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Abstract 

Background: There is currently a lack of reliable and easily accessible biomarkers predicting cognitive decline in 
Alzheimer’s disease (AD). Synaptic dysfunction and loss occur early in AD and synaptic loss measured in the brain 
tissue and by PET are closely linked to cognitive decline, rendering synaptic proteins a promising target for biomarker 
development.

Methods: We used novel Simoa assays to measure cerebrospinal fluid (CSF) levels of two synaptic biomarker can-
didates, postsynaptic density protein 95 (PSD-95/DLG4), and the presynaptically localized synaptosomal-associated 
protein 25 (SNAP-25), as well as neurogranin (Ng), an established postsynaptic biomarker. CSF samples from two 
well-characterized cohorts (n=178 and n=156) were selected from banked samples obtained from diagnostic lumbar 
punctures containing subjects with amyloid-ß (Aß) positive AD, subjects with non-AD neurodegenerative diseases, 
subjects with other neurological conditions, and healthy controls (HC).

Results: All subjects had detectable CSF levels of PSD-95, SNAP-25, and Ng. CSF levels of PSD-95, SNAP-25, and Ng 
were all correlated, with the strongest correlation between the presynaptic SNAP-25 and the postsynaptic neurogra-
nin. AD subjects had on average higher concentrations of all three synaptic markers compared to those with non-AD 
neurodegenerative diseases, other neurological disorders, and HCs. Increased CSF levels of PSD-95, SNAP-25, and Ng 
were, however, not specific for AD and were present in sporadic cases with inflammatory or vascular disorders as well. 
High CSF levels of PSD-95 were also observed in a few subjects with other neurodegenerative disorders.

Conclusion: The data establishes PSD-95 as a promising CSF marker for neurodegenerative disease synaptic pathol-
ogy, while SNAP-25 and Ng appear to be somewhat more specific for AD. Together, these synaptic markers hold 
promise to identify early AD pathology, to correlate with cognitive decline, and to monitor responses to disease-mod-
ifying drugs reducing synaptic degeneration.
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Background
Synaptic dysfunction and loss occur early in Alzheimer’s 
disease (AD) and may be present before a reduction in 
neuronal density is apparent [1–3]. While established 
cerebrospinal fluid (CSF) AD biomarkers such as amy-
loid-ß42 (Aß42) and phospho-tau (pTau181) have proven 
to be of diagnostic value in AD, they are less predictive 
of cognitive decline, and it is unclear how well their lev-
els reflect clinically relevant changes during disease pro-
gression or treatment trials. Synaptic loss measured by 
various methods such as electron microscopy, neuro-
chemical measurements of synaptic protein concentra-
tions, and PET, has been reported to better correlate with 
cognitive decline in AD in multiple studies [4, 5], render-
ing synaptic proteins a promising target for biomarker 
development. Increased levels of both pre- and post-syn-
aptic proteins including synaptosomal-associated protein 
25 (SNAP-25), growth-associated protein 43 (GAP-43), 
synaptotagmin-1, and neurogranin (Ng) have been 
detected in the CSF in the early stages of AD presumably 
due to release from degenerating synapses [6]. Here, we 
used two novel pre-commercial Simoa assays developed 
by Quanterix (Billerica, MA) to measure CSF levels of 
postsynaptic density protein 95 (PSD-95), a synaptic pro-
tein not previously described in the CSF, and SNAP-25, 
an emerging synaptic biomarker of interest, in subjects 
with AD, non-AD neurodegenerative diseases, other 
neurological conditions, and healthy controls. The CSF 
Aß42/40 ratio was used to establish AD as the underlying 
pathophysiology for mild cognitive impairment (MCI) 
and dementia. In addition, levels of Ng, an established 
synaptic marker, were quantified using a commercially 
available ELISA assay (Euroimmun, Lübeck, Germany) 
for comparison purposes.

PSD-95 (also known as SAP-90 or DLG4) is a scaf-
folding protein located at the postsynaptic density of 
excitatory synapses which binds directly or indirectly to 
NMDA and AMPA receptors, potassium channels, and 
associated signaling proteins resulting in their cluster-
ing during the formation and maintenance of dendritic 
spines [7]. Altered PSD-95 expression modulates recep-
tor retention at the synapse and PSD-95 is an important 
factor in synaptic plasticity and the stabilization of syn-
aptic changes during long-term potentiation [8]. Animal 
studies suggest that PSD-95 disruption is associated with 
cognitive and learning deficits [9]. Reduced expression of 
PSD-95 has been observed in brain tissue from AD sub-
jects [10, 11] and in mouse models of AD [11].

SNAP-25 is a component of the presynaptic SNARE 
complex, which mediates the fusion and exocytosis of 
synaptic vesicles in neurons and the subsequent neu-
rotransmitter release [12]. CSF levels of SNAP-25 have 
previously been shown to be elevated in AD subjects 
using mass spectrometry [13] or a microparticle-based 
immunoassay on the Singulex Erenna system [14–16]. 
In subjects carrying autosomal-dominant AD mutations, 
SNAP-25 CSF levels were increased 15–19 years prior to 
symptom onset [14], correlated with cognitive measures 
[14, 15], and predicted clinical decline in subjects with 
MCI [15].

Our results showed that subjects with AD on average 
had markedly increased PSD-95 and SNAP-25 CSF lev-
els compared to both healthy controls and subjects with 
other neurodegenerative diseases, further promoting 
these two proteins as biomarkers for synaptic dysfunc-
tion in AD.

Methods
Study subjects
Two independent cohorts of CSF samples were selected 
from the Mass General Institute for Neurodegenerative 
Disease (MIND) biorepository, which consists of CSF 
samples collected from diagnostic lumbar punctures at 
the Department of Neurology at Massachusetts General 
Hospital. CSF samples from healthy research participants 
were obtained from the LifeSPAN biorepository. Clini-
cal diagnoses were verified in chart review by an experi-
enced neurologist (SEA), and AD status was verified by 
the CSF Aß42/40 ratio measured by Quanterix (Cohort 
I) or Euroimmun (Cohort II) immunoassays as described 
below.

The initial cohort (n=178) consisted of subjects with 
AD (n=37), subjects with a range of other neurodegen-
erative (NeuroDegen; n=62) or non-neurodegenerative 
(NeuroCtrl; n=59) neurological diseases, and healthy 
controls (HC; n=20). The validation cohort (n=165) 
consisted of a larger number of AD subjects (n=99) with 
varying levels of cognitive impairment, subjects with 
NeuroDegen diseases (n=6), NeuroCtrls (n=33), and HC 
(n=21). Further demographic and diagnostic details can 
be found in Table 1.

CSF sampling and analysis
Selected samples were collected between 2014 and 2020. 
Samples were collected and aliquoted in polypropylene 
plasticware, frozen on dry ice within 30 min of collection, 
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and stored at −80 °C until use. PSD-95 and SNAP-25 
concentrations were measured by the Quanterix Accel-
erator lab (Billerica, MA) using pre-commercial research 
assays. The PSD-95 assay used a monoclonal mouse 
IgG anti-PSD-95 antibody as the capture antibody and 
a monoclonal rabbit IgG anti-PSD-95 antibody as the 
detection antibody. The specificity of the antibodies was 
verified using Western blot of human brain homogenates 
which showed bands at the expected molecular weights 
of 80 and 95 kDa (Supplementary Figure 1). The SNAP-
25 assay, which targets the soluble N-terminal fragment 
of SNAP-25 (aa 2-47), has since become commercially 
available (Quanterix Simoa SNAP-25 Advantage Kit). It 
uses a monoclonal mouse antibody against the full-length 
unaltered SNAP-25 protein as the capture antibody and 
a mouse monoclonal antibody against a recombinant 
form of SNAP-25 protein with the epitope mapped to the 
N-terminal region as the detection antibody. The sensi-
tivity of the PSD-95 and SNAP-25 assays was estimated 
by their LLOD (defined as mean+2SD of the blank), and 
LLOQ. LLOQ was defined for the SNAP-25 assay as the 
lowest dilution with a CV of 20% and recovery between 
80 and 120% of the expected concentration and for the 
PSD-95 assay based on CV profiling, which employs a 
fixed signal CV to estimate the associated concentra-
tion CV where LLOQ is the concentration at which the 
calibration curve intersects the CV curve at 20% CV. 
Dilution linearity was evaluated by spiking recombinant 
protein into the target matrix, then diluting in sample 
buffer and calculating the percent recovery at each level 
against the baseline dilution. The spike recovery was 
defined as percent recovery of spiked protein at final 
dilution. Aß40, Aß42, NfL, and GFAP were measured 
in Cohort I by the Quanterix Accelerator lab using the 
Quanterix Simoa Neurology 4-plex E (N4PE) assay. Aß40 
and Aß42 were measured in Cohort II using Euroimmun 
Beta-Amyloid (1-40) and (1-42) ELISA assays (Lübeck, 
Germany) on a semiautomated Tecan Freedom Evo liq-
uid handler (Männedorf, Switzerland) in the Arnold lab 
following manufacturer’s instructions. Euroimmun Total-
Tau, phospho-Tau/pTau(181), and Neurogranin (Trunc 
P75) ELISA assays were also performed in the Arnold lab 
on the Tecan platform. 

Statistical analysis
Biomarker concentrations were log-transformed to 
satisfy assumptions of normality of their distribution. 
Correlation analyses were performed using Pearson cor-
relation and linear regression in STATA/SE version 16.1. 
Differences between diagnostic groups were evaluated 
using ANOVA and Tukey’s Honest Significant Difference 
test adjusting for age, sex, and the biomarker in ques-
tion. The subgroup analysis between different AD subsets 

was performed using weighted logistic regression, and 
multiple testing correction was performed using the 
Benjamini-Hochberg method. To assess the classification 
utility of the biomarkers, area under the curve (AUC) val-
ues were computed using a logistic regression model fit 
to subsets of the dataset proved significant by the previ-
ous procedures [17]. To control for the effect of age, bio-
marker levels were residualized on age for the logistic 
regression models. The above procedures were carried 
out using the R statistical software version 4.0.4. Statisti-
cal analysis to determine differences in synaptic markers 
between the different neurodegenerative and non-neu-
rodegenerative neurological diseases was not performed 
due to the large number of comparisons and small sample 
sizes. This data is only presented to provide information 
on outlier status. Values in graphs are presented without 
log transformation for visualization purposes.

Results
Patient characteristics
Two independent cohorts were used to identify and vali-
date between-group differences in CSF levels of PSD-95 
and SNAP-25. The initial cohort (n=178) was selected 
to contain subjects with a range of neurological dis-
eases (including AD and other neurodegenerative and 
non-neurodegenerative neurological diseases) and HCs 
and to span a very broad spectrum of ages from young 
to old (20–89 years). The validation cohort (n=165) was 
selected to contain a larger number of AD subjects with 
varying levels of cognitive impairment. The preliminary 
analysis showed that there were no effects of age (PSD-95 
- cohort 1: r=0.13; cohort 2: r=0.24; SNAP-25 - cohort 
1: r=−0.027; Cohort 2: r=−0.01; p=n.s. for all compari-
sons) or gender (data not shown) on levels of PSD-95 nor 
SNAP-25. All AD subjects had a low CSF Aß42/40 ratio 
to establish AD as the underlying pathophysiology for 
MCI and dementia (Supplementary Figure 2).

PSD‑95 and SNAP‑25 assay performance
Bead-based digital Simoa immunoassays were devel-
oped to detect SNAP-25 and PSD-95 in human CSF. 
Conditions were optimized for maximal sensitivity and 
analytical performance. The assays were evaluated for 
sensitivity, dilution linearity, spike & recovery, and ana-
lyte detectability in normal human CSF. The SNAP-25 
assay had an LLOD of 0.88 pg/ml and an LLOQ of 2.56 
pg/ml, which resulted in a functional LLOQ of 10.24 pg/
ml after multiplying by the dilution factor (4x). The quan-
tifiability was >80% of normal samples above LLOQ, the 
linearity of sample dilution was 80–124% in CSF, and 
the recovery of sample spike was 95–110%. The PSD-
95 assay had an LLOD of 0.5 pg/ml and an LLOQ of 1.0 
pg/ml, resulting in a functional LLOQ of 8.0 pg/ml at 8x 
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dilution. The quantifiability was 100% of normal sam-
ples above LLOQ, the linearity of sample dilution was 
90–113% in CSF, and the recovery of sample spike was 
84–100%.

Concentrations of PSD-95 and SNAP-25 were above 
the LLOQ in all subjects of the two cohorts included 
in the current study. The samples were run in duplicate 
with intraplate coefficients of variation (CVs) of 3.2±2.5% 
(mean±SD) for the PSD-95 assay and 1.9±1.8% for the 
SNAP-25 assay. The initial and validation cohorts were 
analyzed 6 months apart using different reagent lots for 
the PSD-95 and SNAP-25 assays. The two reagent lots 
were manually prepared and did not go through commer-
cial lot-to-lot testing, which resulted in a large lot-to-lot 
variability for PSD-95. Identical bridge samples repeated 
in both lots showed a mean concentration of 283±111 
pg/ml (mean±SD) in Lot 1 and 138±66 pg/ml in Lot 2 
(CV: 50.2±9.7%). The results between the two batches 
were, however, tightly correlated (r=0.96; p<0.05) dem-
onstrating that the differences were due to a constant 
bias. The difference between the two batches for SNAP-
25 were smaller (Lot 1: 94±24 pg/ml; Lot 2: 81±18 pg/
ml; CV: 10.5±2.7%) and also tightly correlated (r=0.99; 
p<0.005).

Correlations among CSF PSD‑95, SNAP‑25, 
and neurogranin (Ng) levels
CSF levels of all three synaptic markers were highly cor-
related with each other with the strongest correlation 
between SNAP-25 and Ng (all subjects: r=0.87; p<0.0001; 
Fig 1A). The subgroup analysis showed that this cor-
relation was present in all diagnostic groups at similar 
strength (r=0.82–0.88; p<0.0001 for all comparisons; 
Supplementary Table 1). SNAP-25 and Ng were also sig-
nificantly correlated with PSD-95, although these corre-
lations were less strong (all subjects: r=0.44 and r=0.41, 

respectively; p<0.0001 for both comparisons; Fig 1B, C). 
The subgroup analysis showed a few NeuroCtrl and Neu-
roDegen subjects who had high PSD-95 levels without 
correspondingly high levels of SNAP-25 or Ng and vice 
versa resulting in weaker correlations in these groups 
compared to the other diagnostic groups resulting in the 
overall less strong correlations (Supplementary Table 1).

Subjects with AD had higher CSF levels of PSD‑95, 
SNAP‑25, and Ng
Between-group differences in synaptic markers in the 
initial cohort were determined using ANOVA followed 
by Tukey’s post hoc test (Supplementary Table 2A). This 
demonstrated that CSF levels of PSD-95 on average were 
significantly higher in subjects with AD (452±176 pg/ml; 
Fig. 2A) compared to subjects with NeuroDegen diseases 
(316±271 pg/ml; p<0.001), NeuroCtrls (308±268 pg/ml; 
p<0.0005), and HC (213±70 pg/ml; p<0.0001). However, 
high PSD-95 levels were not specific for AD and subjects 
with very high PSD-95 levels (defined manually as >650 
pg/ml based on levels exceeding the main PSD-95 dis-
tribution) were observed in 7 of 62 subjects (11%) with 
NeuroDegen diseases [frontotemporal dementia (n=3), 
Lewy body dementia (n=2), and dementia/MCI NOS 
(n=2)] and in 3 of 59 subjects (5%) with other neurologi-
cal diseases [CNS vasculitis and multiple strokes (n=1), 
neurosarcoidosis (n=1), and idiopathic intracranial 
hypertension (IIH; n=1); Fig.  2B]. The highest PSD-95 
level was observed in the subject with CNS vasculitis and 
multiple strokes (1935 pg/ml).

SNAP-25 CSF levels were similarly higher in subjects 
with AD (114±30 pg/ml; Fig. 2C) compared to subjects 
with NeuroDegen diseases (71±24 pg/ml; p<0.0001), 
NeuroCtrls (91±53 pg/ml; p<0.005), and HC (83±21 
pg/ml; p<0.05). High SNAP-25 levels (defined manually 
as >150 pg/ml) were not observed in any NeuroDegen 

Fig. 1 Correlations between CSF levels of PSD-95, SNAP-25, and neurogranin stratified by diagnostic group
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subject but were found in 5 of the 59 NeuroCtrls [8%; 
IIH (n=2), Mollaret’s meningitis (n=1), neurosarcoidosis 
(n=1), and sinus thrombosis (n=1); Fig. 2D]. The highest 
SNAP-25 level was observed in the subject with neuro-
sarcoidosis (361 pg/ml).

The overall profile of Ng expression was very similar 
to that of SNAP-25 consistent with the high correlation 

between the two markers. Ng CSF levels were higher in 
subjects with AD (418±142 pg/ml; Fig.  2E) compared 
to subjects with NeuroDegen diseases (248±133 pg/ml; 
p<0.0001), NeuroCtrls (367±270 pg/ml; p<0.02), and 
HC (264±111 pg/ml; p<0.01). The same 5 controls with 
high SNAP-25 levels were also exceeding the cutoff for 
high Ng levels (manually defined as >600 pg/ml), again 

Fig. 2 CSF levels of PSD-95 (A), SNAP-25 (C), and Neurogranin (E) in healthy controls (HC) and subjects with Alzheimer’s disease (AD), non-AD 
neurodegenerative diseases (NeuroDegen), and neurological controls (NeuroCtrl) from cohort I. CSF levels of PSD-95 (B), SNAP-25 (D), and 
neurogranin (F) by diagnosis. Solid green lines represent the median of the groups and dotted green lines represent the mean. Statistical analysis 
to determine differences between the individual NeuroDegen and NeuroCtrl diseases (B, D, and F) was not performed due to the large number of 
comparisons and small sample sizes, and graphs are included to provide information on outlier status
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with the highest levels observed in the subject with 
neurosarcoidosis (1457 pg/ml; Fig. 2F). Two additional 
NeuroCtrls [meningitis (n=1) and IIH (n=1)] and one 
subject with NeuroDegen diseases (dementia/MCI 
NOS) exceeded the Ng cutoff.

Diagnostic classification model
A logistic regression model was used to determine 
the ability of the synaptic markers to differentiate 
between AD and the control groups (Fig.  3A–C). All 
three synaptic markers showed a good ability to dif-
ferentiate between AD and HC (Fig. 3A) with the best 
area under the curve (AUC) observed for PSD-95 
(0.79) and marginally lower values for SNAP-25 (0.75) 
and Ng (0.77). The ability to discriminate between AD 
and NeuroDegen diseases was similar with AUC val-
ues for the three synaptic markers between 0.74 and 
0.83 (Fig.  3B) and between AD and NeuroCtrls with 
AUC values between 0.72 and 0.74 (Fig.  3C). The 
performance of the synaptic markers to discriminate 
between AD and the control groups was, however, less 
than the performance of pTau181 which resulted in 
AUC values between 0.88-0.94 (Fig. 3A–C).

CSF levels of PSD‑95, SNAP‑25, and Ng correlated with CSF 
levels of tTau, pTau181, and the Aß42/40 ratio, but not with 
NfL or GFAP
Within the AD group, CSF levels of SNAP-25 and Ng 
were strongly correlated with CSF levels of tTau (r=0.91 
and 0.86, respectively; p<0.0001 for both comparisons) 
and pTau181 (r=0.81 and 0.69, respectively; p<0.0001 for 
both comparisons). Levels of PSD-95 also correlated with 
tTau (r=0.60; p<0.0001) and pTau181 (r=0.57; p<0.0002), 
albeit not as strongly. All three synaptic markers showed 
a negative correlation with the Aß42/40 ratio (r=−0.37 
to −0.53; p<0.05 for all comparisons) in the subjects 
with AD. There were no correlations with NfL or GFAP 
(Table 2).

CSF Levels of PSD‑95 and SNAP‑25 in the validation cohort
Next, CSF levels of PSD-95 and SNAP-25 were measured 
in a second, independent cohort (Fig. 4A, B; Supplemen-
tary Table  2B). Between-group analysis using ANOVA 
and Tukey’s post hoc test confirmed that AD subjects 
had higher levels of both PSD-95 (279±138 pg/ml) and 
SNAP-25 (163±62 pg/ml) compared to HC (PSD-95: 
130±68 pg/ml; p<0.00001; SNAP-25: 97±36 pg/ml; 

Fig. 3 ROC-AUC curves for classification of AD vs HC (A), AD vs non-AD neurodegenerative diseases (B), and AD vs neurological controls (C) using 
PSD-95, SNAP-25, or neurogranin. The amyloid ß42/40 ratio and pTau181 are included as a reference. Graphs show AUC values with 95% confidence 
intervals

Table 2 Correlation between CSF levels of PSD-95, SNAP-25, or neurogranin and CSF AD biomarkers

Abbreviations: NfL neurofilament light, GFAP glial fibrillary acidic protein, Aß42/40 ratio amyloid ß42/40 ratio, pTau181 Phospho-Tau 181, tTau total tau

PSD‑95 SNAP‑25 Neurogranin

r r2 p r r2 p r r2 p

NfL 0.08 0.01 n.s. −0.01 0 n.s. −0.08 0.01 n.s.

GFAP 0.06 0 n.s. 0.13 0.02 n.s. 0.08 0.01 n.s.

Aß42/40 ratio −0.37 0.13 0.026 −0.39 0.16 0.015 −0.53 0.29 0.0007

pTau181 0.57 0.32 0.0002 0.81 0.66 <0.0001 0.69 0.47 <0.0001

tTau 0.6 0.36 0.0001 0.92 0.84 <0.0001 0.86 0.74 <0.0001
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p<0.00001), subjects with NeuroDegen diseases (PSD-
95: 129±53 pg/ml; p<0.00001; SNAP-25: 79±30 pg/ml; 
p<0.00001), and NeuroCtrls (PSD-95: 110±38 pg/ml; 
p<0.00001; SNAP-25: 88±29 pg/ml; p<0.00001).

The larger number of subjects with AD in the sec-
ond cohort allowed for comparisons between differ-
ent AD subsets (Supplementary Table  2C). A logistic 
regression model with Benjamini-Hochberg correction 
showed that increased levels of PSD-95 and SNAP-25 
were observed in early AD as both subjects with MCI 
and a small number of cognitively unimpaired subjects 
with positive CSF AD biomarkers (asymptomatic AD, 
n=6) had increased levels compared to HC (PSD-95 - 
HC: 130±68 pg/ml; asymptomatic AD: 270±123 pg/ml; 
pAdj<0.01; AD MCI: 255±116 pg/ml; pAdj<0.00001; 
SNAP-25 - HC: 97±36 pg/ml; asymptomatic AD: 

163±47 pg/ml; pAdj<0.01; AD MCI: 151±51 pg/
ml; pAdj=0.00005; Fig.  4C, D). Levels of PSD-95 and 
SNAP-25 were nominally higher in AD subjects with 
dementia (PSD-95: 312±161 pg/ml; SNAP-25: 180±73 
pg/ml) compared to MCI in unadjusted analysis 
(p<0.05 for both comparisons; Fig. 4C, D), but this did 
not remain statistically significant after multiple testing 
correction.

Discussion
We used a novel Simoa assay to quantify CSF levels of 
PSD-95, an important component of post-synaptic densi-
ties, in subjects with AD and related these levels to two 
more established synaptic markers, SNAP-25 and Ng. 
Our data showed increased CSF levels of all three syn-
aptic markers in AD compared to other disease groups 

Fig. 4 CSF levels of PSD-95 (A) and SNAP-25 (B) in healthy controls (HC) and subjects with AD, non-AD neurodegenerative diseases (NeuroDegen), 
and other neurological conditions (NeuroCtrl) from cohort II. PSD-95 (C) and SNAP-25 (D) levels in HC and AD subjects stratified by cognitive status. 
Asymptomatic refers to cognitively unimpaired subjects with positive CSF AD biomarkers. Solid green lines represent the median of the groups and 
dotted green lines represent mean
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including other neurodegenerative diseases, inflamma-
tory CNS conditions, CSF circulation disorders, and 
HC. Increased levels of the three synaptic proteins were, 
however, not specific to AD and sporadic subjects with 
high levels were also observed in the control groups. Syn-
aptic loss is not a primary phenomenon unique to AD, 
but most likely a downstream phenomenon of synaptic 
injury or degeneration occurring in many neurological 
conditions. The highest levels in our study were present 
in subjects with inflammatory conditions such as neuro-
sarcoidosis, vasculitis, and meningitis, where activation 
of microglia and astrocytes as well as infiltrating immune 
cells can lead to the release of factors such as glutamate 
and proinflammatory cytokines, triggering a neurotoxic 
environment [18, 19]. We did not see increased CSF lev-
els of Ng nor SNAP-25 in subjects with other neurode-
generative diseases consistent with previous studies that 
have suggested that Ng is increased specifically in AD 
neurodegeneration and not in other neurodegenerative 
diseases or subjects with non-neurodegenerative cogni-
tive impairment [20, 21]. In contrast, high CSF levels of 
PSD-95 were detected in 11% of subjects with non-AD 
neurodegenerative diseases. It is unlikely that this reflects 
diagnostic misclassification or a mixed AD pathology 
as the CSF Aß42/40 ratio was normal in these subjects. 
All neurodegenerative diseases are characterized by syn-
aptic dysfunction to some extent, and it is not clear why 
SNAP-25 and Ng may be selectively increased in the CSF 
of AD subjects. Aggregation of oligomeric tau, which is 
present in all tauopathies including AD, can trigger syn-
aptic damage [22]. The pattern of tau aggregates is, how-
ever, distinct in each tauopathy, and it is plausible that 
regional differences or a varying degree of synaptic dam-
age can lead to different concentrations of synaptic pro-
teins in the CSF. Aggregated α-synuclein, characteristic 
for the group of α-synucleinopathies, can similarly trig-
ger synaptic damage in dopaminergic neurons [23].

While we observed a tight correlation between SNAP-
25 and Ng, the level of correlation between PSD-95 and 
the two other synaptic markers was less pronounced. It is 
interesting that the two proteins with the highest degree 
of correlation in this study are localized at different syn-
aptic compartments, while there was greater dissociation 
between the two post-synaptic proteins. It is known that 
there is a differential involvement of synaptic compo-
nents in AD brains [24], and while CSF levels of synaptic 
markers often track together [25], there have also been 
reports of a lack of correlation [26, 27]. Further studies 
are needed to understand if a panel of synaptic markers 
reflecting different aspects of synaptic dysfunction pro-
vides additive information over an individual protein as 
well as if any synaptic protein is a better predictor of cog-
nitive decline than others. It is also possible that PSD-95’s 

distinctive profile reflects greater sensitivity of its assay 
for the extent or rate of synaptic injury across diseases 
than SNAP-25 or Ng.

Previous studies have repeatedly demonstrated that 
CSF levels of Ng and SNAP-25 correlate with cognitive 
measures and that increased CSF levels of Ng and SNAP-
25 are present already in early AD or even before symp-
tom onset [5, 6]. We utilized a cohort of CSF samples 
collected from a lumbar puncture service within a gen-
eral neurology clinic to include a wide range of diagnostic 
groups, but most cases did not have standardized cogni-
tive testing proximate to their LPs nor consistent longi-
tudinal follow-up as these subjects were referred from 
many different providers. Our cohort included a few AD 
cases with positive CSF AD biomarkers, but no evident 
cognitive impairment reflecting very early disease. CSF 
levels of PSD-95 in these subjects were increased com-
pared to HC and comparable to AD subjects with overt 
disease. PSD-95 levels were furthermore elevated in 
AD subjects with MCI compared to HC suggesting that 
increased CSF levels of PSD-95 are a phenomenon occur-
ring early in AD as has been demonstrated for SNAP-25 
and Ng. Further work can determine the degree to which 
PSD-95 levels reflect the stage or severity of the clinical 
syndrome of AD.

There is still an urgent need to identify drugs that can 
halt or reduce disease progression in AD, even with the 
recent advances in anti-amyloid treatment. The close 
association between cognitive decline and synaptic dys-
function renders synaptic proteins attractive for monitor-
ing responses to disease-modifying drugs during clinical 
trials. The novel Simoa assays used in this study showed 
excellent performance in measuring CSF levels of PSD-95 
and SNAP-25. The assays are performed on an easy to use 
and reliable automated platform that is widely available 
in AD biomarker labs and which allows for high through-
put suitable for large-scale clinical trials. We used pre-
commercial research versions of the assays where the two 
cohorts were measured using different lots which were 
manually prepared and did not go through the same level 
of lot-to-lot testing as standard commercial assays. This 
resulted in absolute differences in PSD-95 and SNAP-25 
levels between the two cohorts, but with a tight correla-
tion between a small number of bridge samples included 
in both cohorts indicating that the differences were due 
to a constant bias between the lots.

CSF biomarkers are attractive as CSF is in continuous 
direct exchange with the interstitial fluid of the brain. 
However, they are often difficult to implement espe-
cially in longitudinal studies where the invasiveness of 
the lumbar puncture limits repeat measurements. There 
is consequently a desire to identify biomarkers that can 
be detected in the blood. Robust blood biomarkers for 
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synaptic pathology are, however, currently not available. 
Ng can be detected in the plasma, but levels do not cor-
relate with CSF levels [28, 29] possibly due to peripheral 
expression of Ng [30]. SNAP-25 has not been detected 
in free form in the plasma but can be identified in neu-
ron-derived exosomes isolated from serum with reduced 
levels in AD compared to HC [31]. Levels were further-
more correlated with the Mini Mental State Examination 
(MMSE) cognitive scores. Detection of CNS biomarkers 
in exosomes is, however, technically complex and expen-
sive due to manual sample preparation and is not ready 
for larger studies. Our preliminary testing shows detecta-
ble levels of PSD-95 in plasma using the Simoa assay and 
future work will determine its diagnostic utility.

Strengths and limitations
Strengths of this study include the robust assays used, 
parallel assessment of three synaptic proteins, replication 
of the main findings in a second cohort, and the range 
of diagnostic groups included. The subjects were well 
characterized by CSF AD biomarkers to avoid diagnostic 
misclassification and diagnoses were verified by a single 
experienced neurologist to provide consistency. Limita-
tions include a lack of standardized neuropsychological 
testing and longitudinal follow-up, which precludes bet-
ter evaluation of the relationship of the synaptic mark-
ers with cognition or prognosis. The large number of 
diagnostic groups included, many with varying age dis-
tribution, resulted in differences in average age between 
groups. Analysis of age effects did, however, not show any 
age effects on CSF levels of PSD-95 or SNAP-25. Differ-
ences between groups did also remain after controlling 
for age and sex.

Conclusions
We conclude that AD subjects on average have higher CSF 
levels of PSD-95 and SNAP-25 compared to subjects with 
non-AD neurodegenerative diseases or other neurological 
conditions. High CSF levels of PSD-95 and SNAP-25 were, 
however, not specific for AD and were present in sporadic 
cases with inflammatory or vascular disorders as well. High 
CSF levels of PSD-95 were also observed in a few subjects 
with other neurodegenerative disorders. Together, these 
pre-and post-synaptic markers hold promise to identify 
early pathological abnormalities in AD, to correlate with 
cognitive decline, and to monitor responses to disease-
modifying drugs reducing synaptic degeneration.
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