (D) ADD versus non-AD neurodegenerative 
disease (non-AD), (E) Aβ+ CU versus ADD and (F) Aβ− CU versus non-AD for the five synaptic proteins. For the analysis, the NPTX2 levels were inverted. 
CI = confidence interval.
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(Fig. 6 and Supplementary Table 5A). In non-AD neurodegenerative 
disease, the ratios SNAP-25/NPTX2 and 14-3-3 zeta/delta/NPTX2 
were associated with both lower MMSE scores at baseline and faster 

decline over time [β(SE) = −0.63(0.13) to −1.01(0.25), P < 0.01; see 
Supplementary Table 5B for all statistics], associations which 
were not seen with the standalone synaptic measures. In addition, 

Figure 3 Associations with Alzheimer’s disease pathology and atrophy for SNAP-25, neurogranin, 14-3-3 zeta/delta (ζ/d), β-synuclein and NPTX2 
across the Alzheimer’s disease continuum. Associations of tau-PET, amyloid-β (Aβ)-PET and thickness [Alzheimer’s disease (AD) signature—MRI] 
cross-sectionally and longitudinally with individual biomarkers (standardized concentrations) were examined using linear models and linear 
mixed-effects models (with random slopes and intercept), respectively, that included age, diagnosis at baseline and sex as covariates. False rate dis
covery correction was performed for multiple comparisons. Only participants with longitudinal data were kept for the linear mixed-effect models. For 
longitudinal tau, 611 data points from 248 participants were included, with an average of 2.28 years of follow-up (SD 0.92). For longitudinal cortical 
thickness, 649 data points from 260 participants were included, with an average of 2.26 years of follow-up (SD 0.91). Statistical models were performed 
with continuous values for the synaptic protein and tertiles were created only for visualization purposes. SUVR = standardized uptake value ratio.

Figure 4 Associations with cognitive measures (MMSE and m PACC scores) for SNAP-25, neurogranin, 14-3-3 zeta/delta (ζ/d), β-synuclein and NPTX2 
across the Alzheimer’s disease continuum. Associations of cognition (MMSE and mPACC scores) longitudinally with individual biomarkers (standar
dized concentrations) were examined using linear mixed-effects models (with random slopes and intercept), respectively, that included age, sex, diag
nosis and years of education as covariates across the Alzheimer’s disease (AD) continuum (preclinical AD, prodromal AD and AD dementia). False rate 
discovery correction was performed for multiple comparisons. Only participants with longitudinal data were kept for the linear mixed-effect models. 
1069 data points from 336 participants were included for longitudinal MMSE, with an average of 2.61 (0.94 SD) years of follow-up. For longitudinal 
mPACC, 738 data points from 242 participants were included, with an average of 2.66 (0.98 SD) years of follow-up. Statistical models were performed 
with continuous values for the synaptic protein, and tertiles were created only for visualization purposes. MMSE = Mini-Mental State Examination; 
mPACC = modified Preclinical Alzheimer’s Cognitive Composite.
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14-3-3 zeta/delta/NPTX2 displayed both weak cross-sectional and 
longitudinal associations in the control (Aβ− CU) group with 
mPACC [β(SE) = −0.15(0.04) to −0.05(0.01), P < 0.01]

The associations with cortical thickness and the PET measures 
of Aβ and tau in the AD continuum also clearly improved 
(Supplementary Table 4A). In both cross-sectional and longitudinal 
analyses, all associations improved with the SNAP-25/NPTX2 and 
14-3-3 zeta/delta/NPTX2 ratios. The main difference in using the ra
tios was more evident in cross-sectional associations with cortical 
thickness in the non-AD neurodegenerative diseases and the con
trols (Aβ− CU): the synaptic ratios were associated with thinner cor
tex in both groups, respectively [14-3-3 zeta/delta/NPTX2: β(SE) =  
−0.36(0.01) and −0.31(0.01), P < 0.001]. These associations were not 
seen in these groups with the standalone synaptic markers.

Similarly, the ratios improved the discrimination between 
certain diagnostic groups for all four synaptic proteins, most 
notably when comparing preclinical AD (Aβ+ CU) with ADD 
(Supplementary Table 3). In this comparison, the ratios of 
either 14-3-3 zeta/delta/NPTX2 (AUC = 0.87, 95%CI = 0.83–0.92) or 
SNAP-25/NPTX2 (AUC = 0.86, 95%CI = 0.82–0.91) were had the high
est AUCs, which were significantly higher than the AUCs obtained 
when using 14-3-3 zeta/delta, SNAP-25 or NPTX2 alone (AUCs =  
0.68–0.75, DeLong, P < 0.001). Similarly, improvements in AUCs 
were also seen when differentiating controls from prodromal AD 
(Aβ+ CU) or ADD as well as separating controls (Aβ− CU) from 
non-AD neurodegenerative diseases. No major improvements 
were observed in predicting progression utilizing the ratios com
pared with the single biomarkers (Supplementary Tables 6A–C).

Comparison with current AD core biomarkers, 
p-tau181 and t-tau

To investigate the potential utility of the synaptic biomarkers com
pared with current AD core biomarkers, p-tau181 and t-tau were also 
explored for all previous analyses. In the cross-sectional analyses, 

associations were only seen with the synaptic ratios and not with 
p-tau181 and t-tau [MMSE: both β(SE) = −0.05(0.17), P = 0.91; mPACC: 

β(SE) = −0.09(0.053) and −0.077(0.054), P > 0.05] (Supplementary 

Table 5A). For the prediction of subsequent longitudinal change in 

cognition, associations were found for p-tau181 and t-tau [MMSE: 

β(SE) = −0.52(0.11) and −0.50(0.11), P ≤ 0.0001; mPACC: β(SE) =  
−0.083(0.027) and −0.080(0.027), P < 0.01] but at almost half of the 

magnitude of the best synaptic ratio SNAP-25/NPTX2 [MMSE: 

β(SE) = −0.95(0.10), P ≤ 0.0001; mPACC: β(SE) = −0.18(0.025), P ≤  
0.0001]. It is important to note that the p-tau181 and t-tau as well 

as the synaptic protein measures are heavily confounded by diag

nosis in the cross-sectional analyses, which was a covariate for cog

nition. However, even when removing the covariate from the 

analysis, the ratio of SNAP25/NPTX2 [MMSE: β(SE) = −2.29(0.22), 

P ≤ 0.0001; mPACC: β(SE) =  −0.81(0.077), P ≤ 0.0001) still presented 

with higher associations than p-tau181 [MMSE: β(SE) = −1.30(0.24), 

P ≤ 0.0001; mPACC: β(SE) = −0.48(0.087), P ≤ 0.0001] and t-tau 

[MMSE: β(SE) = −1.27(0.24), P ≤ 0.0001; mPACC: β(SE) = −0.44(0.089), 

P ≤ 0.0001](data not shown). No associations with cognition and 

p-tau181 or t-tau were found outside of the AD continuum.
The effects of p-tau181 and total tau in relation to clinical pro

gression were also investigated (Supplementary Tables 6A–C). For 

progression to AD dementia, p-tau181 and t-tau [hazard ratio =  
2.09 (1.77–2.46) and 2.21 (1.82–2.70), P ≤ 0.0001] displayed similar 

hazard ratios to the best synaptic proteins [SNAP-25/NPTX2: hazard 

ratio = 2.25(1.90–2.67), P ≤ 0.0001]. However, for progression to an AD 

MCI diagnosis, p-tau181 and t-tau [hazard ratio = 1.90(1.47–2.45) and 

2.08(1.52–2.85), P ≤ 0.0001] were outperformed by SNAP-25 alone 

[hazard ratio = 2.79(1.82–4.30), P ≤ 0.0001]. Furthermore, for the pro

gression to a non-ADD diagnosis, p-tau181 and t-tau [hazard ratio =  
0.67(0.41–1.08) and 0.78(0.50–1.20), P > 0.05] were not found to be 

significant predictors, unlike NPTX2 [hazard ratio = 6.03(2.91–12.47), 

P ≤ 0.0001].

Figure 5 Associations of clinical progression with SNAP-25 and NPTX2 levels. (A) SNAP-25 levels in 586 participants who were cognitively unimpaired 
or had mild cognitive impairment (MCI) at baseline were included, with an average of 2.4 (1.2 SD) years of follow-up, of whom 59 (10%) progressed to 
Alzheimer’s disease dementia (ADD). Statistical models were performed with continuous values for the synaptic protein, and tertiles were created only 
for visualization purposes. (B) NPTX2 levels in 561 participants who were cognitively unimpaired or had MCI at baseline were included, with an average 
of 2.4 (1.2 SD) years of follow-up, of whom 34 (6%) progressed to non-AD dementia. Statistical models were performed with continuous values for the 
synaptic protein, and tertiles were created only for visualization purposes.
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Lastly, to further investigate the role of synaptic biomarkers 
beyond p-tau181 and t-tau in discriminating between different 
groups, the combination of the top synaptic markers as standa
lone markers or their ratios with p-tau181 or t-tau in the ROC 
analyses was explored. Across the models in the AD continuum, 
the combination of p-tau181 and NPTX2 consistently outper
formed all the single biomarkers and the synaptic ratios (AUC =  
0.87–0.99; ANOVAs for model fit, all P ≤ 0.0001; DeLong, all 
P <  0.001). The exception was at early AD stages compared with 
controls, Aβ− CU versus Aβ+ CU, where NPTX2 addition did not 
improve the model (AUC = 0.87; ANOVA for model fit, P > 0.05; 
DeLong, P > 0.05) and p-tau181 alone (AUC = 0.84) constituted the 
best parsimonious model. Of note, combining p-tau181 with either 
the ratio SNAP-25/NPTX2 or 14-3-3 zeta/delta/NPTX2 was not 

better than p-tau181 combined with NPTX2 alone. Furthermore, 
in controls (Aβ− CU) compared with the non-AD neurodegenera
tive diseases group, p-tau181 typically did not provide much infor
mation, and in such cases, 14-3-3 zeta/delta/NPTX2 was the best 
parsimonious model (AUC = 0.83; ANOVA for model fit, P > 0.05; 
DeLong, P > 0.05).

Discussion
This large-scale study of the Swedish BioFINDER-2 cohort enabled 
the comparisons of multiple potential synaptic biomarkers side 
by side, revealing that several proteins characterized with in-house 
mass spectrometric methods have the potential to be biomarkers of 
synaptic dysfunction in AD. Our findings support our previously 

Figure 6 Associations with cognitive measures (MMSE and mPACC scores) for SNAP-25/NPTX2 and 14-3-3 zeta/delta (ζ/d)/NPTX2 across the 
Alzheimer’s disease continuum. Associations of cognition (MMSE and mPACC scores) longitudinally with individual biomarkers (standardized concen
trations) were examined using linear mixed-effects models (with random slopes and intercept), respectively, that included age, sex, diagnosis and 
years of education as covariates across the Alzheimer’s disease (AD) continuum (preclinical AD, prodromal AD and AD dementia). Dotted lines indicate 
the biomarker’s original (non-ratio) associations. False rate discovery correction was performed for multiple comparisons. Only participants with lon
gitudinal data were kept for the linear mixed-effect models. For longitudinal MMSE, 1069 data points from 336 participants were included, with an aver
age of 2.61 (0.94 SD) years of follow-up. For longitudinal mPACC, 738 data points from 242 participants were included, with an average of 2.66 (0.98 SD) 
years of follow-up. Statistical models were performed with continuous values for the synaptic protein, and tertiles were created only for visualization 
purposes. MMSE = Mini-Mental State Examination; mPACC = modified Preclinical Alzheimer’s Cognitive Composite; SD = standard deviation.
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published results (that differential patterns of synaptic protein al
terations exist across neurodegenerative diseases) but now in a lar
ger, more extensive phenotype dataset, which includes a broad 
range of non-AD neurodegenerative diseases. One of the main no
vel findings of this study was that of the 17 synaptic proteins stud
ied, 14 showed higher concentrations in the AD continuum 
compared with non-AD participants. This indicated that, even if 
synaptic degeneration is not a unique hallmark of AD, synaptic pro
teins are particularly increased in AD compared with other neuro
degenerative diseases, underscoring synaptic dysfunction as a 
prominent feature of the disease. However, an exception to this 
finding was that the NPTXs were lower in the CSF and were found 
to be non-specific indicators of synaptic dysfunction and cognitive 
decline across neurodegenerative dementias. By looking at the syn
aptic proteins with increased levels in AD, no clear indications of 
differences in either function or localizations such as between 
pre- or post-synaptic proteins were apparent.

Of special note, among the 14 synaptic proteins quantified as 
having increased concentrations in the AD continuum, 14-3-3 
zeta/delta, SNAP-25, β-synuclein and neurogranin consistently 
showed the strongest associations across all analyses. 14-3-3 
zeta/delta belongs to a synapse-enriched protein family involved 
with synaptic transmission and plasticity regulation,35 a family 
emerging as one of the top differentially expressed AD proteins in 
recent explorative CSF proteomics papers.12,36,37 In our previous 
targeted studies, 14-3-3 zeta/delta concentration was indicated to 
be higher in AD compared with controls as well as other neurode
generative diseases.11,38,39 SNAP-25 and neurogranin, which are, re
spectively, a pre-synaptic protein involved in vesicle exocytosis 
and a post-synaptic protein involved in calcium-mediated signal
ling pathways, are both well-known synaptic biomarkers impli
cated specifically in AD.9 Higher concentrations of the two 
proteins have been confirmed by ELISA and mass spectrometric 
methods in AD patients.30,40-43 Lastly, β-synuclein belongs to the 
same pre-synaptic family as alpha-synuclein, a protein prominent
ly known as a major component of Lewy bodies and Aβ plaques.44,45

We and others have shown that β-synuclein levels seem to be high
er in AD than in controls, with no changes observed in comparison 
with other neurodegenerative diseases.11,38,39,46,47 The protein is 
also one of the first suggested synaptic blood biomarkers48 even 
in preclinical AD.49 In the current study, it was shown that the 
CSF levels of these four proteins in particular discriminate AD 
(AUC = 0.81–0.93) from both controls (Aβ− CU) and non-AD, with 
the best discrimination shown with SNAP-25 and 14-3-3 zeta/delta. 
Their CSF concentrations also seem to increase stepwise across the 
AD continuum and provide good discrimination (AUC = 0.74–0.80) 
at the preclinical stages of AD (Aβ+ CU) compared with controls 
(Aβ− CU). This increase in synaptic protein concentrations in early 
AD, i.e. Aβ-positive individuals with no evidence of tau pathology, 
suggests that the changes may occur due to Aβ-triggered synaptic 
dysfunction prior to tau accumulation and neurodegeneration.

Higher concentrations of SNAP-25, β-synuclein, 14-3-3 zeta/delta 
and neurogranin were also performed well in predicting the pro
gression to ADD (from CU and MCI stages), and they were asso
ciated with more rapid cognitive decline. In particular, higher CSF 
concentrations of SNAP-25 doubled the probability of conversion 
to dementia, and it was the only protein, apart from NPTX2, that 
showed an association with cognitive decline as measured by 
both MMSE and mPACC. A previous systematic review supports 
the suggestion that, among other synaptic biomarkers, CSF concen
trations of SNAP-25, together with NPTX2, have a particular associ
ation with cognition.50 Our study goes beyond these two markers in 

investigating many synaptic biomarkers side by side in a large sam
ple and relating them to brain changes. To that effect, only SNAP-25 
and 14-3-3 zeta/delta were associated with cortical thickness as 
well as tau and Aβ-PET imaging, where the strongest associations 
were found specifically with the underlying pathology of AD and 
less with atrophy. Higher baseline concentrations of these two pro
teins were also related to the accumulation of tau tangles, suggest
ing a close interplay between synaptic dysfunction and the 
progression of AD pathology.

Another group of interesting proteins in the study was the 
NPTXs, a family of scaffold proteins whose functions involve the re
cruitment of post-synaptic receptors into synapses and thus modu
lation of homeostatic synaptic plasticity.51,52 Simultaneously 
studying NPTX levels in a broad range of non-AD neurodegenera
tive diseases for the first time, we were able to show that NPTXs, 
in particular the CSF concentration of NPTX2, seem to be generally 
lower across neurodegenerative diseases, including AD, DLB, atyp
ical parkinsonism (PSP/MSA), FTD and VaD. The results were in line 
with those from smaller recent studies that have reported lower 
CSF concentrations of the pentraxins in AD38,42,53-57 as well as in 
other neurodegenerative diseases such as atypical parkinsonism,39

DLB38,58,59 and FTLD.38,59,60 In a previous study, lower levels of 
NPTX2 were also observed in PD compared with controls; the re
sults were not replicated in the current study possibly due to the 
low sample size (PD, n = 48). Among the synaptic proteins, NPTX2 
best discriminated (AUC = 0.73) non-AD patients from controls 
but was outperformed by almost all other synaptic biomarkers for 
discriminating AD from controls. We and others have previously 
shown that NPTX2 seems to have a stronger association with cog
nitive measurements (MMSE) in AD and other neurodegenerative 
diseases such as PD than other synaptic biomarkers,11,38,39,42,59

and this was discussed in a recent systematic review of the field.50

In the current study, we confirmed that there is a particularly 
strong association between baseline pentraxin concentrations 
and more rapid cognitive decline across the AD continuum as esti
mated by changes in MMSE as well as mPACC scores. Associations 
between NPTX2 and AD pathology in the brain, measured with 
tau-PET and Aβ-PET, were generally lower than for the other synap
tic proteins, both at baseline and longitudinally. However, associa
tions between cortical thickness and NPTX2 were stronger, 
outperforming the other markers. Additionally, lower NPTX2 levels 
were predictive of a more rapid clinical progression to ADD. Taken 
together, the findings indicated that NPTX2 is possibly more asso
ciated with neurodegeneration in general than with the underlying 
pathology of AD, since its levels were low in other neurodegenera
tive diseases and not specifically low in AD. In fact, this decrease 
could be attributed to reduced neuronal activity, as NPTX2 is known 
to be an immediate early gene (IEG) produced in response to in
creased synaptic activity.61 However, alterations in NPTX levels 
have been suggested to signify the specific disruption of pyramidal 
neuron-parvalbumin circuits and subsequent excitability homeo
stasis,62,63 since NPTX2 accumulates prominently at excitatory 
synapses on parvalbumin-expressing interneurons when perineur
onal nets are present.63

Finally, we investigated the potential utility of creating ratios of 
key proteins (SNAP-25, β-synuclein, 14-3-3 zeta/delta and neurogra
nin) with increased concentrations along the AD continuum to the 
main protein (NPTX2) with a decreased concentration in AD and 
non-AD. Interestingly, as a central novel finding of the study, 
most results improved, most notably indicating that the utilization 
of ratios of synaptic proteins to track cognition might be particular
ly useful. Few studies have explored the use of ratios of synaptic 
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proteins, but in the few that have, similar improvements were re
ported when utilizing NPTXR and neurogranin.64 In comparing 
the synaptic biomarkers with current AD core biomarkers 
(p-tau181 and t-tau), the synaptic proteins and their ratios, espe
cially NPTX2 and SNAP25/NPTX2, presented higher associations 
with cognitive decline than p-tau181 and t-tau. The combination 
of p-tau181 with NPTX2 seemed to improve the diagnostic accuracy 
across the AD continuum, while the ratio of 14-3-3 zeta/delta/ 
NPTX2 should be further investigated for its discriminatory value 
outside the AD spectrum. Furthermore, in specific cases of predict
ing progression, SNAP-25 and NPTX2 also seemed to have an ad
vantage over p-tau181 and t-tau, such as for progression to MCI 
due to AD and to a non-AD dementia diagnosis, respectively. 
Overall, we found that, of the synaptic biomarkers studied, 
NPTX2 and its ratios add value beyond p-tau181 and t-tau.

The major strength of this study in comparing potential synap
tic pathology biomarkers across neurodegenerative dementias 
was the use of multiplexed mass spectrometry, which allowed 
for the simultaneous quantification of several biomarkers. In add
ition, SNAP-25 and synaptotagmin-1, two potential synaptic bio
markers from the literature, were quantified. This allowed us to 
study a range of synaptic biomarkers with different functions 
and localizations, enabling us not only to compare them but 
also to reinforce the credibility of the results from proteins with 
similar outcomes, i.e. validating general and specific pathological 
patterns. Even though only cross-sectional measurements of syn
aptic proteins were available, 2–4 years of longitudinal cognitive 
data and brain imaging measures were included. It is important 
to acknowledge that even though this study was among the lar
gest targeted investigations to focus on so many synaptic proteins 
in the AD continuum, the sample sizes of the non-AD groups were 
relatively smaller (n = 20–48 per diagnostic group). Future studies 
should thus include a longitudinal analysis to confirm the value 
of the biomarkers to track disease progression and to determine 
how early in the disease trajectory the changes occur and further 
investigations are needed to explore the impact and implication 
of the use of synaptic protein ratios. Additionally, the discrimin
atory accuracy against a specific non-AD neurodegenerative dis
ease should be interpreted with caution, and future studies 
should focus on replicating these findings in larger study samples.

Conclusion
Using in-house mass spectrometric measurements of a large panel 
of synaptic proteins in AD and neurodegenerative diseases, we 
found the most prominent synaptic biomarker changes in AD, cor
roborating that synaptic dysfunction is a particularly strong feature 
of this disease. In contrast, members of the pentraxin family 
showed alterations across neurodegenerative diseases, suggesting 
that they may be sensitive biomarkers for general synaptic degen
eration. Taken together, our results indicate that several synaptic 
proteins, specifically NPTX2, SNAP-25, neurogranin, β-synuclein 
and 14-3-3 zeta/delta, show promise as possible complements to 
other CSF and imaging markers as diagnostic, prognostic, stage 
and/or monitoring biomarkers of cognitive decline and synaptic 
pathology. In particular, the ratios of SNAP-25/NPTX2 and 14-3-3 
zeta/delta/NPTX2 emerged as strong contenders for predicting cog
nitive decline and brain atrophy. The study of synaptic proteins is 
of great importance as it offers valuable mechanistic insight into 
the complex overlapping impact of synaptic pathology in the spec
trum of neurodegenerative diseases.
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