Dissection of synaptic pathways through the CSF biomarkers for predicting
Alzheimer's disease
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One Sentence Summary:

Multiple pre- and postsynaptic biomarkers were specifically increased in patients with
Alzheimer’s disease (AD) brain lesions including mild cognitive impairment (MCI) compared to
controls and non-AD dementia. The levels of these synaptic biomarkers were affected by
apolipoprotein E genotype. These new biomarkers could be useful for clinical differential
diagnosis, for monitoring drug effects on synaptic functioning in clinical trials, and for
understanding the link between the APOE gene and synaptic vulnerability.
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Abstract

Objective: To assess the ability of a combination of synaptic CSF biomarkers to separate AD and
non-AD disorders and to help in the differential diagnosis between neurocognitive diseases.

Methods: Retrospective cross-sectional monocentric study. All participants explored with CSF
assessments for neurocognitive decline were invited to participate. After complete clinical and
imaging evaluations, 243 patients were included. CSF synaptic (GAP-43, neurogranin, SNAP-25
total, SNAP-25 aa40, synaptotagmin-1) and AD biomarkers were blindly quantified using ELISA
or mass spectrometry. Statistical analysis compared CSF levels between various groups AD
dementias n=81, MCI-AD n=30, other MCI n=49, other dementias (OD) n=49, neurological
controls n=35) as well as their discriminatory powers.

Results: All synaptic biomarkers were significantly increased in MCI-AD and AD -dementias
patients compared to other groups. All synaptic biomarkers could efficiently discriminate AD
dementias from OD (AUC >0.80). All but synaptotagmin were also able to discriminate MCI-AD
from controls (AUC >0.85) and AD dementias from controls (AUC >0.80). Overall, CSF SNAP
25aa40 had the highest discriminative power (AUC=0.93) between AD dementias and controls or
OD, and AUC=0.90 between MCI-AD and controls. Higher levels were associated with two
alleles of apolipoprotein E (APOE) &4.

Conclusion: All synaptic biomarkers tested had a good discriminatory power to distinguish
patients with AD abnormal CSF from non-AD disorders. SNAP25aa40 demonstrated the highest
power to discriminate AD CSF positive patients from non-AD patients and neurological controls
in this cohort.

Classification of evidence: This retrospective study provides Class Il evidence that CSF synaptic

biomarkers discriminate patients with AD from non-AD patients.



Introduction

Alzheimer’s disease (AD) is characterized pathologically by the accumulation of extracellular
aggregation of amyloid-f (AB), intraneuronal hyperphosphorylated tau and synaptic and neuronal
loss (1). According to the amyloid cascade hypothesis, the production of toxic AP could lead to
altered kinase activities inducing tau phosphorylation, neuroinflammation and neurodegeneration
with synaptic disintegration leading to cognitive decline (2). The abnormal accumulation of these
proteins may occur several years before the first cognitive symptoms (3) and is accompanied by
synaptic degeneration (4-10) (11). Several cerebrospinal fluid (CSF) biomarkers are now
available, including total tau (Tau) and tau phosphorylated on threonine 181 (p-Taul8l),
reflecting neurodegeneration and tau pathology, respectively, and AB1-42 reflecting abnormal
metabolism and deposition of the peptide into amyloid plaques (12, 13). Numerous studies have
consistently shown a marked increase of CSF Tau and p-Taul81 accompanied by a reduction of
AP1-42 levels in AD and mild cognitive impairment (MCI) due to AD (12, 14). These
biomarkers help to carry out early AD diagnosis and are currently used in clinical research and
also in daily clinical practice in a number of countries (15) (16). However, these three biomarkers
do not give information on synaptic dysfunction or degeneration in the affected patients.

Pre- and post-synaptic protein expression levels are reduced in post mortem AD brains, and is an
early neuropathological feature of the disease, and synaptic damage is increasingly recognized as
a core feature of AD pathophysiology (6-10, 17-19). Synaptic proteins have been detected in the
CSF of patients and controls (20). Therefore, synaptic biomarkers have been recently evaluated in
MCI and AD, to assess synaptic dysfunction and degeneration (see below). Recent reports have
explored CSF neurogranin (Ng), Synaptosomal-associated protein 25 (SNAP-25), growth-
associated protein 43 (GAP-43) and synaptotagmin-1 levels in MCI and AD patients. The CSF
concentrations of these proteins reflect pre-synaptic and post-synaptic dysfunction.

GAP-43, or neuromodulin, is a protein localized in pre-synaptic terminals and axons of cortical
neurons. GAP-43 is involved in the maintenance of synapses and in neuritic regeneration (21,
22). In AD brains, GAP-43 levels are significantly reduced and correlate positively with senile
plaque load and negatively with the duration of dementia (11, 23, 24). GAP-43 is also found in
the dystrophic neurites surrounding plaques (11, 25) and is secreted into human CSF (20).
Studies assessing GAP-43 levels in AD CSF have found correlations with tau levels, but studies

so far have not settled whether there is a change in AD as compared to controls and to other



dementias (23, 24). Thus, further studies are needed to clarify the potential value of GAP43 as a

diagnostic marker in AD.

SNAP-25 has 2 isoforms, with SNAP25A being expressed in embryonic tissues while SNAP25B
is expressed in adult neural tissue (26). It is an essential pre-synaptic component of the soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNARE) complex and is a crucial
protein for synaptic functions as these proteins initiate the fusion of synaptic vesicles (27). The
formation of this protein scaffold is a fundamental step in neurotransmitter release and its
modification could alter the exocytosis of neurotransmitters (28-30). In addition to the central
function of SNAP-25 in the regulation of neurotransmitter release, new studies have suggested a
postsynaptic role in receptor trafficking, spine morphogenesis and plasticity (31, 32). We have
previously shown that SNAP-25 is a promising AD CSF biomarker using an approach of affinity
purification and mass spectrometry (33). With this approach all soluble forms of SNAP-25
(SNAP-25tot), as well as the longer soluble forms including at least amino acid 32-40 (SNAP-
25aa40). The same approach has recently been used to investigate changes in CSF levels of both
SNAP-25tot and SNAP-25aa40 in patients after radiotherapy (34)

Synaptotagmin-1, designated synaptotagmin in this paper, is a pre-synaptic calcium sensor
indispensable for exocytosis of synaptic vesicles participating in neurotransmitter release in
hippocampal neurons (35-38). Efficient sustained neurotransmitter release is also dependent on
reformation of synaptic vesicles after stimulation by endocytosis in which synaptotagmin works
as an essential vesicle cargo molecule (38). The major function of synaptotagmin is synaptic
transmission (38-40) suggesting that it is a biomarker candidate reflecting synaptic decline in
AD. Indeed, synaptotagmin, was detected in the CSF for the first time using a procedure based
on affinity chromatography, reversed-phase chromatography, sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and chemiluminescence immunoblotting (41).
Several studies have found a marked reduction of brain synaptotagmin levels in cortical brain
regions in AD (41-43) and a co-localization of synaptotagmin with neuritic plaques (17). We
have previously shown that CSF synaptotagmin levels are increased in AD (41), but further

studies are needed to validate this finding.

Ng is a post-synaptic protein highly expressed in the grey matter of brain regions that are affected
in AD (cerebral cortex, hippocampus, amygdala) while it is almost absent in the thalamus,

cerebellum, brainstem and spinal cord (43, 44). This synaptic protein is primarily found in



excitatory neurons and is concentrated in distal dendrites and dendritic spines (45). Ng is
involved in synaptic plasticity and in memory consolidation (46) . In AD brains, a marked
reduction of Ng levels was found in the hippocampus and the frontal cortex (43). Several studies
have shown that CSF Ng levels are increased in AD compared to controls (47-50) (51). High
CSF levels predict future rate of cognitive decline (47, 52) and are associated with brain atrophy
(50). CSF Ng concentrations predict the presence of prodromal AD in MCI (49, 50, 52-54) and
are also associated with CSF Tau levels. The correlation of CSF Ng and AP levels are
inconsistent in various studies (47, 48, 50, 51, 55-57). In addition, these studies suggest that

increased CSF Ng levels are early pathophysiological markers of AD related to synaptic loss.

Using a large cohort, we set out to investigate the usefulness of the described pre-synaptic and
post-synaptic CSF biomarkers, evaluated simultaneously as combined biomarkers in AD
dementia and in MCI due to AD. We have also performed an assessment of their concentrations
on diagnostic performance, as well as a possible association with apolipoprotein E (APOE)
genotype. Our synaptic approach may give a combination of new promising biomarkers that will
help early detection of neurodegeneration and improve differential diagnosis of neurocognitive

disorders.

Results

CSF concentrations in all groups

The characteristics of the study population are shown in Table 1. The results of all biomarkers are

presented in Figure 1 and in table 2.

For all studied synaptic biomarkers, a clear significant difference was detected between the
following groups: AD versus controls (p<0.001), AD versus other dementia (OD) (p<0.001), AD
versus MCI not due to AD (Other MCI) (p<0.001), as well as between MCI due to AD (MCI-
AD) and neurological controls (controls) (p<0.001), MCI-AD and other MCI (p<0.001), MCI-
AD and OD (p<0.001). Only SNAP-25aa40 and GAP-43 CSF concentrations were significantly
different between AD and MCI-AD (p=0.0091 and p=0.041, respectively, Fig. 1A and D),
SNAP-25 total showed a similar trend for higher concentrations in the dementia than in the MCI
stage of disease (p=0.07, Fig. 1C) but this trend was insignificant for Ng and synaptotagmin
(respectively p=0.2, and p=0.95, Fig. 1B and E). Significant difference between OD and controls



was observed only for synaptotagmin (p= 0.04, Fig 1E). These differences were robust after
adjustment for age and sex.

No significant difference in any synaptic biomarker concentration was found between other MCI
and controls. There was no difference for Ng, SNAP-25aa40, SNAP25 total, GAP-43
concentrations between OD and controls.

Discriminatory power and sensibility/specificity of explored synaptic biomarkers

Table 3 and Figure 2 present the discriminatory power of CSF synaptic biomarkers. All synaptic
biomarkers were found to efficiently discriminate AD from OD with an AUC higher than 0.80.
With the exception of synaptotagmin, they were also able to discriminate MCI-AD from controls
with AUC higher than 0.85 and AD from controls with AUC higher than 0.80. Overall, the
highest discriminative power was found for CSF SNAP 252340 with an AUC=0.93 to
discriminate AD from controls and AD from other dementia, and an AUC=0.90 to discriminate
MCI-AD from controls.

Table 4 displays the sensitivity, the specificity and the optimum cut-off values of synaptic
biomarkers between AD and controls. Overall, the sensitivity and specificity were higher than
70%. GAP-43, Total SNAP 25 and SNAP-25aa40 reach the required characteristics of validated
biomarkers with a sensitivity and specificity higher than 80%. The optimum cut-off was 279
pg/ml for Ng, 2430 pg/ml for GAP-43, 78 pM for SNAP-25, 10.9 pM for SNAP-25aa40 and 362
pM for synaptotagmin:

Table 5 shows the results of the backward stepwise logistic regression carried out to classify AD
from non-AD patients and includes all available CSF biomarkers, age, gender, and APOE ¢4
status. The only parameters remaining statistically significant in the multivariate model are CSF
CSF GAP 43 (p=0.05), and CSF SNAP 25 (P=0.02).

Correlation with classical AD CSF Biomarkers and association with APOE genotype

Table 6 presents the correlations between concentrations of AB, Tau, pTaul81 and synaptic
biomarker concentrations in various groups. In controls, MCI-AD and AD groups, all synaptic
biomarkers are correlated with Ap40, Tau and pTaul81. In the overall population, all synaptic
biomarkers are positively correlated between them (p<0.0001, r between 0.77 and 0.89, data not
shown).

AP42 is correlated with all explored synaptic biomarkers in controls, MCI-AD groups but not in



the AD group. We did not find any other significant correlations between AP, Tau, pTaul81 and
synaptic biomarker concentrations in OD and other MCI groups.

A link between APOE genotypes and CSF synaptic biomarkers was found and is depicted in Fig
3. A significant increase of synaptic CSF biomarker concentrations was found in APOE ¢4/4
patients. The findings were significant for Ng (p=0.004), GAP-43 (p=0.02) and SNAP-25aa40
(p=0.007) while no statistical significance was found for synaptotagmin and SNAP-25 total. We
did not find any predictive value for cognitive decline evaluated over a one to eight years period,
of any synaptic biomarker neither in the overall population nor in all subgroups (AD, MCI-AD,
other MCI, OD and controls (data not shown).



Discussion

In this study, we show that all evaluated CSF synaptic biomarkers are significantly increased in
patients with AD brain lesions (assessed by classical CSF biomarkers) compared to controls, and
to other MCI or OD. We simultaneously evaluated several pre- and post-synaptic biomarkers in a
large cohort of patients allowing a valid comparison of their concentrations in several groups of
diseases, and show that these biomarkers are specifically elevated in AD and MCI-AD and not in
other neurodegenerative disorders. Further, we demonstrate in living patients that synaptic
dysfunction is an early event, measurable already in the MCI stage of the disease. Last, we show

that there is a link between CSF synaptic biomarkers and the APOE €4/4 genotype.

Using a comparison between several synaptic biomarkers, we have revealed that SNAP-25aa40
seems the best one to discriminate AD from controls and from OD. SNAP-25aa40 also displays
the best sensitivity and specificity. In AD brain tissue, one study has found that presynaptic
markers were more affected than post-synaptic markers (58), which matches our finding that
presynaptic CSF biomarkers (SNAP-25, SNAP-25aa40 and GAP-43) broadly reveal a better
sensitivity and specificity. However, the results of the discriminatory power between AD and
controls as well as the sensitivity and specificity of synaptotagmin partially mitigate this
hypothesis. It is interesting to notice that synaptotagmin is better to discriminate AD from OD
than Ng. This divergence could be due to the difference between the insoluble form measured in
the brain and the soluble form evaluated in the CSF. In order to clarify these comparative
pathophysiological mechanisms, studies evaluating both neuropathological and CSF data are
needed.

Among CSF synaptic biomarkers, Ng is the well-studied marker while much less data is available
for the pre-synaptic GAP-43, SNAP-25 and synaptotagmin. Two previous studies evaluating
GAP-43 in the CSF found somewhat discordant results. In the first paper, Sjogren et al. did not
find any difference between AD and other neurodegenerative diseases, vascular dementia and
controls while in the second paper the authors found a small but significant increase similar to
that observed in our study (23, 24).. The discrepancy compared to earlier studies could be
explained by the different methods used for quantification, relatively small cohort sizes in those
studies, as well as the difference between the two recruitment methodologies in the cohorts
including different diseases and more severe AD patients (23, 24). Also in earlier papers, there

was a significant correlation between CSF levels of GAP-43 and Tau, which is consistent with



neuropathological findings describing GAP-43 in neuritic plaques mainly in frontal cortex and
hippocampus (11, 25) and with our results.

CSF SNAP-25 was also poorly explored and a few papers have assessed this protein in various
neurological diseases (59, 60). However, only our previous study has explored CSF SNAP-25 in
AD patients (33). In this paper, we have shown in several cohorts that SNAP-25 is increased in
AD CSF compared to controls and MCI-AD (prodromal in AD). There was no cohort effect and
the best discriminative power was obtained for the longer form SNAP-25aa40 with an AUC at
0.90 (33). In the present cohort, SNAP-25aa40 displayed the best discriminatory power compared
to other synaptic biomarkers. Altogether, these results confirm that SNAP-25 or specific forms of
SNAP-25 could be a very good biomarker. However, future studies comparing all SNAP-25
forms in various populations are needed to evaluate their comparative value. Finally, the least
examined synaptic CSF biomarker is synaptotagmin. Only two previous papers have
demonstrated its detectability in the CSF and a difference between AD, MCI-AD and controls in
two cohorts (41, 61). The biological profile was the same but the discriminatory power was better
in the first study and no link with cognitive decline was found (61).

Concerning Ng, one recent study demonstrated in 116 patients a link between CSF Ng levels and
neuropathological lesions including neuritic plaques and levels of neurofibrillary tangles with
Braak stages highlighting the clinical interest of such a biomarker (62). Our study explored one
of the largest cohort of synaptic biomarkers and has confirmed the increased CSF Ng levels in
AD patients compared to controls (50, 52, 53, 55, 56) (63-65). More specifically, we demonstrate
a good discriminatory power between AD and controls, AD and OD and MCI-AD and controls a
result in line with a previous large study (62), and with findings in three smaller cohorts (53, 56,
66). The link between Ng and cognitive functions, the predictive value on cognitive decline as
well as the correlation with Ap vary somewhat across publications. On the one hand, four studies
described that CSF Ng predicts the cognitive decline (47, 50, 52, 64), while we could not detect
such an association, similar to some other studies (51, 53). This discrepancy could be explained
by the variability of the cohorts, including the smaller cohort sizes in some studies, or by the
difference of used Ng antibodies. On the other hand, results on the correlation between Ng and
AP42 are variable. Two previous published reports did not find any correlation between these
two biomarkers neither in AD nor in MCI and nor in controls (47, 49, 52) while one report found
a correlation within the control group (53) and another one found correlation in AD and other
neurodegenerative diseases (62). In our study, we show that the link is found in all groups but not

in AD. In summary, our study has demonstrated that Ng CSF levels are significantly increased



only in patients with AB and tau lesions but without correlations with cognitive decline.

We have observed a link between the APOE &4/4 genotype and the CSF levels of synaptic
proteins. To our knowledge, this is the first time that a link is found between synaptic dysfunction
or degeneration and APOE genotype in living patients. This finding is consistent with data from
neuropathological and basic research. A large neuropathological study found an association
between APOE genotype and the levels of brain synaptic proteins (58). Several studies using
APOE &4 human mouse models have found significant synaptic alterations at an early stage of the
evolution prior to any neuropathological lesions (19, 67). Altogether, these results including our
findings are in favor of a crucial role of the APOE ¢4/4 genotype in synaptic fragility that may
affect the response to injury (58).

Our results raise two questions: i/what is the meaning of the increased CSF synaptic biomarkers?
Given that synapse degeneration occurs as part of a neurodegenerative process, why are synaptic
CSF biomarkers specifically increased in AD? Recently, Portelius et al have shown that CSF Ng
was correlated with a significant reduction in Ng brain levels. Furthermore, a recent PET study
has demonstrated a significant decrease in SV2A (a synaptic protein) in AD compared to controls
(68). Altogether, these data support the link between increased CSF synaptic biomarkers and
synaptic degeneration or loss in the AD brain. However, these studies do not explain the specific
increases in CSF in AD. One hypothesis could be a potential link between AP and tau spreading
and synaptic loss. In contrast with other dementias, AD display the accumulation of two
abnormal proteins that are synaptotoxic. AP oligomers are formed and transported to synapses
and oligomeric tau may transmit from one neuron to another along the anatomical connected
synapses. This double mechanism might explain why the release of synaptic proteins are more
pronounced in AD than in other neurodegenerative diseases (69). The second hypothesis is the
influence of ApoE4 on the synaptic trafficking and fragility that could contribute to the
specifically increased levels of these biomarkers in AD groups. The last explanation is that the
main brain regions affected in AD (parietal, frontal and temporal cortices amygdala and
hippocampus) are also the regions with the highest expression of these proteins, contributing to
the apparent AD specificity of CSF synaptic biomarkers.

This study has some limitations; this is a retrospective study rather than a prospective one which
has limited the range of methodological approaches with the same follow-up of the evolution in

all patients. In some group, the number of APOE genotype was too low to provide useful data for



statistical analysis per group. The APOE €2/2 genotype is extremely rare and APOE &€4/4 is not
frequent in non-AD group.

In order to be applied routinely in the clinic, these results need validation in large prospective
confirmatory cohorts with a precise exploration of potential preanalytical factors. Using these
biomarkers in practice, clinicians would have i/an early biomarker of the pathophysiological
process while synaptic alteration is still reversible, ii/a very good differential diagnosis between
various neurodegenerative diseases, iii/an indirect evaluation of the spreading of synaptic
toxicity. Fundamentally, these biomarkers could bring about important information on the
pathophysiological evolution of synapses in living patients and also provide important insights

into selective neuronal vulnerability in neurodegenerative diseases.



Materials and Methods

This is a retrospective cross-sectional study. CSF samples from subjects with either dementia due
to AD, MCI-AD, MCI non due to AD (designed as other MCI), and other dementia and from
neurological Controls (designed as controls) were obtained from the Center of Cognitive
Neurology at Lariboisiére University Paris Diderot Hospital APHP. This department is highly
experienced in the care management of patients with cognitive disorders and neurodegenerative
diseases, and has used CSF biomarkers for a long period of time (16, 70-90) . Patients underwent
a comprehensive clinical examination including personal medical and family histories,
neurological examination, neuropsychological assessment, lumbar puncture (LP) with CSF
biomarker analysis, a brain structural imaging study with MRI and a brain PET FDG imaging if
needed. A consensus diagnosis was made by several clinicians (neurologists, geriatricians),
neuropsychologists, and biologists who are experts in CSF biomarkers. For each patient,
diagnosis was made considering CSF results and according to validated clinical diagnostic
criteria according to the disease. These criteria was also applied to exclude other diseases and to
specify the Controls. For all patients, diagnoses were validated in a second step by three
neurologists (CP, EC, JH) and a biochemist (EB-A, KB) before selecting CSF samples. In the
absence of consensus diagnosis and in cases of disagreement about the final diagnosis, patients
were not included in the study. According to this method, CSF from patients suffering from AD,
MCI-AD, other MCI, other dementia and controls were selected. The following cutoff values
were used to define a biochemical AD signature as supportive criteria for AD (91): AB42 (<730
ng/L), Tau (>300 ng/L), and pTaul81 (>58 ng/L).

Disease duration was recorded as the time in months from symptom onset to LP most patients

underwent mini-Mental State Examination (MMSE) for grading of global cognitive ability.

CSF sampling

CSF was obtained by LP between the L3/L4 or L4/L5 intervertebral space, using an atraumatic
24-gauge needle, collected in 10-mL polypropylene tubes centrifuged at 1800 g for 10 min at
+4°C. The collected supernatant was aliquoted in 500ul polypropylene tubes and were stored at —
80°C pending biochemical analysis. Samples were frozen at —80 °C within 1 h after collection
according to a standardized protocol described in a previous report (16). A small amount of CSF
was used for routine analysis, including total cell count, bacteriologic examination, and total

protein and glucose levels. Analysis of CSF biomarkers AB42, total tau, and tau phosphorylated



at threonine 181 (phosphorylated tau) protein measurements were performed using commercially
available assays from Fujirebio (INNOTEST® AB(1-42), INNOTEST® hTAU Ag, and
INNOTEST® Ptaul81) according to the manufacturer’s instructions. For the all sample set, the
analysis of these biomarkers was performed in a single hospital laboratory (Lariboisere Hospital
Paris) in two runs and averaged results were used for statistical analyses. The quality of CSF
evaluations was validated by the Alzheimer’s Association quality control program for CSF
biomarkers (92)

Immunoassay for CSF Neurogranin (Ng)

All CSF Ng analyses were performed at the Clinical Neurochemistry Laboratory at the
Sahlgrenska University Hospital (M6lndal, Sweden) using a previously described analytical
methodology (49, 62)). The plate was coated with the monoclonal antibody NG 36 (in-house
developed), covered and put on a shaker at 4°C overnight. Wells were washed three times with
PBST (10 mM phosphate buffered saline, pH 7.5, 0.05% Tween 20) on a Tecan plate washer,
followed by incubation for 1 hour with blocking solution consisting in PBST with 1% BSA.
Plates were washed before the addition in duplicates of samples or standard. The plate was
covered and shaken for 3 hours at room temperature. After three washing steps, the detection
antibody (biotinylated Ng 2, in-house developed), diluted in blocking solution, was added and the
plate was shaken for 1 hour at room temperature. Wells were then washed followed by incubation
with Streptavidin enhancer diluted in blocking solution for 30 min at room temperature. Wells
were washed and 100 pL of tetramethylbenzidine substrate (TMB) was added, plates were
incubated in dark for 20 min, 100 pL of H2SO4 was added and absorbance measured
immediately at 450 nm, with a 650 nm reference, on a SpektraMax Plus384 microplate reader
(Molecular Devices). The sigmoidal standard was evaluated with non-linear four-parameter fit
using SoftMax Pro 5.2 software and sample amounts were obtained using the fitted standard
curve. Each plate contained dilutions of pooled brain homogenates as internal control. The
coefficient of variation was less than 20% for acceptance.

Immunoassay for CSF GAP-43

CSF GAP-43 level was determined by ELISA and were performed at the Clinical
Neurochemistry Laboratory at the Sahlgrenska University Hospital (MdIndal, Sweden) Plates
were coated with 100uL of NM4 monoclonal antibody (FUJIRIBIO, Tokyo, Japan) diluted at
1:3500 in carbonate buffer (pH 9.6) and incubated up to 22 hours at 4°C. Plates were then



washed with PBST and blocked with a solution of PBST-Casein (10x Casein Blocking buffer
B6429, Sigma-Aldrich, Missouri, USA) for 1 hour on a shaker at room temperature. After 3 more
washes, the detection antibody (polyclonal ABB-135, Nordic Biosite, Taby Sweden)) diluted at
1:7000, samples and calibrators (recombinant GAP-43) diluted in PBST 1% BSA were co-
incubated overnight at 4°C. Plates were washed three times and secondary antibody (anti-rabbit
IgG HRP, Promega, Wisconsin, USA) diluted at 1:30000 was added and incubated on bench for
1.5 hours at room temperature.

Wells were washed and 100 uL of 3,3",55 -tetramethylbenzidine (TMB, KemEnTech
Diagnostics, Taastrup, Denmark) was added, plates were incubated in dark for 20 min, 100 uL of
0.2 M H2SO4 was added and absorbance measured immediately at 450 nm, with a 650 nm
reference, on a SunriseTM microplate absorbance reader (Tecan group, Ménnedorf, Switzerland).

The detection limit was 315 pg/ml.

In-house SNAP-25/synaptotagmin-1 IP-MS assay

CSF SNAP 25 and Synaptotagmin analyses were conducted at the Clinical Neurochemistry
Laboratory at the Sahlgrenska University Hospital (Mdlndal, Sweden) following a previously
established protocol (33, 61) add fernstrom et al;Mouse monoclonal antibody 41.1 recognizing
SNAP 25 and mouse monoclonal antibody SMI-81R recognizing Synaptotagmin were used to
co-immunoprecipitate both proteins with a KingFisher TM Flex System (Thermo Fisher
Scientific), which uses magnetic rods to move particles through the various binding, mixing,

washing and elution phases in a 96-well plate format. Immunoprecipitated SNAP-

25/synaptotagmin  from CSF were subsequently digested and analysed on a quadrupole—orbitrap

mass spectrometer Q Exactive (Thermo Fisher Scientific) coupled to an Ultimate 3000
chromatography system (Thermo Fisher Scientific). The samples (15 pL) were loaded directly
onto a Hypersil Gold-C18 column, with 0.1% aqueous FA at 100 uL/min. After 2 min of loading,
the peptides were eluted off the column using the following linear gradient steps: 0 min 0%B; 4
min 13%B; 30 min 17%B; 50 min 26%B; 52 min 90%B. The lonMax ion source settings were:
spray voltage, +4100 V; capillary temperature, +320°C; sheath gas pressure, 25 arbitrary units;
auxiliary gas pressure, 10 arbitrary units; and heater temperature, +300°C. The instrument was set
to acquire scheduled pairs of PRM scans in profile mode allowing simultaneous detection of both
the SNAP 25/Synaptotagmin peptides and the corresponding isotopically labeled peptide
standards. Data acquisition and analysis were performed with Xcalibar software version 2.2
SP1.48 (Thermo Fisher Scientific) and Pinpoint 1.3.0.



Statistical analysis.

Patients' characteristics were described overall and according to their groups (AD, MCI-AD other
MCI, other dementia and controls). We compared groups using analysis of variance for
continuous measures and y2 test for proportions (in adjusted and unadjusted models). We first
analyzed the Spearman correlation coefficients of the synaptic biomarkers between them, and
with the usual biomarkers (CSF AB42, CSF Tau) overall and stratified by groups of patients.
Then we performed ROC curves analysis to investigate the ability of the various synaptic
biomarkers to discriminate between groups of patients (AD vs controls, MCI-AD vs controls, and
AD vs other dementia), and to establish the optimum cut-offs defined by the highest Youden
index.

To investigate which parameters were independently predictive of the AD status among our
population of patients, we ran a backward stepwise logistic regression models including all the
CSF synaptic biomarkers, and other potential confounders: age, sex, APOE status. The cut-off for
exclusions of the variable was fixed at p=0.10 in the stepwise procedure.

Finally, we investigated the association between CSF biomarkers and the longitudinal cognitive
decline (repeated MMSE scores) among AD patients by using linear mixed models. The intercept
and slope (time) were treated as random effects, allowing them to vary between individuals. Time
in years from baseline was included as a continuous linear term after verification that a quadratic
term did not improve model fit.

All P values were two tailed, and P<0.05 was considered to be significant. All analyses were

performed using SAS 9.3 (SAS Institute, Cary, North Carolina, USA).



References and Notes:

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21,

P. Scheltens, K. Blennow, M. M. Breteler, B. de Strooper, G. B. Frisoni, S. Salloway, W. M. Van der Flier,
Alzheimer's disease. Lancet 388, 505-517 (2016).

D. J. Selkoe, J. Hardy, The amyloid hypothesis of Alzheimer's disease at 25 years. EMBO Mol Med 8, 595-
608 (2016).

R. A. Sperling, P. S. Aisen, L. A. Beckett, D. A. Bennett, S. Craft, A. M. Fagan, T. lwatsubo, C. R. Jack,
Jr., J. Kaye, T. J. Montine, D. C. Park, E. M. Reiman, C. C. Rowe, E. Siemers, Y. Stern, K. Yaffe, M. C.
Carrillo, B. Thies, M. Morrison-Bogorad, M. V. Wagster, C. H. Phelps, Toward defining the preclinical
stages of Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's
Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 7, 280-292
(2011).

K. Blennow, N. Bogdanovic, I. Alafuzoff, R. Ekman, P. Davidsson, Synaptic pathology in Alzheimer's
disease: relation to severity of dementia, but not to senile plaques, neurofibrillary tangles, or the ApoE4
allele. J Neural Transm (Vienna) 103, 603-618 (1996).

K. Blennow, N. Bogdanovic, M. Heilig, B. Grenfeldt, I. Karlsson, P. Davidsson, Reduction of the synaptic
protein rab3a in the thalamus and connecting brain regions in post-mortem schizophrenic brains. J Neural
Transm (Vienna) 107, 1085-1097 (2000).

S. T. DeKosky, S. W. Scheff, Synapse loss in frontal cortex biopsies in Alzheimer's disease: correlation
with cognitive severity. Ann Neurol 27, 457-464 (1990).

R. D. Terry, E. Masliah, D. P. Salmon, N. Butters, R. DeTeresa, R. Hill, L. A. Hansen, R. Katzman,
Physical basis of cognitive alterations in Alzheimer's disease: synapse loss is the major correlate of
cognitive impairment. Ann Neurol 30, 572-580 (1991).

S. W. Scheff, D. A. Price, Synaptic pathology in Alzheimer's disease: a review of ultrastructural studies.
Neurobiol Aging 24, 1029-1046 (2003).

C. A. Davies, D. M. Mann, P. Q. Sumpter, P. O. Yates, A quantitative morphometric analysis of the
neuronal and synaptic content of the frontal and temporal cortex in patients with Alzheimer's disease. J
Neurol Sci 78, 151-164 (1987).

E. Masliah, M. Mallory, M. Alford, R. DeTeresa, L. A. Hansen, D. W. McKeel, Jr., J. C. Morris, Altered
expression of synaptic proteins occurs early during progression of Alzheimer's disease. Neurology 56, 127-
129 (2001).

N. Bogdanovic, P. Davidsson, I. Volkmann, B. Winblad, K. Blennow, Growth-associated protein GAP-43
in the frontal cortex and in the hippocampus in Alzheimer's disease: an immunohistochemical and
quantitative study. J Neural Transm (Vienna) 107, 463-478 (2000).

K. Blennow, H. Hampel, M. Weiner, H. Zetterberg, Cerebrospinal fluid and plasma biomarkers in
Alzheimer disease. Nat Rev Neurol 6, 131-144 (2010).

B. Olsson, R. Lautner, U. Andreasson, A. Ohrfelt, E. Portelius, M. Bjerke, M. Holtta, C. Rosen, C. Olsson,
G. Strobel, E. Wu, K. Dakin, M. Petzold, K. Blennow, H. Zetterberg, CSF and blood biomarkers for the
diagnosis of Alzheimer's disease: a systematic review and meta-analysis. Lancet Neurol 15, 673-684 (2016).
K. Blennow, M. J. de Leon, H. Zetterberg, Alzheimer's disease. Lancet 368, 387-403 (2006).

A. C. Troussiere, D. Wallon, F. Mouton-Liger, R. Yatimi, P. Robert, J. Hugon, D. Hannequin, F. Pasquier,
C. Paguet, Who needs cerebrospinal biomarkers? A national survey in clinical practice. J Alzheimers Dis
40, 857-861 (2014).

F. Mouton-Liger, C. Paquet, J. Dumurgier, P. Lapalus, F. Gray, J. L. Laplanche, J. Hugon, N. Groupe
d'Investigation du Liquide Cephalorachidien Study, Increased cerebrospinal fluid levels of double-stranded
RNA-dependant protein kinase in Alzheimer's disease. Biol Psychiatry 71, 829-835 (2012).

E. Masliah, W. G. Honer, M. Mallory, M. Voigt, P. Kushner, L. Hansen, R. Terry, Topographical
distribution of synaptic-associated proteins in the neuritic plaques of Alzheimer's disease hippocampus.
Acta Neuropathol 87, 135-142 (1994).

S. W. Scheff, D. A. Price, F. A. Schmitt, S. T. DeKosky, E. J. Mufson, Synaptic alterations in CA1 in mild
Alzheimer disease and mild cognitive impairment. Neurology 68, 1501-1508 (2007).

G.Z.Sun, Y.C. He, X. K. Ma, S. T. Li, D. J. Chen, M. Gao, S. F. Qiu, J. X. Yin, J. Shi, J. Wu,
Hippocampal synaptic and neural network deficits in young mice carrying the human APOE4 gene. CNS
Neurosci Ther 23, 748-758 (2017).

P. Davidsson, M. Puchades, K. Blennow, Identification of synaptic vesicle, pre- and postsynaptic proteins in
human cerebrospinal fluid using liquid-phase isoelectric focusing. Electrophoresis 20, 431-437 (1999).

L. I. Benowitz, V. E. Shashoua, M. G. Yoon, Specific changes in rapidly transported proteins during
regeneration of the goldfish optic nerve. J Neurosci 1, 300-307 (1981).



22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

L. I. Benowitz, N. I. Perrone-Bizzozero, S. P. Finklestein, E. D. Bird, Localization of the growth-associated
phosphoprotein GAP-43 (B-50, F1) in the human cerebral cortex. J Neurosci 9, 990-995 (1989).

M. Sjogren, P. Davidsson, J. Gottfries, H. Vanderstichele, A. Edman, E. Vanmechelen, A. Wallin, K.
Blennow, The cerebrospinal fluid levels of tau, growth-associated protein-43 and soluble amyloid precursor
protein correlate in Alzheimer's disease, reflecting a common pathophysiological process. Dement Geriatr
Cogn Disord 12, 257-264 (2001).

M. Sjogren, L. Minthon, P. Davidsson, A. K. Granerus, A. Clarberg, H. Vanderstichele, E. Vanmechelen,
A. Wallin, K. Blennow, CSF levels of tau, beta-amyloid(1-42) and GAP-43 in frontotemporal dementia,
other types of dementia and normal aging. J Neural Transm (Vienna) 107, 563-579 (2000).

E. Masliah, M. Mallory, L. Hansen, M. Alford, T. Albright, R. DeTeresa, R. Terry, J. Baudier, T. Saitoh,
Patterns of aberrant sprouting in Alzheimer's disease. Neuron 6, 729-739 (1991).

I. C. Bark, K. M. Hahn, A. E. Ryabinin, M. C. Wilson, Differential expression of SNAP-25 protein isoforms
during divergent vesicle fusion events of neural development. Proc Natl Acad Sci U S A 92, 1510-1514
(1995).

T. Sollner, S. W. Whiteheart, M. Brunner, H. Erdjument-Bromage, S. Geromanos, P. Tempst, J. E.
Rothman, SNAP receptors implicated in vesicle targeting and fusion. Nature 362, 318-324 (1993).

R. Jahn, T. Lang, T. C. Sudhof, Membrane fusion. Cell 112, 519-533 (2003).

T. Sollner, M. K. Bennett, S. W. Whiteheart, R. H. Scheller, J. E. Rothman, A protein assembly-
disassembly pathway in vitro that may correspond to sequential steps of synaptic vesicle docking,
activation, and fusion. Cell 75, 409-418 (1993).

T. C. Sudhof, The synaptic vesicle cycle. Annu Rev Neurosci 27, 509-547 (2004).

F. Antonucci, I. Corradini, G. Fossati, R. Tomasoni, E. Menna, M. Matteoli, SNAP-25, a Known
Presynaptic Protein with Emerging Postsynaptic Functions. Front Synaptic Neurosci 8, 7 (2016).

F. Antonucci, I. Corradini, R. Morini, G. Fossati, E. Menna, D. Pozzi, S. Pacioni, C. Verderio, A. Bacci, M.
Matteoli, Reduced SNAP-25 alters short-term plasticity at developing glutamatergic synapses. EMBO Rep
14, 645-651 (2013).

A. Brinkmalm, G. Brinkmalm, W. G. Honer, L. Frolich, L. Hausner, L. Minthon, O. Hansson, A. Wallin, H.
Zetterberg, K. Blennow, A. Ohrfelt, SNAP-25 is a promising novel cerebrospinal fluid biomarker for
synapse degeneration in Alzheimer's disease. Mol Neurodegener 9, 53 (2014).

E. Fernstrom, K. Minta, U. Andreasson, A. Sandelius, P. Wasling, A. Brinkmalm, K. Hoglund, K. Blennow,
J. Nyman, H. Zetterberg, M. Kalm, Cerebrospinal fluid markers of extracellular matrix remodelling,
synaptic plasticity and neuroinflammation before and after cranial radiotherapy. J Intern Med, (2018).

R. Jahn, D. Fasshauer, Molecular machines governing exocytosis of synaptic vesicles. Nature 490, 201-207
(2012).

T. C. Sudhof, J. Rizo, Synaptotagmins: C2-domain proteins that regulate membrane traffic. Neuron 17, 379-
388 (1996).

K. L. Lynch, R. R. Gerona, E. C. Larsen, R. F. Marcia, J. C. Mitchell, T. F. Martin, Synaptotagmin C2A
loop 2 mediates Ca2+-dependent SNARE interactions essential for Ca2+-triggered vesicle exocytosis. Mol
Biol Cell 18, 4957-4968 (2007).

M. Geppert, Y. Goda, R. E. Hammer, C. Li, T. W. Rosahl, C. F. Stevens, T. C. Sudhof, Synaptotagmin I: a
major Ca2+ sensor for transmitter release at a central synapse. Cell 79, 717-727 (1994).

T. Bacaj, D. Wu, J. Burre, R. C. Malenka, X. Liu, T. C. Sudhof, Synaptotagmin-1 and -7 Are Redundantly
Essential for Maintaining the Capacity of the Readily-Releasable Pool of Synaptic Vesicles. PLoS Biol 13,
€1002267 (2015).

K. Baker, S. L. Gordon, D. Grozeva, M. van Kogelenberg, N. Y. Roberts, M. Pike, E. Blair, M. E. Hurles,
W. K. Chong, T. Baldeweg, M. A. Kurian, S. G. Boyd, M. A. Cousin, F. L. Raymond, Identification of a
human synaptotagmin-1 mutation that perturbs synaptic vesicle cycling. J Clin Invest 125, 1670-1678
(2015).

P. Davidsson, R. Jahn, J. Bergquist, R. Ekman, K. Blennow, Synaptotagmin, a synaptic vesicle protein, is
present in human cerebrospinal fluid: a new biochemical marker for synaptic pathology in Alzheimer
disease? Molecular and chemical neuropathology / sponsored by the International Society for
Neurochemistry and the World Federation of Neurology and research groups on neurochemistry and
cerebrospinal fluid 27, 195-210 (1996).

B. C. Yoo, N. Cairns, M. Fountoulakis, G. Lubec, Synaptosomal proteins, beta-soluble N-ethylmaleimide-
sensitive factor attachment protein (beta-SNAP), gamma-SNAP and synaptotagmin | in brain of patients
with Down syndrome and Alzheimer's disease. Dement Geriatr Cogn Disord 12, 219-225 (2001).

P. Davidsson, K. Blennow, Neurochemical dissection of synaptic pathology in Alzheimer's disease. Int
Psychogeriatr 10, 11-23 (1998).

A. Represa, J. C. Deloulme, M. Sensenbrenner, Y. Ben-Ari, J. Baudier, Neurogranin: immunocytochemical
localization of a brain-specific protein kinase C substrate. J Neurosci 10, 3782-3792 (1990).



45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

G. Alvarez-Bolado, P. Rodriguez-Sanchez, P. Tejero-Diez, A. Fairen, F. J. Diez-Guerra, Neurogranin in the
development of the rat telencephalon. Neuroscience 73, 565-580 (1996).

T. Miyakawa, E. Yared, J. H. Pak, F. L. Huang, K. P. Huang, J. N. Crawley, Neurogranin null mutant mice
display performance deficits on spatial learning tasks with anxiety related components. Hippocampus 11,
763-775 (2001).

M. I. Kester, C. E. Teunissen, D. L. Crimmins, E. M. Herries, J. H. Ladenson, P. Scheltens, W. M. van der
Flier, J. C. Morris, D. M. Holtzman, A. M. Fagan, Neurogranin as a Cerebrospinal Fluid Biomarker for
Synaptic Loss in Symptomatic Alzheimer Disease. JAMA Neurol 72, 1275-1280 (2015).

A. Thorsell, M. Bjerke, J. Gobom, E. Brunhage, E. Vanmechelen, N. Andreasen, O. Hansson, L. Minthon,
H. Zetterberg, K. Blennow, Neurogranin in cerebrospinal fluid as a marker of synaptic degeneration in
Alzheimer's disease. Brain Res 1362, 13-22 (2010).

H. Kvartsberg, F. H. Duits, M. Ingelsson, N. Andreasen, A. Ohrfelt, K. Andersson, G. Brinkmalm, L.
Lannfelt, L. Minthon, O. Hansson, U. Andreasson, C. E. Teunissen, P. Scheltens, W. M. Van der Flier, H.
Zetterberg, E. Portelius, K. Blennow, Cerebrospinal fluid levels of the synaptic protein neurogranin
correlates with cognitive decline in prodromal Alzheimer's disease. Alzheimers Dement 11, 1180-1190
(2015).

R. Tarawneh, G. D'Angelo, D. Crimmins, E. Herries, T. Griest, A. M. Fagan, G. J. Zipfel, J. H. Ladenson, J.
C. Morris, D. M. Holtzman, Diagnostic and Prognostic Utility of the Synaptic Marker Neurogranin in
Alzheimer Disease. JAMA Neurol 73, 561-571 (2016).

A. De Vos, D. Jacobs, H. Struyfs, E. Fransen, K. Andersson, E. Portelius, U. Andreasson, D. De
Surgeloose, D. Hernalsteen, K. Sleegers, C. Robberecht, C. Van Broeckhoven, H. Zetterberg, K. Blennow,
S. Engelborghs, E. Vanmechelen, C-terminal neurogranin is increased in cerebrospinal fluid but unchanged
in plasma in Alzheimer's disease. Alzheimers Dement 11, 1461-1469 (2015).

E. Portelius, H. Zetterberg, T. Skillback, U. Torngvist, U. Andreasson, J. Q. Trojanowski, M. W. Weiner, L.
M. Shaw, N. Mattsson, K. Blennow, I. Alzheimer's Disease Neuroimaging, Cerebrospinal fluid
neurogranin: relation to cognition and neurodegeneration in Alzheimer's disease. Brain 138, 3373-3385
(2015).

K. Hellwig, H. Kvartsberg, E. Portelius, U. Andreasson, T. J. Oberstein, P. Lewczuk, K. Blennow, J.
Kornhuber, J. M. Maler, H. Zetterberg, P. Spitzer, Neurogranin and YKL-40: independent markers of
synaptic degeneration and neuroinflammation in Alzheimer's disease. Alzheimers Res Ther 7, 74 (2015).
H. Kvartsberg, E. Portelius, U. Andreasson, G. Brinkmalm, K. Hellwig, N. Lelental, J. Kornhuber, O.
Hansson, L. Minthon, P. Spitzer, J. M. Maler, H. Zetterberg, K. Blennow, P. Lewczuk, Characterization of
the postsynaptic protein neurogranin in paired cerebrospinal fluid and plasma samples from Alzheimer's
disease patients and healthy controls. Alzheimers Res Ther 7, 40 (2015).

N. Mattsson, P. S. Insel, S. Palmqvist, E. Portelius, H. Zetterberg, M. Weiner, K. Blennow, O. Hansson, .
Alzheimer's Disease Neuroimaging, Cerebrospinal fluid tau, neurogranin, and neurofilament light in
Alzheimer's disease. EMBO Mol Med 8, 1184-1196 (2016).

H. Wellington, R. W. Paterson, E. Portelius, U. Tornqvist, N. Magdalinou, N. C. Fox, K. Blennow, J. M.
Schott, H. Zetterberg, Increased CSF neurogranin concentration is specific to Alzheimer disease. Neurology
86, 829-835 (2016).

H. Wellington, R. W. Paterson, A. Suarez-Gonzalez, T. Poole, C. Frost, U. Sjobom, C. F. Slattery, N. K.
Magdalinou, M. Lehmann, E. Portelius, N. C. Fox, K. Blennow, H. Zetterberg, J. M. Schott, CSF
neurogranin or tau distinguish typical and atypical Alzheimer disease. Ann Clin Transl Neurol 5, 162-171
(2018).

S. Love, L. K. Siew, D. Dawbarn, G. K. Wilcock, Y. Ben-Shlomo, S. J. Allen, Premorbid effects of APOE
on synaptic proteins in human temporal neocortex. Neurobiol Aging 27, 797-803 (2006).

P. M. Thompson, M. Kelley, J. Yao, G. Tsai, D. P. van Kammen, Elevated cerebrospinal fluid SNAP-25 in
schizophrenia. Biol Psychiatry 53, 1132-1137 (2003).

P. M. Thompson, C. Rosenberger, C. Qualls, CSF SNAP-25 in schizophrenia and bipolar illness. A pilot
study. Neuropsychopharmacology 21, 717-722 (1999).

A. Ohrfelt, A. Brinkmalm, J. Dumurgier, G. Brinkmalm, O. Hansson, H. Zetterberg, E. Bouaziz-Amar, J.
Hugon, C. Paquet, K. Blennow, The pre-synaptic vesicle protein synaptotagmin is a novel biomarker for
Alzheimer's disease. Alzheimers Res Ther 8, 41 (2016).

E. Portelius, B. Olsson, K. Hoglund, N. C. Cullen, H. Kvartsberg, U. Andreasson, H. Zetterberg, A.
Sandelius, L. M. Shaw, V. M. Y. Lee, D. J. Irwin, M. Grossman, D. Weintraub, A. Chen-Plotkin, D. A.
Wolk, L. McCluskey, L. EIman, J. McBride, J. B. Toledo, J. Q. Trojanowski, K. Blennow, Cerebrospinal
fluid neurogranin concentration in neurodegeneration: relation to clinical phenotypes and neuropathology.
Acta Neuropathol, (2018).

K. B. Casaletto, F. M. Elahi, B. M. Bettcher, J. Neuhaus, B. B. Bendlin, S. Asthana, S. C. Johnson, K.
Yaffe, C. Carlsson, K. Blennow, H. Zetterberg, J. H. Kramer, Neurogranin, a synaptic protein, is associated
with memory independent of Alzheimer biomarkers. Neurology 89, 1782-1788 (2017).



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

A. Headley, A. De Leon-Benedetti, C. Dong, B. Levin, D. Loewenstein, C. Camargo, T. Rundek, H.
Zetterberg, K. Blennow, C. B. Wright, X. Sun, I. Alzheimer's Disease Neuroimaging, Neurogranin as a
predictor of memory and executive function decline in MCI patients. Neurology 90, e887-e895 (2018).

C. Sanfilippo, O. Forlenza, H. Zetterberg, K. Blennow, Increased neurogranin concentrations in
cerebrospinal fluid of Alzheimer's disease and in mild cognitive impairment due to AD. J Neural Transm
(Vienna) 123, 1443-1447 (2016).

S. Lista, N. Toschi, F. Baldacci, H. Zetterberg, K. Blennow, I. Kilimann, S. J. Teipel, E. Cavedo, A. M. Dos
Santos, S. Epelbaum, F. Lamari, B. Dubois, R. Nistico, R. Floris, F. Garaci, H. Hampel, 1. Alzheimer
Precision Medicine, Cerebrospinal Fluid Neurogranin as a Biomarker of Neurodegenerative Diseases: A
Cross-Sectional Study. J Alzheimers Dis 59, 1327-1334 (2017).

C. Wang, W. A. Wilson, S. D. Moore, B. E. Mace, N. Maeda, D. E. Schmechel, P. M. Sullivan, Human
apoE4-targeted replacement mice display synaptic deficits in the absence of neuropathology. Neurobiol Dis
18, 390-398 (2005).

M. K. Chen, A. P. Mecca, M. Naganawa, S. J. Finnema, T. Toyonaga, S. F. Lin, S. Najafzadeh, J. Ropchan,
Y. Lu, J. W. McDonald, H. R. Michalak, N. B. Nabulsi, A. F. T. Arnsten, Y. Huang, R. E. Carson, C. H.
van Dyck, Assessing Synaptic Density in Alzheimer Disease With Synaptic Vesicle Glycoprotein 2A
Positron Emission Tomographic Imaging. JAMA neurology, (2018).

Z.Y.Lv,C.C.Tan,J. T. Yu, L. Tan, Spreading of Pathology in Alzheimer's Disease. Neurotox Res 32,
707-722 (2017).

J. Dumurgier, C. Paquet, S. Benisty, C. Kiffel, C. Lidy, F. Mouton-Liger, H. Chabriat, J. L. Laplanche, J.
Hugon, Inverse association between CSF Abeta 42 levels and years of education in mild form of
Alzheimer's disease: the cognitive reserve theory. Neurobiol Dis 40, 456-459 (2010).

J. Dumurgier, C. Paquet, K. Peoc'h, P. Lapalus, F. Mouton-Liger, S. Benisty, S. Chasseigneaux, H.
Chabriat, J. Hugon, CSF Abeta(1)(-)(4)(2) levels and glucose metabolism in Alzheimer's disease. J
Alzheimers Dis 27, 845-851 (2011).

0. Bousiges, S. Bombois, S. Schraen, D. Wallon, M. M. Quillard, A. Gabelle, S. Lehmann, C. Paquet, E.
Amar-Bouaziz, E. Magnin, C. Miguet-Alfonsi, X. Delbeuck, T. Lavaux, P. Anthony, N. Philippi, F. Blanc,
P. L. M. n. e, collaborators, Cerebrospinal fluid Alzheimer biomarkers can be useful for discriminating
dementia with Lewy bodies from Alzheimer's disease at the prodromal stage. J Neurol Neurosurg
Psychiatry 89, 467-475 (2018).

F. H. Duits, P. Martinez-Lage, C. Paquet, S. Engelborghs, A. Lleo, L. Hausner, J. L. Molinuevo, E.
Stomrud, L. Farotti, I. Ramakers, M. Tsolaki, C. Skarsgard, R. Astrand, A. Wallin, M. Vyhnalek, M.
Holmber-Clausen, O. V. Forlenza, L. Ghezzi, M. Ingelsson, E. I. Hoff, G. Roks, A. de Mendonca, J. M.
Papma, A. lzagirre, M. Taga, H. Struyfs, D. A. Alcolea, L. Frolich, M. Balasa, L. Minthon, J. W. R. Twisk,
S. Persson, H. Zetterberg, W. M. van der Flier, C. E. Teunissen, P. Scheltens, K. Blennow, Performance and
complications of lumbar puncture in memory clinics: Results of the multicenter lumbar puncture feasibility
study. Alzheimers Dement 12, 154-163 (2016).

J. Dumurgier, A. Gabelle, O. Vercruysse, S. Bombois, J. L. Laplanche, K. Peoc'h, S. Schraen, B.
Sablonniere, F. Pasquier, J. Touchon, S. Lehmann, J. Hugon, C. Paquet, Exacerbated CSF abnormalities in
younger patients with Alzheimer's disease. Neurobiol Dis 54, 486-491 (2013).

J. Dumurgier, J. L. Laplanche, F. Mouton-Liger, P. Lapalus, S. Indart, M. Prevot, K. Peoc'h, J. Hugon, C.
Paquet, The screening of Alzheimer's patients with CSF biomarkers, modulates the distribution of APOE
genotype: impact on clinical trials. J Neurol 261, 1187-1195 (2014).

J. Dumurgier, F. Mouton-Liger, P. Lapalus, M. Prevot, J. L. Laplanche, J. Hugon, C. Paquet, N. Groupe
d'Investigation du Liquide Cephalorachidien Study, Cerebrospinal fluid PKR level predicts cognitive
decline in Alzheimer's disease. PL0oS One 8, 53587 (2013).

J. Dumurgier, S. Schraen, A. Gabelle, O. Vercruysse, S. Bombois, J. L. Laplanche, K. Peoc'h, B.
Sablonniere, K. V. Kastanenka, C. Delaby, F. Pasquier, J. Touchon, J. Hugon, C. Paquet, S. Lehmann,
Cerebrospinal fluid amyloid-beta 42/40 ratio in clinical setting of memory centers: a multicentric study.
Alzheimers Res Ther 7, 30 (2015).

J. Dumurgier, O. Vercruysse, C. Paquet, S. Bombois, C. Chaulet, J. L. Laplanche, K. Peoc'h, S. Schraen, F.
Pasquier, J. Touchon, J. Hugon, S. Lehmann, A. Gabelle, Intersite variability of CSF Alzheimer's disease
biomarkers in clinical setting. Alzheimers Dement 9, 406-413 (2013).

S. Gourmaud, C. Paquet, J. Dumurgier, C. Pace, C. Bouras, F. Gray, J. L. Laplanche, E. F. Meurs, F.
Mouton-Liger, J. Hugon, Increased levels of cerebrospinal fluid JNK3 associated with amyloid pathology:
links to cognitive decline. J Psychiatry Neurosci 40, 151-161 (2015).

L. Grangeon, C. Paquet, S. Bombois, M. Quillard-Muraine, O. Martinaud, B. Bourre, R. Lefaucheur, G.
Nicolas, J. Dumurgier, E. Gerardin, M. Jan, J. L. Laplanche, K. Peoc'h, J. Hugon, F. Pasquier, D. Maltete,
D. Hannequin, D. Wallon, P. L. M. f. g. collaborators of the e, Differential Diagnosis of Dementia with
High Levels of Cerebrospinal Fluid Tau Protein. J Alzheimers Dis 51, 905-913 (2016).



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

C. Heitz, A. Lorette, A. Julian, C. Roubaud, C. Paquet, [Lumbar puncture practice in case of hemorrhagic or
ischemic risk: a national opinion survey]. Rev Neurol (Paris) 170, 685-692 (2014).

S. Lehmann, J. Dumurgier, S. Schraen, D. Wallon, F. Blanc, E. Magnin, S. Bombois, O. Bousiges, D.
Campion, B. Cretin, C. Delaby, D. Hannequin, B. Jung, J. Hugon, J. L. Laplanche, C. Miguet-Alfonsi, K.
Peoc'h, N. Philippi, M. Quillard-Muraine, B. Sablonniere, J. Touchon, O. Vercruysse, C. Paquet, F.
Pasquier, A. Gabelle, A diagnostic scale for Alzheimer's disease based on cerebrospinal fluid biomarker
profiles. Alzheimers Res Ther 6, 38 (2014).

S. Lehmann, S. Schraen, 1. Quadrio, C. Paquet, S. Bombois, C. Delaby, A. Dorey, J. Dumurgier, C. Hirtz, P.
Krolak-Salmon, J. L. Laplanche, O. Moreaud, K. Peoc'h, O. Rouaud, B. Sablonniere, E. Thouvenot, J.
Touchon, O. Vercruysse, J. Hugon, A. Gabelle, F. Pasquier, A. Perret-Liaudet, Impact of harmonization of
collection tubes on Alzheimer's disease diagnosis. Alzheimers Dement 10, S390-S394 €392 (2014).

E. Magnin, J. F. Demonet, D. Wallon, J. Dumurgier, A. C. Troussiere, A. Jager, E. Duron, A. Gabelle, V. de
la Sayette, L. Volpe-Gillot, G. Tio, S. Evain, C. Boutoleau-Bretonniere, A. Enderle, F. Mouton-Liger, P.
Robert, D. Hannequin, F. Pasquier, J. Hugon, C. Paquet, P. L. M. c. e, Primary Progressive Aphasia in the
Network of French Alzheimer Plan Memory Centers. J Alzheimers Dis 54, 1459-1471 (2016).

E. Magnin, J. Dumurgier, E. Bouaziz-Amar, S. Bombois, D. Wallon, A. Gabelle, S. Lehmann, F. Blanc, O.
Bousiges, D. Hannequin, B. Jung, C. Miguet-Alfonsi, M. Quillard, F. Pasquier, K. Peoc'h, J. L. Laplanche,
J. Hugon, C. Paquet, P. L. M. pour le groupe e, [Alzheimer's disease cerebro-spinal fluid biomarkers: A
clinical research tool sometimes useful in daily clinical practice of memory clinics for the diagnosis of
complex cases]. Rev Med Interne 38, 250-255 (2017).

E. Magnin, C. Paquet, M. Formaglio, B. Croisile, L. Chamard, C. Miguet-Alfonsi, G. Tio, J. Dumurgier, I.
Roullet-Solignac, M. Sauvee, C. Thomas-Anterion, A. Vighetto, J. Hugon, P. Vandel, Increased
cerebrospinal fluid tau levels in logopenic variant of Alzheimer's disease. J Alzheimers Dis 39, 611-616
(2014).

F. Mouton-Liger, D. Wallon, A. C. Troussiere, R. Yatimi, J. Dumurgier, E. Magnin, V. de la Sayette, E.
Duron, N. Philippi, E. Beaufils, A. Gabelle, B. Croisile, P. Robert, F. Pasquier, D. Hannequin, J. Hugon, C.
Paquet, Impact of cerebro-spinal fluid biomarkers of Alzheimer's disease in clinical practice: a multicentric
study. J Neurol 261, 144-151 (2014).

C. Paquet, J. Dumurgier, J. Hugon, Pro-Apoptotic Kinase Levels in Cerebrospinal Fluid as Potential Future
Biomarkers in Alzheimer's Disease. Front Neurol 6, 168 (2015).

C. Paquet, E. Magnin, D. Wallon, A. C. Troussiere, J. Dumurgier, A. Jager, F. Bellivier, E. Bouaziz-Amar,
F. Blanc, E. Beaufils, C. Miguet-Alfonsi, M. Quillard, S. Schraen, F. Pasquier, D. Hannequin, P. Robert, J.
Hugon, F. Mouton-Liger, P. L. M. n. For e, collaborators, Utility of CSF biomarkers in psychiatric
disorders: a national multicentre prospective study. Alzheimers Res Ther 8, 27 (2016).

O. Vercruysse, C. Paquet, A. Gabelle, X. Delbeuck, F. Blanc, D. Wallon, J. Dumurgier, E. Magnin, O.
Martinaud, B. Jung, O. Bousiges, S. Lehmann, C. Delaby, M. Quillard-Murain, H. K. Peoc, J. L. Laplanche,
E. Bouaziz-Amar, D. Hannequin, B. Sablonniere, L. Buee, J. Hugon, S. Schraen, F. Pasquier, S. Bombois,
E. P. G. For The, Relevance of Follow-Up in Patients with Core Clinical Criteria for Alzheimer Disease and
Normal CSF Biomarkers. Curr Alzheimer Res 15, 691-700 (2018).

G. M. McKhann, D. S. Knopman, H. Chertkow, B. T. Hyman, C. R. Jack, Jr., C. H. Kawas, W. E. Klunk,
W. J. Koroshetz, J. J. Manly, R. Mayeux, R. C. Mohs, J. C. Morris, M. N. Rossor, P. Scheltens, M. C.
Carrillo, B. Thies, S. Weintraub, C. H. Phelps, The diagnosis of dementia due to Alzheimer's disease:
recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic
guidelines for Alzheimer's disease. Alzheimers Dement 7, 263-269 (2011).

N. Mattsson, U. Andreasson, S. Persson, M. C. Carrillo, S. Collins, S. Chalbot, N. Cutler, D. Dufour-
Rainfray, A. M. Fagan, N. H. Heegaard, G. Y. Robin Hsiung, B. Hyman, K. Igbal, S. A. Kaeser, D. R.
Lachno, A. Lleo, P. Lewczuk, J. L. Molinuevo, P. Parchi, A. Regeniter, R. A. Rissman, H. Rosenmann, G.
Sancesario, J. Schroder, L. M. Shaw, C. E. Teunissen, J. Q. Trojanowski, H. VVanderstichele, M. Vandijck,
M. M. Verbeek, H. Zetterberg, K. Blennow, Q. C. P. W. G. Alzheimer's Association, CSF biomarker
variability in the Alzheimer's Association quality control program. Alzheimers Dement 9, 251-261 (2013).



Acknowledgments:

We thank the patients who were involved in this study and their careers. We thank all donors, the
president and scientific committee of Fondation Philippe Chatrier and Fondation Vaincre
Alzheimer.

We also thanks FUJIRIBIO laboratory for providing the NM4 monoclonal antibody

Author’s contribution: Kaj Blennow and Claire Paquet designed the study, collected and
analyzed the data and prepared the manuscript.

Jacques Hugon, Claire Paquet, Julien Dumurgier, Emmanuel Cognat have included the patients.
Marion Tible, Asa Persson, Kina Hoglund, Ann Brinkmalm have performed CSF analysis

All authors have read and validated the manuscript

Competing interests:

- Prof Kaj BLENNOW has served as a consultant or at advisory boards for Alzheon, BioArctic,
Biogen, Eli Lilly, Fujirebio Europe, IBL International, Merck, Novartis, Pfizer, and Roche
Diagnostics, and is a co-founder of Brain Biomarker Solutions in Gothenburg AB, a GU Venture-
based platform company at the University of Gothenburg.

- Prof. PAQUET is member of the International Advisory Boards of Lilly, is consultant of
Fujiribio, ALZOHIS, NEUROIMMUNE and GILEAD and is involved as investigator in several
clinical trials for Roche, Esai, Lilly, Biogen, Astra-Zeneca, Lundbeck, Neuroimmune

- Prof. HUGON

- Drs COGNAT and Dr DUMURGIER are investigator in several passive anti-amyloid
immunotherapies and other clinical trials for Roche, Eisai, Lilly, Biogen, Astra-Zeneca,
Lundbeck.

Marion Tible, Asa Sandelius, Kina Hoglund, Ann Brinkmalm declare that they have no conflict

of interest.



Funding: This study was supported jointly by the Fondation Philippe Chatrier (Paris, France),
Fondation Vaincre Alzheimer, the Swedish Alzheimer Foundation, the Swedish Brain
Foundation, Stiftelsen for Gamla Tjanarinnor, Demensfonden, Stiftelsen Sigurd och Elsa Golje

and Torsten Soderberg Foundation.



Figures:

Fig. 1. Comparison of synaptic CSF biomarker condentrations in control, MCI, AD and other
dementia patients
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Figure 1 illustrate the quantification of the CSF synaptic biomarkers in Controls, Other MCI,
MCI due to AD, AD and Other Dementia.



Fig. 2. Comparison of synaptic CSF biomarker levels in control, MCI, AD and other dementia
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Figure 2 display the discriminatory power curves. On the left, the ROC for AD versus Controls,
on the right, the ROC curve for AD versus Other Dementia. SNAP24 (1-40) display the best
discriminatory power..



Fig. 3. lllustration of the link between Apolipoprotein genotype and synaptic CSF biomarker
levels

=0.004 =0.02 =0.007
600 £ 6000 P 2 P
20
2
g W g aw H_E\ 15
| < P
w o 21 .
O % 2000 z
(=]
5
[] 0 o
<& > K & & ™ <& & &
& & < & & & & & o
oo p=0.85 . p=0.16
E
£ 9
3 E
& 7
o
& &
- [=]
"
[5]

Figure 3: The CSF level of neurogranin, GAP-43 and SNAP25 (1-40) are significantly higher in
the APOE ¢4: 4 genotype group.



Tables

Table 1. Characteristics of the population study.

Overall Controls AD MCl dueto AD  Other MCI  Other dementia

Characteristics (N=246) (N=35) (N=81) (N=30) (N=49) (N=51) P
Age, years, mean (SD) 67.1(9.1) 60.7 (8.3) 69.3 (7.5) 70.6 (8.1) 63.3 (10.5) 69.5 (7.5) <0
Women, n (%) 138 (56.1) 29 (82.9) 49 (60.5) 19 (63.3) 20 (40.8) 21 (41.2) <0
MMSE, mean (SD) 23.7 (4.9) 26.6 (2.6) 20.4 (4.9) 27.0 (1.6) 25.3 (3.5) 22.9 (5.3) <0
APOE ¢4 carriers, n(%) 90 (40.9) 5 (15.6) 44 (57.9) 14 (51.9) 11 (27.5) 16 (35.6) <0
CSF biomarkers, pg/mL, mean (SD)

CSF Ap42 751.3 (321.9) 981.3 (276.5) 530.4 (153.5) 609.7 (260.7) 921.1(284.9) 864.6 (362.5) <O

CSF AB40 12181 (5849) 11357 (5481) 14278 (6326) 14239 (6945) 11121 (4757) 9363 (3952) <0

CSF Tau 400.8 (280.5) 199.3(79.9) 667.9(293.2) 458.1(155.2) 214.9(86.4) 259.7 (149.3) <O

CSF p-Tau 181 61.8 (34.1) 36.0 (13.3) 93.6 (32.7) 75.6 (18.3) 40.5 (14.6) 41.2 (19.5) <0




Table 2. Synaptic biomarkers according to patients’ groups.

Synaptic biomarkers Controls AD MCI due to AD Other MCI Other dementia P value
CSF Neurogranin 207.2 (87.4) 366.4 (108.9) 337.3(98.2) 221.5 (87.4) 212.7 (114.7)  <0.001
CSF GAP 43 1790.4 (770.8) 3767.2 (1310.0) 3202.8 (1080.4) 1990.6 (867.7) 2186.9 (1325.8) <0.001
CSF total SNAP-25 61.3 (28.4) 99.7 (27.9) 87.9 (23.3) 60.5 (20.4) 55.0 (20.5) <0.001
CSF SNAP-25aa40 7.3(3.6) 16.1 (4.9) 13.2 (3.3) 7.4(2.9) 7.7 (3.8) <0.001
CSF synaptotagmin ~ 309.9 (159.8) 483.7 (220.8) 480.5 (248.3) 297.5 (93.0) 242.4 (103.8)  <0.001

Table 3. Discriminatory power of CSF synaptic biomarkers. (Area under the curve)

AD vs MCI due to AD vs AD vs
CSF biomarkers Controls Controls other dementia
Neurogranin 0.88 (0.03) 0.84 (0.05) 0.86 (0.04)
GAP 43 0.92 (0.03) 0.86 (0.05) 0.84 (0.04)
Total SNAP-25 0.85 (0.05) 0.81 (0.06) 0.91 (0.03)
SNAP-25aa40 0.93 (0.03) 0.90 (0.05) 0.93 (0.03)
Synaptotagmin 0.77 (0.06) 0.75 (0.07) 0.88 (0.04)




Table 4. Optimum cut-offs to discriminate between AD patients and Controls

CSF biomarkers Cut-off  Sensitivity Specificity Youden index

Neurogranin 279 0.77 0.8 0.57
GAP 43 2430 0.88 0.82 0.71
Total SNAP25 78 0.81 0.82 0.63
SNAP-252340 10.9 0.86 0.89 0.75
Synaptotagmin 362 0.74 0.71 0.45

Table 5. Outcome of backward stepwise logistic regression to classify AD from non-AD
patients

Predictors Estimates (SE) P-value
CSF GAP 43 2.6 (1.49) 0.05
CSF SNAP-25aa40 2.2(0.9) 0.02

Outcome of backward stepwise logistic regression, cut-off for exclusion p = 0.10.
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Table 6. Correlation between synaptic biomarkers and AB/tau biomarkers

CSF synaptic biomarkers

Spearman correlation coefficients (P value)

Neurogranin

GAP 43

Total SNAP-25

SNAP-25aa40

Synaptotagmin

Controls
Ap42
AB40
Tau
p-Tau 181

MCI due to AD

Ap42
AB40

Tau

p-Tau 181

AD

Ap42
AB40

Tau

p-Tau 181

0.52 (0.001)
0.46 (0.006)
0.78 (<0.001)
0.77 (<0.001)

0.42 (0.02)
0.45 (0.02)
0.64 (<0.001)
0.84 (<0.001)

0.10 (0.40)
0.37 (0.002)
0.75 (<0.001)
0.74 (<0.001)

0.56 (<0.001)
0.59 (<0.001)
0.83 (<0.001)
0.78 (<0.001)

0.48 (0.008)
0.62 (<0.001)
0.75 (<0.001)
0.86 (<0.001)

0.14 (0.22)
0.50 (<0.001)
0.77 (<0.001)
0.79 (<0.001)

0.64 (<0.001)
0.72 (<0.001)
0.70 (<0.001)
0.64 (<0.001)

0.54 (0.007)
0.76 (<0.001)
0.59 (0.003)
0.74 (<0.001)

0.22 (0.10)

0.54 (<0.001)
0.74 (<0.001)
0.79 (<0.001)

0.65 (<0.001)
0.66 (<0.001)
0.84 (<0.001)
0.72 (<0.001)

0.39 (0.07)
0.55 (0.01)
0.76 (<0.001)
0.61 (0.002)

0.13 (0.35)
0.44 (0.002)
0.83 (<0.001)
0.83 (<0.001)

0.64 (<0.001)
0.66 (<0.001)
0.64 (<0.001)
0.59 (<0.001)

0.59 (0.003)
0.62 (0.004)
0.35 (0.10)
0.63 (0.001)

0.17 (0.21)
0.63 (<0.001)
0.53 (<0.001)
0.61 (<0.001)




