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Abstract

Introduction: Synaptic dysfunction and degeneration is one of the earliest events in

Alzheimer’s disease (AD) and the best correlate of cognitive decline. Thus, identifica-

tion and validation of biomarkers reflecting synaptic degeneration to be used as prog-

nostic biomarkers are greatly needed.

Method: Solid-phase extraction and parallel reaction monitoring mass spectrometry

wereused toquantify17 synaptic proteins inCSF, in twocross-sectional studies includ-

ing AD (n= 52) and controls (n= 37).

Results: Increased concentrations of beta-synuclein, gamma-synuclein, neurogranin,

phosphatidylethanolamine-binding protein 1, and 14-3-3 proteins were observed in

AD patients compared to controls, while neuronal pentraxin-2 and neuronal pentraxin

receptor were decreased.

Discussion:We have established a method with a novel panel of synaptic proteins as

biomarkers of synaptic dysfunction. The results indicate that several of the proteins

included in the panel may serve as synaptic biomarkers for AD.

KEYWORDS

Alzheimer’s disease, biomarkers, mass spectrometry, synaptic pathology

1 INTRODUCTION

Alzheimer’s disease (AD) is clinically characterized by gradual memory

dysfunction and other cognitive decline. Central to the disease patho-

genesis is the abnormal aggregation and accumulation of extracellular
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amyloid beta (Aβ) plaques and intracellular neurofibrillary tau tangles.1

The resulting synapse dysfunction from these pathological events is

one of the earliest detectable changes in AD.2,3 Synaptic loss at post

mortem also correlates well with degree of cognitive decline and plays

a significant role in the disease pathology and progression.1 In the past
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20 years, a multitude of drug trials have been conducted but only four

symptomatic treatments have been approved.4 The reason for this has

been partially attributed to overlap in clinical manifestation between

neurodegenerative diseases and thus poor diagnostic accuracy in the

enrollment of trial participants.5 To improve diagnostics and to mon-

itor treatment effects, new, pathology-specific biomarkers of AD are

therefore in high demand.

Current methods for quantifying synaptic degeneration include

measuring pre- and postsynaptic proteins in the cerebrospinal fluid

(CSF) or by positron emission tomography ([11C]UCB-J).6,7 For

example, CSF concentrations of both the presynaptic synaptosomal-

associated protein 25 (SNAP-25) and synaptotagmin-1 as well as

postsynaptic proteins, such as neurogranin, have been shown to be

altered inAD,8–10 even at themild cognitive impairment (MCI) stage.11

CSF neurogranin has also been shown to increase soon after Aβ
deposition—even in cognitively unimpaired adults.3 Synaptic density,

as determined by [11C]UCB-J, is reduced in the medial temporal and

neocortical brain regions of individuals with AD compared to healthy

participants.7,12 The detection and validation of new synaptic proteins

as prognostic biomarkers of synaptic degeneration to improve our

understanding and monitoring of cognitive decline in AD is of great

importance.

In the field of biomarker discovery, mass spectrometry (MS) offers

wide possibilities, both as a hypothesis-generating tool that aims to

find potential candidates, or as a confirmatory targeted approach

for validation and quantification. With an explorative MS-based pro-

teomic approach, thousands of proteins can be identified and quan-

tified in a single experiment without preselecting specific target pro-

teins. Thus, potential candidates involved in the disease can be found

in the absence of bias and, additionally, candidates that might other-

wise have been overlooked could be investigated. For validation of can-

didate biomarkers, targeted MS is also advantageous as there is no

reliance on antibodies compared to immunoassays, and the possibility

of multiplexing both saves time and reduces cost.

In this study, we developed, based on a previous explorative pro-

teomic study,13 a multiplexed, robust, and high-throughput method,

simultaneously targeting 17 synaptic proteins with high sensitivity

and specificity. These included syntaxins, vesicle-associatedmembrane

protein 2 (VAMP-2), activating protein 2 (AP-2) adaptor complex pro-

teins, complexin-2, synucleins, rab GDP dissociation inhibitor alpha

(rab GDI alpha), neuronal pentraxins, phosphatidylethanolamine-

binding protein 1 (PEBP-1), and members of the 14-3-3 protein fam-

ily. Thus, parallel reaction monitoring (PRM) with high-resolution MS

coupled to liquid chromatography (LC) was used to quantify synaptic

proteins to establish a synaptic panel assay for biomarker validation.

2 METHOD

2.1 Biomarker candidate selection

In an explorative CSF proteomic study by Tijms et al. comparing AD

to controls and using tandemmass tag (TMT) multiplex quantification,

2000 proteins were identified and quantified.13 Based on the study by

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the available

scientific literature with a focus on biomarkers for synap-

tic dysfunction in Alzheimer’s disease (AD). The detec-

tion and validation of new synaptic proteins as prognos-

tic biomarkers of synaptic degeneration to improve our

understanding and monitoring of cognitive decline in AD

is of great importance. Therefore, in this study, we devel-

oped a biomarker panel of several synaptic proteins and

quantified them in two cross-sectional studies to be able

to study their potential as biomarkers of synaptic dys-

function.

2. Interpretation:Our findings suggest that several proteins

in the synaptic biomarker panel are potential biomark-

ers of AD, especially beta-synuclein, gamma-synuclein,

neurogranin, phosphatidylethanolamine-binding protein

1, 14-3-3 proteins, and the neuronal pentraxins.

3. Future directions: Further studies in larger cohorts will

be needed to validate the synaptic biomarkers. These

include other neurodegenerative diseases to assert the

specificity of the biomarkers for AD.

HIGHLIGHTS

∙ We established a novel panel assay to study 17 synaptic

proteins in 100 µL CSF.

∙ Several synaptic proteins were altered in AD compared

with healthy controls.

∙ 14-3-3 proteins and β-synuclein performed best at sepa-

rating AD from controls.

∙ Neuronal pentraxin-2 in particular seems to correlatewith

cognitive decline.

Tijms et al. and a literature review, 17 synaptic proteins were deemed

tohavepotential asCSFbiomarkers of synapsedegeneration inADand

thus selected in our study for further evaluation (see Appendix A and

Figure SA1 in supporting information, where the data are presented

together with a brief method description and cohort demographics). In

Table 1, theproteins and their respective proteotypic peptides selected

for PRM-MS analysis are shown.

2.2 Patients and AD biomarker analysis

To study the panel proteins in relation to AD pathophysiology—that is,

changed tau and Aβ levels—the pilot study consisted of biochemically

defined AD (n = 20) and neurological controls (n = 20). The samples

were selected based on concentrations of the AD CSF core biomark-
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TABLE 1 The 17 synaptic proteins and their respective peptides selected for validation as potential synaptic biomarkers

Protein Accession Sequence Positiona

14-3-3 protein epsilon P62258 IISSIEQK [62-69]

LICCDILDVLDK [95-106]

14-3-3 protein eta Q04917 AVTELNEPLSNEDR [29-42]

14-3-3 protein theta P27348 AVTEQGAELSNEER [28-41]

14-3-3 protein zeta/delta P63104 VVSSIEQK [61-68]

AP-2 complex subunit beta P63010 NVEGQDMLYQSLK [880-892]

IQPGNPNYTLSLK [905-917]

Beta-synuclein Q16143 EGVVQGVASVAEK [46-58]

Complexin-2 Q6PUV4 AALEQPCEGSLTRPK [84-98]

Gamma-synuclein O76070 ENVVQSVTSVAEK [46-58]

EQANAVSEAVVSSVNTVATK [61-80]

Neurogranin Q92686 KGPGPGGPGGAGVAR [54-68]

Neuronal pentraxin receptor O95502 NNYMYAR [302-308]

LVEAFGGATK [479-488]

Neuronal pentraxin-1 Q15818 LENLEQYSR [144-152]

ETVLQQK [63-69]

CESQSTLDPGAGEAR [89-103]

LTPGEVYNLATCSTK [385-400]

Neuronal pentraxin-2 P47972 VAELEDEK [177-184]

WPVETCEER [419-428]

ETVVQQK [68-74]

PEBP-1 P30086 LYEQLSGK [180-187]

NRPTSISWDGLDSGK [48-62]

Rab GDI alpha P31150 QLICDPSYIPDR [279-290]

Syntaxin-1B P61266 QHSAILAAPNPDEK [56-69]

Syntaxin-7 O15400 EFGSLPTTPSEQR [72-84]

VAMP- 2 P63027 LQQTQAQVDEVVDIMR [32-47]

aThe position reflects the amino acid sequence of the protein.

ers (tau phosphorylated at Thr181 [p-tau181, cut-off >60 pg/mL], total

tau [t-tau, cut-off >380 pg/mL], and Aβ peptide 1-42 [Aβ1-42, cut-off
<550 pg/mL] as defined by the IWG-2 biomarker criteria).14 The AD

core biomarker analysis and collection of the samples were performed

at the Clinical Neurochemistry Laboratory, Mölndal, Sweden. The use

of these patients’ samples was approved by the Ethics Committee at

University of Gothenburg (EPN 140811).

The second cohort consisted of clinically diagnosed subjects and

includedADpatients (n=32) and controls (n=20) froma single-center

memory clinic, as presented previously.15 In brief, patientswere admit-

ted for explorationof cognitive impairmentwhile control subjectswere

recruited among spouses and through local advertisement. Thehealthy

control subjects showed no symptoms of cognitive dysfunction and

they were matched with the AD patients in terms of age, sex, and body

mass index. AD was defined based on clinical evaluations according

to National Institute of Neurological and Communicative Disorders

and Stroke-Alzheimer’s Disease and Related Disorders Association.16

Three controls were excluded from the analysis based on abnormally

lowAβ1-42 concentrations (cut-off, Aβ1-42 <550pg/mL).All participants

gave informed consent and ethical approval was retrieved from the

ethical committee of the University of Gothenburg. The demographics

of all cohorts are shown groupwise in Table 2 and in detail in Tables SB1

and SB2 in supporting information.

2.3 CSF samples

Lumbar puncture was used for CSF collection in polypropylene tubes.

Samples were centrifuged at 2000× g at 4◦C for 10minutes to remove

insolublematerial and cells. The supernatants were then aliquoted and

stored at –80◦C until use. The CSF AD core biomarker concentrations

(p-tau181, t-tau, and Aβ1-42) were quantified by commercially available

enzyme-linked immunosorbent assays (INNOTEST β-AMYLOID [1-42],

INNOTEST hTAU Ag, and INNOTEST PHOSPHO-TAU [181P]; Fujire-

bio Europe). Quality controls (QCs) consisted of pooled CSF samples,

obtained from the Neurochemistry Laboratory at Sahlgrenska Univer-
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TABLE 2 Cohort demographics

Cohort Group n (F/M) Age MMSEa
APOE ε4b
(±/NA) Aβ1-42c P-tau181

d T-taue

Pilot NCf 20 (10/10) 66 (19, 59-80) 772 (184, 679-869) 41 (8, 35-44) 253 (63, 231-328)

AD 20 (11/9) 76 (9, 73-80) 442 (108, 321-518) i 72 (21, 66-89) i 535 (385, 475-745) i

Clinical HCh 17 (8/9) 75 (5, 70-78) 29 (2, 27-30) 4/13/0 993 (136, 908-1046) 61 (17, 45-77) 315 (87, 217-351)

AD 32 (17/15) 75 (4, 71-77) 23 (4, 19-25) i 18/9/5 479 (116, 345-565)i 98 (33, 78-113) i 584 (233, 423-764) i

aMini-Mental State Examination score.
bApolipoprotein E ε4 status.
cAmyloid beta protein 1-42.
dTotal tau.
ePhosphorylated tau at amino acid Thr181.
fNeurological controls.
gAlzheimer’s disease.
hHealthy controls.
iTwo-sidedMann-Whitney test, P < .0001 compared to respective control group. Data presented as median (standard deviation, inter-quartile interval) and

in ng/L.

sity Hospital, Mölndal, Sweden, and were aliquoted and stored in the

sameway as the samples. The collection and use are in accordancewith

the Swedish law on biobanks in healthcare (2002:297).

2.4 LC-MS/MS analysis

Sample preparation was performed as described previously,17 for

details see Appendix C in supporting information. LC-MS/MS analy-

sis was performed using a microflow HPLC (Dionex Ultimate 3000,

ThermoFisher Scientific) and an Orbitrap hybrid mass spectrometer

(Q Exactive, ThermoFisher Scientific). Using a flow rate of 0.3 mL/min,

sample injection volume of 45 μL, and a 50-minute gradient (Figure

SB1 in supporting information), separation was performed on aHyper-

sil Gold reversed phase column (dimension 100 × 2.1 mm, particle

size 1.9 μm, ThermoFisher Scientific). Mobile phases consisted of 0.1%

formic acid in water (v/v) (A) and 84% acetonitrile/0.1% formic acid in

water (v/v) (B). Electrospray conditions were set as follows: spray volt-

age at +4100 V, capillary temperature at 320◦C, sheath gas at 25, aux

gas at 10, sweep gas at 0, probe heater temperature at 300◦C, and S-

lens RF level to 55. Individually optimized collision energies were used

for each peptide (Table SB3 in supporting information). The scheduled

PRMmethod used retention time windows of 2 minutes for each pep-

tide and a toggle limit of four different peptide pairs. For data acqui-

sition, isolation window was set to 3 m/z units, automatic gain control

target value to 3 × 106, and maximum injection time to 250 millisec-

onds with a matching resolution setting of 70,000. To test the repeata-

bility of each peptide, a series of replicates (n = 8) of a QC sample was

injected.QCsampleswere also injected at regular intervals during runs

tomonitor the performance of the assay over time.

2.5 Data processing and statistical analysis

Data processing was performed in Skyline 20.1 (MacCoss Lab Soft-

ware). All peaks were visually inspected and adjusted if required for

optimal peak area calculation (Figure SB2 in supporting information).

Relative peptide abundance was obtained by summing all measured

fragment peak areas for each peptide and dividing that by the sum of

the fragment peak areas of the corresponding internal standard (IS).

The group-wise comparisons were assessed using two-sided Mann-

Whitney test, whereas associations between continuous variables

were tested with Spearman rank correlation analysis. The receiver

operating characteristic curve (ROC) contrasting groups provided the

area under the curve (AUC) to evaluate the discriminatory ability of the

biomarkers. Statistical analysis and data visualization were performed

with GraphPad Prism 8.3.0 (GrahpPad Software, Inc.).

3 RESULTS

3.1 Performance characteristics of PRM method

We have successfully developed a PRM assay to quantify 17 synaptic

proteins in CSF, which were identified and selected using explorative

TMT proteomics.13 The method’s performance characteristics can be

found in Table SB3. Themedian coefficient of variation (CV) for all pep-

tides was below 12%.

3.2 Pilot study

The CSF pilot study (n= 40) was performed on a cohort defined by the

core AD biomarkers. Significant increases in AD compared to neuro-

logical controls were observed for several proteins: neurogranin (P ≤

.0001), complexin-2, VAMP-2, beta-synuclein, rab GDI alpha, PEBP-1,

14-3-3 protein epsilon, and 14-3-3 protein zeta/delta (all P ≤ .001), as

shown in Figure 1. Significant increase was also observed for the syn-

taxins (P ≤ .01), while no significant difference was observed for the

neuronal pentraxins (1, 2 and the receptor) and gamma-synuclein. Fig-

ure SB3 in supporting information demonstrates the results for all pep-

tides analyzed. For some of the proteins a correlation with age was

found (Table SB4 in supporting information).
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F IGURE 1 Levels of the synaptic panel proteins in the pilot cohort. Cerebrospinal fluid (CSF) concentrations obtained by parallel reaction
monitoring (PRM) analysis of the synaptic panel proteins (one representative peptide for each protein) in the pilot cohort consisting of
neurological controls (NC, n= 20) and Alzheimer’s disease (AD, n= 20) of a biologically defined cohort. Statistical comparison was performedwith
Mann-Whitney test, P-values: * P≤ .05, ** P≤ .01, *** P≤ .001, and **** P≤ .0001. The bars indicatemedian with interquartile range

3.3 Clinical cohort

Next, we aimed to validate our pilot results using a clinical cohort from

the memory clinic in Falköping, Sweden (Figure 2A). In support of the

pilot study, beta-synuclein, PEPB-1, neurogranin, and 14-3-3 protein

epsilon and zeta/delta were all significantly increased in AD patients

compared to controls in the clinical cohort (Figure 2A). In addition, sig-

nificant decrease in neuronal pentraxin-2 and the neuronal pentraxin

receptor levelswere observed (P≤ .05) aswell as significant increase in

gamma-synuclein (P ≤ .05) and the 14-3-3 protein eta and theta. Four

proteins had AUC above 0.75 (P ≤ .005), beta-synuclein (AUC = 0.76,

95% confidence interval [CI] = 0.62–0.89), 14-3-3 zeta/delta, 14-3-3

theta (AUC = 0.77, 95% CI = 0.61–0.92), and 14-3-3 epsilon (AUC =

0.79, 95% CI = 0.66–0.92), where the highest AUC was found for

14-3-3 zeta/delta (AUC = 0.84, 95% CI = 0.72% to 0.96%, Figure 2B).

Note that four peptides, including the only peptide for VAMP-2, were

excluded from themethod and not quantified in the clinical cohort due

to storage instability of the standards. For the proteins with more than

one quantified peptide, one representative peptide is shown. Figure

SB4 in supporting information displays the results of the additional

peptides and Table SB5 in supporting information demonstrates the

CVs of the QCs together with the AUC values for all peptides per

protein.

The synaptic proteins included in the panel correlated well with

each other (Spearman’s correlation coefficient [rs] > 0.5, P ≤ .05, Fig-

ure SB5 in supporting information). Exceptions include the pentraxins

and 14-3-3 protein theta in the AD samples and 14-3-3 protein eta in

the control samples. Generally, a higher correlation was found in the

control group than in the AD. Further, all peptides from the same pro-

tein had a strong association (rs > 0.7, P ≤ .0001, Figure SB6 in sup-

porting information), except for neuronal pentraxin-1 and the neuronal

pentraxin receptor,whichhadaweak tomoderate correlationbetween

their peptides (rs = 0.3 to 0.7, P ≤ .05). The correlations with Mini-

Mental State Examination (MMSE) score and core CSF biomarkers are

shown in Table SB5. It was shown that only neuronal pentraxin-2 cor-

related significantly (rs = 0.45, P ≤ .05) with MMSE (Figure 2C). The

pentraxins were also the only proteins that showed any correlation (rs

= 0.3 to 0.5, P ≤ .05) with Aβ1-42 levels. Interestingly most of the panel

proteins correlated moderately (rs > 0.5, P ≤ .05) with both p-tau181

and t-tau with the exception of the neuronal pentraxins and 14-3-3
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F IGURE 2 Levels of the synaptic panel proteins, diagnostic performance, and correlation to cognition in the clinical cohort. A, Cerebrospinal
fluid (CSF) concentrations obtained by parallel reactionmonitoring (PRM) analysis of the synaptic panel proteins (one representative peptide for
each protein) in the clinical cohort consisting of healthy controls (HC, n= 17), and Alzheimer’s disease (AD, n= 32). Statistical comparison was
performedwithMann-Whitney test, P-values: * P≤ .05, ** P≤ .01, *** P≤ .001, and **** P≤ .0001. The bars indicatemedian with interquartile
range. B, Receiver operating characteristic curves calculated for AD versus healthy controls for the four synaptic proteins with the highest area
under the curve values. C, Association between neuronal pentraxin-2 andMini-Mental State Examination (MMSE) with Spearman rank correlation
coefficient and P-value
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F IGURE 3 Schematic illustration of the synaptic proteins, their cellular location, and their synaptic processes. The synaptic proteins in the
panel collectively encompass the presynaptic (beta-synuclein and gamma-synuclein) and postsynaptic terminals (neurogranin) as well as proteins
involved in vesicle trafficking (complexin-2, syntaxins, VAMP-2, rab GDI alpha, and AP-2). Further, proteins native to both the presynaptic and
postsynaptic terminal (14-3-3 andNPTX) involved in, among others, postsynaptic receptor regulation (NPTX and 14-3-3). AMPAR,
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AP-2, activating protein 2; Cav2.2, N-type voltage-gated calcium channel;
CRMP-2, collapsin responsemediator protein-2; NPTX, neuronal pentraxins; NMDAR, N-methyl-D-aspartate receptor; PEBP-1,
phosphatidylethanolamine-binding protein 1; rab GDI alpha, rab GDP dissociation inhibitor alpha; Rab3a, ras-related protein 3a; SNARE, soluble
N-ethylmaleimide-sensitive factor attachment receptor; VAMP-2, vesicle-associatedmembrane protein 2. Created with BioRender.com

theta, which only showed a weak correlation (rs = 0.2 to 0.5, P ≤ .05).

No correlation with agewas found (Table SB4).

4 DISCUSSION

There is a need for biomarkers reflecting synaptic pathology that could

be early indicators of AD, predict which patients are likely to suffer a

rapid cognitive decline, and help monitor intensity of synaptic degen-

eration for clinical evaluation or drug monitoring. We have developed

a biomarker panel of 17 synaptic proteins. Among these proteins are

neurogranin, complexin-2, VAMP-2, neuronal pentraxins, synucleins,

syntaxins, and several 14-3-3 proteins that collectively encompass the

presynaptic and postsynaptic terminals as well as vesicle trafficking.

Several of these proteins included in the synaptic panel in this study

have also been implicated previously in relation to neurodegenera-

tive diseases, in particular AD; for example, the 14-3-3 proteins, which

have been genetically linked to AD and found to both interact with

the key AD pathology protein tau and colocalize with it in neurofib-

rillary tangles. In connection with pathology, the 14-3-3 proteins are

also of interest in relation with Creutzfeldt-Jakob disease, for which

they are established biomarkers.18 They are a family of adaptor pro-

teins that are highly expressed in the brain and notably enriched at the

synapse, whose function is diverse but still largely unknown. However,

the 14-3-3 proteins have been indicated at the presynaptic site tomod-

ulate N-type voltage-gated calcium channel (Cav2.2) activation and at

the postsynaptic side, in the regulation of glutamate receptors, espe-

cially N-methyl-D-aspartate receptors, leading to long-term potenti-

ation (Figure 3).19 Further, the 14-3-3 gamma protein was recently

quantified in the CSF of AD patients and found to be increased com-

pared to controls.20 In our study, the results indicate that this also is

the case for other 14-3-3 proteins: zeta/delta, eta, theta, and epsilon.

All the 14-3-3 proteins showed a good performance in discriminating

AD and controls (AUC> 0.73). However, zeta/delta especially seems to

have promise as an ADbiomarker with the highest AUC out of all panel

proteins (AUC= 0.84, 95%CI= 0.72% to 0.96%).

One synaptic protein that was characterized in relation to AD

already in 1990, as a major component of amyloid plaques, apart from

Aβ, is alpha-synuclein.21 The discovery was soon followed by that of

two other family members, beta- and gamma-synuclein, which also
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localize to presynaptic terminals. Their function is still unclear, but

since then it has been suggested that all three synucleins might be

involved in neurodegenerative diseases. For instance, alpha-synuclein

is well known to aggregate and form Lewy bodies in Lewy body demen-

tia and Parkinson’s disease.22 Gamma- and beta-synuclein also showed

promising results in our study; beta-synuclein in particular was the one

together with the 14-3-3 proteins with the best ability to discriminate

between AD and controls (AUC = 0.76). Interestingly, beta-synuclein

has been said to have neuroprotective abilities due to its inhibitory

function on alpha-synuclein aggregation. Oeckl et al. were the first to

simultaneously quantify all three synucleins and they found increased

concentrations for all three in CSF from AD patients compared to

controls,23 thus corroborating our results.

Further, complexin-2, the syntaxins, neurogranin, rab GDI alpha,

PEBP-1, and AP-2 complex subunit beta have also, similarly to the

others, been implicated in relation to AD.10,24–27 Additionally, their

functions are all involved in the process of synapse vesicle exocyto-

sis and neurotransmitter release at the synaptic cleft (Figure 3). The

most important proteins involved in synapse vesicle exocytosis are so-

called SNARE (soluble N-ethylmaleimide-sensitive factor attachment

receptor) proteins, to which the membrane-bound syntaxins belong.

Together with VAMPs and SNAP-25, syntaxins form a trans-ternary

SNARE complex and regulate SNARE activity.28 Other contributing

proteins are SNARE accessory proteins such as the complexins, which

bind and modulate the function of the SNARE complex.29 The process

of endocytosis is similarly regulated where clathrin coats the mem-

brane to be endocytosed from the plasmamembrane. However, to per-

form this function it needs adaptor proteins, which link clathrin to the

membrane. Members of the family of adaptor proteins, such as AP-2

adaptor complex proteins, thus fulfill the important function of medi-

ating endocytosis.30 Neurogranin is a postsynaptic protein, which in

response to low calcium levels binds calmodulin and thus prolongs its

availability in the postsynaptic space. This leads to sustained activa-

tion of signal transmission.10 Further, the rab family together with its

accessory regulatory proteins, including rab GDI alpha, is another pro-

tein family that regulates various steps ofmembrane trafficking such as

synaptic vesicle docking (Rab3a).24 Finally, PEBP-1, which is a regula-

tory protein influencing a number of cellular processes, has been found

to bindwith collapsin responsemediator protein-2, which in turn inter-

acts with and regulates Cav2.2 at the presynaptic site.31 Complexin-

2, the syntaxins, neurogranin, rab GDI alpha, PEBP-1, and AP-2 com-

plex subunit beta all showed a strong increase in levels in AD com-

pared to controls in the pilot cohort. This difference, however, was not

as apparent in the clinical cohort, most probably due to the fact that

the patient inclusion was mainly based on clinical symptoms, differing

from the first cohort, which was based solely on the core AD biomark-

ers. Of all these only neurogranin and PEBP-1 still had a significant,

albeit reduced, difference in the clinical cohort. PEBP-1 CSF concen-

trations have to our knowledge never been studied in depth in relation

to AD. On the other hand, as previously mentioned, neurogranin is one

of the currently most established synaptic biomarkers, has extensively

been studied, and has been found to be increased in AD as determined

withboth enzyme-linked immunosorbent assays andmass spectromet-

ric methods.10,11 Our method differs from previously published mass

spectrometric methods for neurogranin by using a tryptic peptide and

not an endogenous peptide but still with similar results. Previous stud-

ies have reported an AUC for neurogranin of 0.70 to 0.73 comparing

AD to controls,32–34 compared to the AUC of 0.68 in our study. This

suggests that the 14-3-3 proteins and beta-synuclein are at least com-

parable to neurogranin as potential synaptic biomarkers in differenti-

ating AD from controls, a finding that should be investigated in more

heterogeneous populations with longitudinal cognitive data.

Last, both the two secreted neuronal pentraxin-1 and -2 and the

membrane-bound receptor have received recent attention after the

finding in several studies of decreased CSF levels in AD compared to

controls.35–42 The neuronal pentraxins have been shown to be impor-

tant for α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type

glutamate receptor recruitment during exocytosis. They bind and clus-

ter the receptors and thus have an important function in modulating

synaptic plasticity (Figure 3).43,44 In this study, however, therewas only

a small decrease in AD compared to controls in the clinical cohort,

which was not seen in the pilot study and not at all for neuronal

pentraxin-1. Even though the differencewas small, it is very interesting

that unlike the rest of the synaptic proteins the levels were decreased

in AD. In a longitudinal study of the neuronal pentraxin receptor, Lim

et al. hypothesize that the pentraxins in CSFmay follow a biphasic pat-

tern, rapidly increasing in MCI followed by a decrease in AD back to

or past the normal levels.42 This pattern has been observed in a study

by Duits et al. for several synaptic proteins in which the MCI patients

that later converted to AD exhibited this pattern in particular.45 How-

ever, others have reported a constant decrease in neuronal pentraxin

CSF concentrations from controls toMCI and further to AD.35 Galasko

et al.35 found neuronal pentraxin-2 to have a stronger correlation to

cognitive decline thanother synaptic biomarkers, such as SNAP-25and

neurogranin, speculating that the reduced neuronal pentraxin-2 lev-

els might indicate a central role in the alteration of synaptic function,

which is followed by the release of the more general synaptic mark-

ers during subsequent synapse degeneration. The association between

neuronal pentraxin-2 with MMSE in our study also corroborates that

neuronal pentraxin-2 in particular seems to correlate the best with

cognitive decline. Future directions, therefore, involve replicating the

results in a larger cohort that also should include a larger separateMCI

group to follow the progression of the CSF levels of the various synap-

tic proteins along the different stages of the disease.

Amajor strength of simultaneously observing levels of proteins rep-

resenting different parts of the synapse is that it makes it possible to

distinguish and differentiate among general and specific pathological

patterns. This will be particularly important when following disease

progression and comparing different neurodegenerative diseases. An

interesting example of this in the current study is that the levels of the

neuronal pentraxins do not follow the same pattern as the rest of the

investigated synaptic proteins. A limitation with these types of multi-

plex assays is that by using a relatively simple and nonspecific sample

preparation the conditions are not perfect for any one of the targeted

proteins. The analytical challenge is increased by the relatively broad

concentration range among the targeted proteins and the substantial
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general protein background in CSF. However, it is possible to handle

a large number of targets with great variability in concentration. Fur-

ther, the small sample volume, the specificity of the method, and the

fact that no antibodies are needed are all advantageous for verifica-

tion of shotgun proteomics findings and in the search for new biomark-

ers. A limitation with the current study is the small sample numbers,

thus no cut-offs for the panel proteins were established for the ROC

analysis and nomultiple comparisons adjustments were performed for

either cohort. However, the findings were confirmed in two indepen-

dent cohorts, which strengthens the results. The discrepancies found

between the cohorts could potentially be explained by the associations

with age for some of the biomarkers found in the pilot study. Future

perspectives include studying the synaptic panel in larger cohorts to

verify the differences found in the current study and to establish cut-

offs for the synaptic panel proteins.

5 CONCLUSION

Wehave established a novel synaptic panel assay to study and validate

17 synaptic proteins as biomarkers of synaptic degeneration simulta-

neously in 100 μL of CSF. The results from this study indicate that

beta-synuclein, gamma-synuclein, neurogranin, PEBP-1, 14-3-3 pro-

teins, and neuronal pentraxins are altered in AD compared to healthy

controls and that they could be potential synaptic pathology biomark-

ers for AD. Their CSF levels may work as early indicators of AD and

as complementing information to other CSF and imaging markers for

guiding diagnostics.
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