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ABSTRACT 
Alzheimer’s disease (AD) is currently constrained by limited clinical treatment options. The initial 

pathophysiological event, which can be traced back to decades before the clinical symptoms become 

apparent, involves the excessive accumulation of amyloid-beta (Aβ), a peptide comprised of 40−42 

amino acids, in extraneuronal plaques within the brain. Biochemical and histological studies have 

shown that overaccumulation of Aβ instigates an aberrant escalation in the phosphorylation and 

secretion of tau, a microtubule-binding axonal protein. The accumulation of hyperphosphorylated tau 

into intraneuronal neurofibrillary tangles is in turn correlated with microglial dysfunction and reactive 

astrocytosis, culminating in synaptic dysfunction and neurodegeneration. As neurodegeneration 

progresses, it gives rise to mild clinical symptoms of AD, which may eventually evolve into overt 

dementia. Preclinical studies have pinpointed synaptic loss as a major pathological factor associated 

with cognitive impairment in AD, potentially indicating early changes in disease pathophysiology, 

possibly transpiring even prior to alterations in tau function. Synaptic loss in AD may develop even 

before tau alteration and in response to possible elevations in soluble oligomeric forms of Aβ 

associated with early AD. However, tThese findings largely rely on post-mortem autopsy 

examinations, which typically involve a limited number of patients. Over the past decade, a range of 

fluid biomarkers such as neurogranin, α-synuclein, visinin-like protein 1 (VILIP-1), neuronal 

pentraxin 2, and β-synuclein, along with positron emission tomography (PET) markers like synaptic 

vesicle glycoprotein 2A, have been developed. These advancements have facilitated the exploration 

of how synaptic markers in AD patients correlate with cognitive impairment. However, fluid 

biomarkers indicating synaptic loss have only been validated in cerebrospinal fluid (CSF), not in 

plasma, with the exception of VILIP-1. The most promising PET radiotracer, [11C]UCB-J, currently 

faces significant challenges hindering its widespread clinical use, primarily due to the necessity of a 

cyclotron. As such, additional research geared towards the exploration of synaptic pathology 

biomarkers is crucial. This will not only enable their extensive clinical application, but also refine the 

optimization process of AD pharmacological trials. 
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LIST OF ABBREVIATIONS  
[18F]-FDG-PET, [18F]-fluorodeoxyglucose-positron emission tomography; α-syn, alpha-

synuclein; β-syn, beta-synuclein; Aβ, amyloid beta; Aβ-, Aβ-PET negative; Aβ+, Aβ-PET positive; 
Aβ1-42, 42-amino acid-long Aβ peptide; Aβ1-40, 40-amino acid-long Aβ peptide; AβOs, soluble Aβ 
oligomers; AD, Alzheimer’s disease; ADAD, autosomal-dominant AD; ADNI, Alzheimer’s Disease 
Neuroimaging Initiative; AI, artificial intelligence; AMPA, α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; AMPARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptors; APP, amyloid precursor protein; CaM, calmodulin; CaMKII, calcium/calmodulin 
dependent protein kinase II; CJD, Creutzfeldt-Jakob disease; CSF, cerebrospinal fluid; DIAN, 
Dominantly Inherited Alzheimer Network; EEG, Electroencephalography; FTD, frontotemporal 
dementia; FTLD, frontotemporal lobar degeneration; GAP-43, growth-associated protein-43; HCs, 
healthy controls; LBD, Lewy bodies dementia; LOAD, late-onset AD; LTD, long-term depression; 
LTP, long-term potentiation; MCI, mild cognitive impairment; MCI-AD, mild cognitive impairment 
due to Alzheimer’s disease; MEG, magnetoencephalography; mGluR5, metabotropic glutamate 
receptor 5; ML, machine learning; MMSE, Mini-Mental State Examination scale; NfL, neurofilament 
light chain; NFTs, neurofibrillary tangles; Ng, neurogranin; NCS, neuronal calcium sensor; NMDA, 
N-methyl-D-aspartate; NMDARs, N-methyl-D-aspartate receptors; NPTX2, neuronal pentraxin 2; 
NPTXR, neuronal pentraxin receptor; NPTXs, neuronal pentraxins; NRG1, neuregulin 1; NRN1, 
neuritin; Nrxs, neurexins; NLs, neuroligins; p-tau, hyperphosphorylated tau protein; p-tau181, tau 
hyperphosphorylated at threonine 181; PD, Parkinson’s disease; PET, positron emission tomography; 
PH, prominent h-current; RBCs, red blood cells; SCD, subjective cognitive decline; SNAP-25, 
synaptosomal-associated protein, 25kDa; SNARE, Soluble N-ethylmaleimide-Sensitive Factor 
Attachment Proteins Receptors; SV2A, synaptic vesicle protein 2A; t-tau, total tau; TMS, transcranial 
magnetic stimulation; UCSD, University of California San Diego; VILIP-1, visinin-like protein 1; 
WHO, World Health Organization (WHO). WT, wild-type.  
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INTRODUCTION 
Alzheimer’s disease (AD), a progressive neurodegenerative disease (ND), evolves through distinct 

stages – starting with an extended asymptomatic period of cognitive normalcy (preclinical AD), 

transitioning into a prodromal symptomatic phase of mild cognitive impairment (MCI), and 

eventually culminating in clinically overt dementia [1]. As of now, this devastating disease imposes 

its burden on over 55 million individuals globally. According to the most recent data from the World 

Health Organization (WHO), this figure is projected to escalate dramatically, with an estimated 139 

million individuals anticipated to be living with dementia by the year 2050 [2]. 

AD is distinguished by a steady decline in cognitive abilities, which leads to the erosion of daily 

life skills and triggers behavioral disturbances as the disease progresses. From a neuropathological 

perspective, the brains of those suffering from AD exhibit significant atrophy. Additionally, two 

pathological anomalies are observed, namely extracellular amyloid plaques – predominantly made 

up of amyloid-beta peptides (Aβ) – and neurofibrillary tangles (NFTs). These NFTs are intracellular 

aggregates of hyperphosphorylated tau proteins (p-tau), found with phosphorylations occurring at 

multiple amino acid locations [3]. According to neuropathological studies, it is not plaque and tangle 

pathology but rather synapse loss that best correlates with cognitive symptoms [4] in AD, which is 

also apparent in early disease stages (maybe even before established plaque and tangle pathology)[3]. 

This is reflected by decreased levels of synaptic proteins in AD brain tissue [5]. However, e Emerging 

research in recent years further supports the premise that significant disturbances in neural circuit 

connectivity, synaptic losses, and the decline in synaptic function often precede neuronal death and 

overt tau pathology [6]. Indeed, modifications in synaptic plasticity are increasingly being recognized 

as potential culprits behind the cognitive impairments witnessed in numerous brain diseases. 

Importantly, it is in the synaptic junctions where the destructive path of Aβ pathology may translate 

into tau alterations. In addition, growing research points towards alterations in the molecular 

components of synaptic plasticity pathways as the primary cause of these disorders. As such, synaptic 

transmission and plasticity serve as critical benchmarks in outlining the fundamental mechanisms of 

these synaptopathies. Furthermore, they provide a valuable platform for identifying potential 

therapeutic targets within preclinical models [7]. 

In recent years, a set of candidate biomarkers that signal synaptic dysfunction and loss have been 

identified from a combination of preclinical and clinical studies. These include neurogranin (Ng), 

synaptic vesicle glycoprotein 2A (SV2A), α- and β-synuclein, and visinin-like protein 1 (VILIP-1). 

The current challenge lies in drawing correlations between the progressive alterations in these 

biomarker levels and cognitive status in living patients. In addition to the classical biomarkers Aβ1-

42, t-tau, and p-tau measured in biological fluids or through neuroimaging studies, other biomarkers 
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have gained attention. Among these, a recent genome-wide analysis identified novel loci influencing 

plasma apolipoprotein E concentration and AD risk [8]. Also, neurophysiological markers of 

GABAergic, glutamatergic, and cholinergic neural circuits using specific transcranial magnetic 

stimulation (TMS) paradigms help to discriminate patients with MCI or AD versus healthy controls 

(HCs) [9]. Overall, combining information from different types of biomarkers will lead to earlier and 

more accurate diagnosis, improved monitoring, and better understanding of the complex mechanisms 

underlying AD. In this review, we offer a comprehensive overview of the fluid and PET biomarkers 

indicative of synaptic pathology at both pre-synaptic and post-synaptic levels, across the clinical 

continuum of AD (Table 1). We also explore the potential limitations and future implications of 

leveraging these promising biomarkers to enable early disease detection and track the impact of drug 

interventions in clinical trials.  

 

IDENTIFYING EARLY MARKERS OF SYNAPTIC DYSFUNCTION: PRECLINICAL 
EVIDENCE  

Animal models of NDs have primarily been instrumental in discerning the underlying mechanisms 

of neurodegeneration. Therefore, evaluating biomarkers from human blood (plasma) and 

cerebrospinal fluid (CSF) – derived from these animal models – holds considerable significance in 

assessing the pathophysiological mechanisms. In proof-of-concept studies, these biomarkers could 

also validate the efficacy of potential treatments for humans. Conversely, data gathered from patients 

can be effectively extrapolated and analyzed in animal models. This approach aids in understanding 

the predictive capacity and the pathophysiological implications of specific biomarkers. However, 

differences in disease mechanisms and lifespan between humans and animals pose certain limitations 

in comprehending the fundamental causes of NDs. While animal models that mimic the genetic 

characteristics of AD have been developed, they have only provided a limited amount of evidence on 

fluid biomarkers. For example, the Tg2576 AD model, which expresses the Swedish double mutation 

of the amyloid precursor protein (APP), demonstrated reduced CSF concentrations of the 42-amino 

acid-long Aβ peptide (Aβ1-42). However, there was no significant change in the levels of the 40-amino 

acid-long Aβ peptide (Aβ1-40) in aged Tg mice exhibiting Aβ pathology, when compared to their wild-

type (WT) littermates6. An analogous trend in biomarkers was noted in human individuals affected 

by the disease7. Contrary to the findings in AD[12], PDAPP mice9 exhibit elevated concentrations of 

Aβ1-42. This increase has a positive correlation with the Aβ plaque load.  

Upon thorough investigation, correlations often emerge between presynaptic and postsynaptic 

neuronal biomarkers found in patients’ biofluids and brain pathology in AD animal models. The 

primary suspect for neuronal dysfunction in AD is likely the gradual disruption of synapses, and these 
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alterations can be tracked and analyzed in animal models at both cellular and subcellular levels. Early 

in the disease course, these changes can typically be attributed to functional or structural 

modifications at the presynaptic or postsynaptic sites and can result in memory failure [10–13]. 

Besides the classical cholinergic hypothesis of AD, recent data suggests that alteration of the 

catecholaminergic system plays a role in prodromal AD [14, 15]. In particular, the role of dopamine 

has been proved in a validated AD mouse model [16] and confirmed in AD patients by different 

imaging tools [17–19]. Hence, the catecholaminergic synapses constitute vulnerable functional 

elements during the prodromal phase of AD, likely contributing to the appearance of neuropsychiatric 

symptoms that appear in the early stages of AD [20]. Understanding the complex interplay between 

dopamine dysfunction and AD pathology remains an active and important area of research. 

In AD, the production and deposition of Aβ proteins are common phenomena. Soluble Aβ 

oligomers (AβOs) have been found to be harmful to synapse function, leading to a decrease in synapse 

number. This effect may be a result of their interaction with postsynaptic membrane proteins, like 

prion, PirB, and EphB2, which can alter synaptic plasticity through changes in NMDA-type glutamate 

receptor and/or metabotropic glutamate receptor 5 (mGlu5) receptor[21]. Furthermore, AβOs can 

interact with trans-synaptic proteins like neurexins (Nrxs) and neuroligins (NLs), which are believed 

to mediate synapse damage, leading to memory loss in mice [22].  

Glucose hypometabolism is frequently one of the earliest indicators of AD. Notably, in the cortex 

of young APP23 mice, energy metabolism appears to be significantly altered. This is evidenced by a 

marked increase in carbonylated proteins, which may well represent the earliest observable effect of 

amyloid precursor protein (APP) mutation or overexpression. This oxidative protein modification 

establishes a connection between energy metabolism and altered synaptic transmission [23]. Synapse 

morphology is another factor that could potentially influence the physiological synaptic activity. This 

is exemplified in hAPP-J20 mice, a transgenic model for early-onset AD. In these animals, the 

synaptic transmission and intrinsic excitability of the prominent h-current (PH) cells are diminished. 

Additionally, when compared to control mice, PH cells in hAPP-J20 mice demonstrated fewer 

dendritic intersections. This evidence supports the notion that abnormal synapse morphology may 

play a significant role in reducing neuronal activity [24]. 

Typically, synaptic loss or dysfunction is tracked primarily through biomarkers observed at the 

presynaptic level, with the exception of Ng. Among these, several proteins play crucial roles in the 

assembly of synaptic vesicles and the ensuing neurotransmitter release, including synaptotagmin-1 

and the synaptosome associated protein 25 (SNAP-25). Specifically, SNAP-25 serves as an essential 

protein in synaptic vesicle exocytosis, making it a reliable biomarker of functional synapses. Notably, 

SNAP-25 levels have been found to be significantly diminished in the hippocampus of triple-
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transgenic (3×Tg-AD) mice in comparison to non-Tg mice [25]. Another noteworthy biomarker is 

the growth-associated protein 43 (GAP-43), a presynaptic phosphoprotein discovered in the 

cerebrospinal fluid (CSF). GAP-43, primarily, contributes to terminal axon growth and differentiation 

and is implicated in synaptic remodeling that underpins learning and memory in adult animals. This 

is particularly evident in the consolidation of long-term memory [26]. 

Synucleins, like α-synuclein (α-syn), are functionally relevant proteins that exist in two forms: one 

is soluble and found in the cytoplasm, while the other attaches to membrane lipids, similar to what 

happens with synaptic vesicles. The significance of α-syn in AD is clearly illustrated in the doubly 

transgenic hSYN/hAPP mouse model. This model is typified by cognitive and motor changes, the 

loss of cholinergic neurons, synaptophysin-reactive presynaptic terminals with distinct signal 

intensity, extensive amyloid plaques, and hSYN-reactive intraneuronal fibrillar inclusions [27]. 

Furthermore, α-syn interacts with Aβ and tau to form toxic hetero-oligomers. Remarkably, reducing 

α-syn can thwart the degeneration of cholinergic neurons, thereby improving the associated deficits 

[28]. In fact, both α-syn and β-synuclein (β-syn), play integral roles in basal synaptic transmission, a 

fact evidenced by experiments involving double-knockout mice lacking either or both forms of 

synuclein [29]. Likely, the mechanisms by which they function are tied to changes in the release 

probability of neurotransmitters, a process characterized by synaptic vesicle mobilization or 

trafficking from the reserve pool to one that is readily releasable. Intriguingly, β-syn exhibits a 

difference from α-syn, in that it lacks the majority of the hydrophobic non-Aβ component found in 

the AD amyloid region [30]. Consequently, there is compelling evidence that suggests β-syn may 

serve a protective function against α-synucleinopathies, primarily because α-syn is prone to self-

aggregation, leading to the formation of toxic protofibrils [31]. 

The development of a comprehensive panel of potential synaptic protein biomarkers is anticipated 

to provide an effective measure of various facets of synaptic loss, including pre-synaptic, synaptic 

vesicle, and dendritic. This panel could also serve as a reliable indicator of progressive memory 

decline. A recent study, for example, revealed reductions in the CSF concentration of several synaptic 

proteins, such as calsyntenin-1, GluR4, neurexin-2A, neurexin-3A, syntaxin-1B, and Thy-1 

membrane glycoprotein, in the preclinical stages of AD, even before the detection of 

neurodegeneration biomarkers [32]. This unique protein signature may hold clinical value in tracking 

disease progression, especially during the preclinical stages of AD [32]. 

Ng and VILIP-1 are promising CSF biomarkers being investigated for their potential utility in the 

clinical diagnosis of AD. Ng, a post-synaptic protein, plays a crucial role in regulating synaptic 

plasticity. Specifically, it enhances synaptic transmission by modulating calmodulin (CaM) 

distribution within dendritic spines. Consequently, Ng overexpression in these spines triggers a 
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translocation of CaM towards the plasma membrane, subsequently reducing the induction threshold 

for long-term potentiation (LTP) [33, 34]. CaM is known to regulate a variety of enzymes, including 

the calcium/calmodulin dependent protein kinase II (CaMKII). In this context, studies on Ng 

knockout mice have demonstrated impaired CaMKII activation and LTP induction, thereby 

confirming the correlation between Ng expression and CaM-dependent enzymes [35]. Intriguingly, 

the expression of Ng in the hippocampus of mice has been found to be associated with performance 

in cognitive behavioral tasks; a decrease in Ng expression correlates with cognitive impairment [36]. 

Furthermore, the concentration of Ng has been linked with other biomarkers, such as VILIP-1. VILIP-

1, a neuronal calcium-sensor protein predominantly expressed in neurons, plays a critical role in the 

regulation of excitotoxic neuronal damage and death, which fundamentally hinges on the disruption 

of Ca2+ homeostasis. Not only does VILIP-1 participate in various mechanisms that control synaptic 

plasticity and cognition, but it also significantly contributes to the pathophysiology of AD through 

the initiation of calcium-mediated neuronal death [37]. 

 

BIOMARKERS OF SYNAPSE DYSFUNCTION AND LOSS: CLINICAL EVIDENCE 

Cognitive impairment, a paramount characteristic of AD, has been found to be closely linked with 

both synaptic dysfunction and loss. This has been evidenced by two distinct research approaches: (I) 

the quantification of synaptic protein concentrations [4], and (II) the estimation of synapse numbers 

using electron microscopy [38]. Both methodologies have unveiled a significant correlation between 

synaptic proteins/synapse numbers and cognitive scores, as gauged by the Mini-Mental State 

Examination (MMSE) scale [39]. Despite ongoing research, the impact of Aβ and tau pathologies on 

synaptic activity remains unclear [40]. However, studies have exposed soluble oligomeric forms of 

Aβ and tau as synaptotoxic species [41–43]. For example, Aβ oligomers have a negative impact on 

LTP, which is the fundamental molecular and cellular mechanism that forms and stores memories. 

This occurs possibly by interfering with the functionality of the N-methyl-D-aspartate (NMDA) 

receptors (NMDARs) and their downstream pathways [44]. Aβ oligomers also trigger oxidative 

stress, harm axonal transport, and induce neuronal death [45]. Oligomeric tau is present in pre- and 

postsynaptic terminals, and it has been suggested that accumulation of oligomeric tau in synapses is 

an early event in pathogenesis and that tau pathology may progress through the brain via trans-

synaptic spread in human disease [46]. Indeed, phosphorylated tau oligomers may affect both 

NMDAR and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 

(AMPARs). This results in a weakened glutamatergic transmission [47, 48]. 

AD is characterized by a gradual progression of synaptic dysfunction and loss [49]. In 1996, a 

seminal neuropathological study in 19 patients with AD and 9 age-matched control individuals found 
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that synaptic vesicle membrane protein rab3a levels were significantly reduced in the AD brain in a 

time and disease severity manner [5]. Later studies have documented in a consistent way the 

progression of synapse loss in the AD continuum, with approximately 15-20% loss in the neocortex 

and limbic system in MCI and early AD, which later increases to 20-50% loss [50]. Given the 

fundamental role synapses serve in cognition, significant efforts have been dedicated in identifying 

biomarkers of synaptic pathology that could provide insights into synaptic and cognitive functionality 

in AD. In 2019, a study involving two independent cohorts (the University of California San Diego 

[UCSD] and the Alzheimer’s Disease Neuroimaging Initiative [ADNI] cohorts) found that synaptic 

biomarkers in CSF discriminated AD and controls and correlated strongly with cognition in AD and 

MCI and predicted cognitive decline beyond Aβ1-42 and tau [51]. In 2021, a cross-sectional study in 

397 participants has shown that CSF synaptic biomarkers increase in the early preclinical stages of 

the AD continuum even when a low burden of Aβ pathology is present [52]. From a clinical 

perspective, synaptic biomarkers help bridge the gap between synaptic degeneration and the patient’s 

cognitive decline. They can be utilized alongside cognitive assessments to gain a more precise 

understanding of the patient’s symptoms, especially in the early stages. Moreover, synaptic 

biomarkers offer a means to evaluate the impact of treatments on synaptic activity during drug 

trials[39, 40]. Broadly speaking, biomarkers indicating synaptic dysfunction have been identified in 

blood (plasma) or CSF. Depending upon the precise localization of the protein biomarker, these can 

be classified into two categories: (I) presynaptic or axonal biomarkers, and (II) postsynaptic or 

dendritic biomarkers (Figures 1 and 2).  

 

Fluid Biomarkers of Synaptic Loss 
Recent advancements in the realms of mass spectrometry and immunoassays have paved the way 

for the efficient quantification of synaptic protein markers in biofluids. These biomarkers include α-

syn, VILIP-1, synaptotagmin-1, SNAP-25, GAP-43, which are found at the presynaptic level, and 

Ng, which is located at the postsynaptic level [39, 40]. 

Neurogranin. The protein Ng is predominantly localized within the dendritic spines of neurons in 

the hippocampus, amygdala, caudate, and putamen [53, 54]. When it interacts with the Ca2+-binding 

protein CaM, it facilitates the modulation of Ca2+ signaling and synaptic plasticity by operating at a 

postsynaptic level [55]. As a result, this protein plays a crucial role in facilitating communication 

among signaling pathways associated with synaptic plasticity [56]. Originally, techniques such as 

immunoprecipitation and western blotting were used to reveal elevated concentrations of CSF Ng in 

AD [57]. The advent of immunoassay-based technologies has further confirmed this finding of 

increased CSF Ng levels in AD compared to controls [58–66]. Interestingly, this elevation was found 
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to be specifically associated with AD, excluding sporadic Creutzfeldt-Jakob disease (CJD) [67]. 

Studies have shown that higher concentrations of CSF Ng in prodromal AD are a significant predictor 

of faster progression to AD [58–60]. Furthermore, individuals with MCI who later progressed to AD 

(MCI-AD) tend to have higher CSF Ng levels than those whose conditions remained stable (stable-

MCI) [59, 60]. Further investigations have found a correlation between increased CSF Ng levels and 

the severity of cognitive impairment, brain volume loss, and glucose hypometabolism in prodromal 

AD [60, 63]. In summary, CSF Ng stands out as the most well-established biomarker effectively 

mapping out synaptic loss or dysfunction associated with AD. It demonstrates a high degree of 

specificity for AD, making it an appropriate marker for detecting the initial stages of neuronal 

degeneration [40].  

Utilizing both mass spectrometry technologies and traditional ELISA assays, it is possible to 

accurately measure the plasma concentrations of Ng. However, these plasma values remain unaltered 

in AD and do not exhibit any correlation with the corresponding CSF values. This lack of association 

is likely attributable to the impact of peripherally expressed Ng peptides – which possess the potential 

to skew the precision of blood Ng measurements [58]. 

Alpha-Synuclein. The protein α-syn is believed to play a vital role in the presynaptic regulation 

of cellular vesicle trafficking [68]. Lewy bodies are formed as a result of the accumulation of 

hyperphosphorylated forms of α-syn, which aggregate into insoluble fibrils within the brain [69]. 

These neuronal cytoplasmic inclusions are a hallmark of several brain proteinopathies with 

neurodegeneration, including Parkinson’s disease (PD), PD with Dementia, and Lewy bodies 

dementia (LBD)[70]. Furthermore, the role of α-syn as a potential surrogate biomarker for synaptic 

loss in non-synucleinopathy NDs, including AD, is underscored by both its cellular localization and 

function. A notable increase in CSF α-syn concentrations was observed in AD patients, compared to 

healthy controls (HCs) and patients with other NDs [41, 71–73]. Additionally, positive correlations 

were established between CSF α-syn concentrations and cerebral Aβ load, as well as CSF 

concentrations of total tau (t-tau) and tau hyperphosphorylated at threonine 181 (p-tau181) in 

asymptomatic individuals who are at risk of developing AD. 

Consequently, a potential association may exist between the elevated levels of CSF α-syn and the 

early onset of AD, particularly in relation to both Aβ- and tau-related pathophysiological mechanisms 

during the asymptomatic phase of the disease [74]. However, these observations are frequently 

influenced by a multitude of technical factors. Additionally, α-syn is highly expressed outside the 

CNS, especially in blood, with red blood cells (RBCs) being its primary source. Therefore, the 

possibility of blood contamination during CSF collection implies a significant cause of variability, 

which subsequently casts doubt on the reliability of α-syn as a diagnostic biomarker [40]. Despite 



12 
 

 
 

these challenges, efforts have been made to evaluate α-syn as a potential blood biomarker for various 

dementias. One analysis revealed decreased serum α-syn levels in LBD compared to AD and HCs 

[75]. However, the same study found no significant difference when comparing AD patients with 

HCs. Additional research conducted on RBCs indicated lower α-syn values in PD and AD compared 

to HCs. Specifically, one study reported reduced levels of α-syn and its heterocomplexes with Aβ and 

tau (i.e., α-syn/Aβ and α-syn/tau) in the RBCs of AD patients compared to HCs. The study concluded 

that both RBC α-syn/Aβ and RBC α-syn/tau heterocomplexes could fairly differentiate AD patients 

from HCs [76]. In a subsequent study, it was discovered that RBC concentrations of α-syn and α-

syn/tau heterocomplex were lower in LBD and AD compared to HCs, whereas RBC α-syn/Aβ1-42 

heterocomplex concentrations were only reduced in AD. Consequently, RBC α-syn heteromers could 

potentially serve as effective discriminators between NDs, including both LBD and AD, and HCs 

[77]. 

Beta-Synuclein. β-syn, a protein closely related to α-syn, is primarily located in the presynaptic 

region and plays a significant role in neuronal plasticity. It is also postulated to inhibit α-syn 

aggregation. This protein is notably prevalent in the NFTs found in AD. The first detection of elevated 

β-syn concentrations in CSF of AD patients was reported in 2016 [78]. Consequently, β-syn is 

progressively being recognized as a promising biomarker in blood for tracking synaptic degeneration 

in AD [79]. A recent study, involving 108 AD patients and individuals with other cognitive deficits, 

demonstrated increased β-syn concentrations in both blood and CSF in Aβ-PET positive (Aβ+) 

compared to Aβ-PET negative (Aβ-) participants [80]. Researchers also discovered a correlation 

between blood β-syn concentrations and Aβ-PET positivity across several brain regions. 

Interestingly, blood β-syn levels were found to predict Aβ status in individuals with MCI [80], 

although the mechanistic link between blood β-syn concentrations, Aβ deposition, and synaptic 

degeneration remains unclear. 

A groundbreaking study examined β-syn levels in individuals with no cognitive impairment (i.e., 

preclinical AD), and those with MCI. They were categorized based on their Aβ-PET imaging status 

into Aβ-PET positive (Aβ+) and Aβ-PET negative (Aβ-) groups. The same categorization was applied 

to AD dementia patients, using either Aβ-PET imaging or the CSF Aβ1-42/Aβ1-40 ratio. The findings 

revealed increased plasma β-syn levels in preclinical AD, with even higher levels observed in those 

with MCI and AD dementia. Additionally, plasma β-syn concentrations were found to have 

significant associations with both Aβ and tau pathologies, as well as with temporal cortical atrophy 

and cognitive decline. This suggests that plasma β-syn could potentially serve as a biomarker for 

synaptic dysfunction, detectable from the disease’s preclinical stages [81].  
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Visinin-like Protein 1. Dysregulation of Ca2+ homeostasis, commonly associated with AD 

pathophysiology, underscores the impact of neuronal Ca2+ alterations in NDs. These alterations are 

regulated by neuronal calcium sensor (NCS) proteins, among which VILIP-1 is noteworthy. VILIP-

1, predominantly found in neurons, can influence the intraneuronal signaling pathways that govern 

synaptic plasticity. Crucially, it plays a significant role in the pathomechanisms of Ca2+ dysregulation, 

thereby contributing to neuronal loss [82]. Remarkably, a decrease in intraneuronal VILIP-1 

expression has been observed in AD, primarily within the entorhinal cortex, when compared to 

control brains [83]. Interestingly, a significant correlation between the CSF concentrations of VILIP-

1, p-tau, and t-tau has been reported, underscoring VILIP-1’s potential as a biomarker for neuronal 

injury[84]. More importantly, CSF analyses revealed higher levels of VILIP-1 in AD patients 

compared to cognitively HCs [84, 85], despite one study presenting conflicting results[58]. 

Nevertheless, this same study indicated that baseline VILIP-1 values in patients with MCI 

successfully predicted their progression to AD [58]. Furthermore, the presence of this protein proved 

advantageous in distinguishing AD from other forms of dementia, such as LBD, frontotemporal lobar 

degeneration (FTLD), and progressive supranuclear palsy [86–88]. In addition, it demonstrated 

capabilities in predicting both global and regional (specifically, hippocampus and entorhinal cortex) 

[89] brain atrophy rates, as well as cognitive decline [86, 90]. As such, CSF VILIP-1 serves as a 

proxy marker for neurodegeneration in the early stages of AD, presenting significant diagnostic value. 

Longitudinal studies carried out on subjects participants with autosomal-dominant AD (ADAD) from 

the Dominantly Inherited Alzheimer Network (DIAN) Observational Study [91], and late-onset AD 

(LOAD) from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) study [92], underscored an 

initial increase in CSF VILIP-1 concentrations. This surge, however, is followed by a decrease as the 

disease advances, mirroring the trends observed with other neural injury biomarkers. A recent meta-

analysis revealed that the average concentrations of CSF VILIP-1 were noticeably higher in AD 

patients than in cognitively HCs [93]. However, VILIP-1 levels did not effectively distinguish AD 

from MCI. Additionally, there were no significant differences between AD and LBD. Intriguingly, 

VILIP-1 was successful in significantly differentiating individuals with MCI-AD from those with 

stable-MCI. These findings underscore the potential utility of VILIP-1 as a biomarker that could aid 

in differentiating AD from controls, as well as between MCI-AD and stable-MCI individuals [93]. 

The available research conducted on VILIP-1 levels in blood plasma is somewhat limited, but a 

groundbreaking study revealed significantly elevated mean plasma VILIP-1 concentrations in 

patients displaying early symptoms of AD compared to cognitively HCs [86]. Although the 

differences in plasma VILIP-1 values between early AD patients and controls were significant, they 

were less pronounced than those observed in CSF. Despite this, these findings provide a promising 
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foundation for future studies focused on detecting VILIP-1 in blood and determining its diagnostic 

value [86]. 

Synaptotagmin-1. Synaptotagmin-1 is a membrane glycoprotein that resides within the synaptic 

vesicles and functions as a Ca2+ sensor. This protein plays a pivotal role in overseeing the 

neurotransmitter release in hippocampal neurons, which is heavily dependent on Ca2+ levels. 

Typically, the CSF concentrations of synaptotagmin-1 are found to be higher in both AD dementia 

and MCI-AD in comparison to cognitively HCs [94]. 

Synaptosomal-associated protein 25. SNAP-25 plays an integral role in the SNAP receptor 

(SNARE) complex, which is vital for the exocytotic release of neurotransmitters during synaptic 

transmission. This protein particularly assists in the fusion of synaptic vesicles with the presynaptic 

membrane and disruption of this process through genetic ablation of SNAP-25 can hinder synaptic 

transmission. Furthermore, SNAP-25 is potentially involved in modulating postsynaptic receptor 

trafficking, spine morphogenesis, and plasticity. These functions suggest that deficiencies in 

SNAP-25 could contribute to neurological diseases by impacting both presynaptic and postsynaptic 

activities [95]. Higher concentrations of CSF SNAP-25 have been observed in individuals with 

prodromal and AD dementia compared to HCs [96]. Both ELISA and mass spectrometry-based 

analyses have confirmed elevated CSF levels of SNAP-25 in AD patients, even in the very early 

stages of the disease [51, 96, 97]. A longitudinal study including patients with autosomal dominant 

AD found that CSF SNAP-25 concentrations were altered very early in the AD time course, 

approximately 15-19 years before estimated symptom onset and predicted performance on a cognitive 

composite scale, brain Aβ burden, hippocampal volume, and the estimated years from symptom onset 

[98]. However, another study involving AD and frontotemporal dementia (FTD) patients, as well as 

individuals with subjective cognitive decline (SCD) from the Amsterdam Dementia Cohort, found 

that CSF SNAP-25 concentrations may not be disease-specific since increased concentrations were 

observed both in AD and FTD when compared to SCD [99]. Notably, while SNAP-25 and Ng showed 

significant correlations with CSF t-tau and p-tau in all patient groups, neither correlated with CSF 

neurofilament light chain (NfL). This suggests that these synaptic biomarkers trace different 

pathological processes from axonal degeneration, which is monitored by NfL. Ultimately, these 

distinct synaptic biomarkers offer potential in shedding light on the pathological stages of various 

types of dementias. 

Growth-Associated Protein 43. GAP-43 is called “plasticity” protein because it is expressed at 

high levels in neuronal growth cones during development and axonal regeneration [100]. GAP-43 is 

predominantly found in the hippocampus, entorhinal cortex, and neocortex regions of the adult brain, 

and its phosphorylated form plays a critical role in memory-related processes [101]. It was discovered 
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that CSF concentrations of this protein were significantly higher in AD patients compared to 

individuals showing no signs of NDs, who served as controls. Moreover, GAP-43 levels in AD 

patients surpassed those with other forms of NDs, suggesting that GAP-43 could serve as a specific 

biomarker for synaptic dysfunction associated with AD [102]. A cross-sectional study conducted in 

384 middle-aged cognitively unimpaired participants at risk of developing AD has shown that CSF 

GAP-43 concentrations were significantly higher in Aβ-positive compared to Aβ-negative 

individuals. Interestingly, CSF GAP-43 concentrations were found to be significantly associated with 

higher brain metabolism but lower cortical thickness in AD-related brain regions [52]. To the best of 

our knowledge, there is no available data on blood concentrations of this protein.  

Neuronal Pentraxin 2. Neuronal Pentraxin 2 (NPTX2) belongs to a unique family that includes 

neuronal pentraxins (NPTXs) and the neuronal pentraxin receptor (NPTXR). These components 

collectively form diverse NPTX complexes that engage with AMPA-type glutamate receptors, 

playing an integral role in various forms of synaptic plasticity during development and adulthood. 

Interestingly, NPTXs are found in both pre-synaptic and post-synaptic compartments, serving as 

potential indicators of both domains’ status. This dual presence underscores the potential of NPTXs 

as markers for structural and functional synaptic disruptions, particularly in neurodegenerative 

conditions [103].  

Studies have shown that both brain NPTX2 expression and its concentration in CSF are reduced 

in AD patients, and these reductions correlate with cognitive performance and the volume of the 

hippocampus. This evidence lends support to the idea that NPTX2 could serve as a valuable 

biomarker for AD [104]. A retrospective cross-sectional analysis has indicated lower CSF NPTX2 

concentrations in Down syndrome, suggesting that CSF NPTX2 could be a promising surrogate 

marker for early AD-related changes in these individuals [105]. In a longitudinal study, it was 

revealed that lower CSF baseline NPTX2 concentrations were linked to earlier onset of MCI 

symptoms. Moreover, higher baseline concentrations of p-tau181 and t-tau were associated with 

greater initial NPTX2 values and faster rates of NPTX2 decline over time. Hence, NPTX2 could 

potentially serve as an effective prognostic biomarker during preclinical AD, enabling independent 

prediction of MCI onset in cognitively healthy individuals [106].  

 

Positron Emission Tomography Biomarkers of Synaptic Loss 
Regional Glucose Utilization. Regional brain glucose utilization is a well-established indicator of 

synaptic loss. In general, glucose hypometabolism is a reflection of the complex interplay between 

synaptic loss, neuronal cell death, and metabolic dysfunction [107]. The process of glucose utilization 

is also influenced by astroglial glutamate transport [108]. [18F] fluorodeoxyglucose (FDG)-PET, 
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commonly referred to as [18F]-FDG-PET, is extensively employed to monitor regional glucose 

uptake. AD patients typically exhibit a distinct pattern of reduced regional brain glucose utilization, 

prominently observed in the precuneus, posterior cingulate, parietal cortices, lateral temporal cortex, 

frontal cortices, and medial temporal lobe [109]. Notably, [18F]-FDG-PET is also used extensively in 

assessing the preclinical, asymptomatic stage of AD. 

Synaptic Vesicle Glycoprotein 2A. Synaptic vesicle glycoprotein 2A (SV2A) is a crucial 

component of the presynaptic vesicle membrane, characterized by its highly glycosylated nature. It 

displays a pervasive presence across all synaptic terminals, irrespective of their neurotransmitter 

content. The ubiquitous expression of SV2A in brain gray matter areas designates it as a promising 

candidate as a biomarker for synaptic density [110]. The non-invasive quantification of synaptic 

density, facilitated by this protein, is anticipated to enable early detection of NDs, potentially 

improving prognostic stratification [111]. PET tracers that target SV2A are gaining recognition as 

valuable biomarkers for identifying synaptic loss in AD. Various tracers have been designed, each 

characterized by their performance in vivo. Particularly, [11C]UCB-J, a high-affinity ligand for SV2A, 

showed approximately 40% less binding to SV2A in the hippocampus region of AD patients 

compared with cognitively HCs [112]. However, the clinical utility of [11C]UCB-J is limited due to 

the need for a cyclotron for its production. To overcome this, 18F-labeled variants like [18F]UCB-H 

have been introduced, although they exhibited a subpar specific signal in MCI individuals and AD 

patients compared to [11C]UCB-J [113]. Interestingly, [18F]MNI-1126 has shown promise as a 

potential PET tracer candidate in rats, yielding a signal analogous to [11C]UCB-J [114]. Finally, initial 

testing of the racemate [18F]MNI-1038 in non-human primates has yielded encouraging results [115]. 

 
DISCUSSION AND CONCLUSIONS 
In general, except for Ng, the majority of most candidate biomarkers indicative of synaptic loss or 

dysfunction are detected at presynaptic level, with the exception of Ng. A variety of proteins, 

including synaptotagmin-1 and SNAP-25, are actively involved in the assembly of synaptic vesicles 

and the subsequent release of neurotransmitters. Notably, α-syn is present both as a soluble protein 

in the cytoplasm and in a form bound to membrane lipids, similar to the process seen with synaptic 

vesicles. Figure 2 depicts in a schematic way the time course of three CSF synaptic biomarkers (Ng, 

VILIP-1, and SNAP-25) in relation to key CSF AD biomarkers. This is primarily based on a 

longitudinal analysis in autosomal dominant AD participants from the DIAN study [98] and in a 

cross-sectional study in middle-aged cognitively unimpaired participants at risk of developing AD 

[52]. The time-course of the alterations in CSF concentrations of Ng, VILIP-1, and SNAP-25 suggests 
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that synaptic damage begins just after brain Aβ accumulation and astrocytic activation, but earlier 

than neuroaxonal damage. 

CSF synaptic biomarkers can improve the diagnosis of AD at an early stage as well as to monitor 

clinical progression. Current CSF synaptic biomarkers are altered in AD but seemingly not in other 

NDs [40]. This can reflect a higher response of synapses and neurons to Aβ-mediated damage, 

probably making AD the pathology with the highest synaptic damage. Among the reviewed synaptic 

proteins, Ng is the most extensively studied and the evidence presented thus far is seemingly specific 

for AD or Aβ deposition. On the other hand, several neuropathological studies have provided 

evidence that the AD brain is often affected by other pathologies other than amyloid plaques and 

NFTs. For many of these comorbid pathologies, the extent of synapse loss could be substantial [116]. 

These findings indicate that synapse loss is not a hallmark specific to AD but rather a change common 

to other neurological diseases. In addition, the possible contribution of peripheral expression of 

synaptic protein, as for example for Ng and α-synuclein, can represent a problem and can influence 

the validity of blood biomarkers of synaptic pathology.  

Indeed, few studies have shown that synaptic biomarkers in blood may have promise in the clinic. 

Plasma levels of neuregulin 1 (NRG1), a growth and differentiation factor with a key role in the 

development and maintenance of synaptic transmission, were found to be increased in AD patients 

and correlated with CSF core AD and synaptic biomarkers and cognitive status [117]. However, a 

more concerted effort is needed to implement synaptic biomarkers in blood tests. Camporesi and 

colleagues her his team (2020) has proposed a systematic approach to this end. Initially, cerebral 

tissue studies could help unravel the pathophysiological mechanisms and suggest potential 

biomarkers. Subsequently, the focus should shift to exploring CSF, potentially succeeded by blood 

tests – a more cost-effective, less time-consuming, and easily accessible alternative to CSF. This 

stepwise approach could reveal a panel of synaptic biomarkers with clinical relevance [40]. One could 

ask what such markers would add to the existing biofluid-based and imaging biomarkers for amyloid, 

tau, and neurodegeneration pathologies in AD diagnostics. Since synapses are highly dynamic 

structures in the brain, it is possible that biomarkers for synaptic dysfunction or loss may normalize 

more rapidly in response to successful disease-modifying treatments. They may also be important to 

detect synaptic changes in a range of NDs, although the literature to date suggest that most of the 

synaptic biomarkers (except for NPTX2) show surprisingly AD-specific changes [40].  

The potential of neuron-derived exosomes in blood, combined with the advent of highly sensitive, 

high-throughput, and investigative platforms such as mass spectrometry-based technologies typically 

used in proteomics, is anticipated to expedite the identification and quantification of synaptic 

proteins. For example, a study by Goetzl and colleagues (2018) revealed a decrease in the neuron-
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derived exosome concentration of a synaptic protein signature – including synaptophysin, 

synaptopodin, synaptotagmin-2, and Ng – in the plasma of patients with AD and FTD compared to 

the control group [118]. In a separate study, the plasma concentration of other synaptic proteins 

derived from neural exosomes – encompassing NPTX2, neurexin 2, GRIA4, and neuroligin 1 – was 

found to be reduced in AD patients. Notably, the amount of GluR4 and neuroligin 1 were correlated 

with cognitive decline [119].  

Intriguingly, an ongoing study is delving into the longitudinal relationships between alterations in 

Ng in plasma neural-derived exosomes and changes in hippocampal volume during the progression 

from amnestic MCI to AD [120]. Finally, a comprehensive meta-analysis, which examined the 

dynamics of both CSF and blood Ng concentrations in the AD clinical continuum, found elevated 

CSF Ng levels in AD compared to MCI, and in both these groups in comparison to HCs. Moreover, 

participants with MCI transitioning to AD exhibited higher CSF Ng values than those with stable 

MCI. An inverse correlation between cognitive decline and CSF Ng concentrations was also 

observed. Conversely, Ng levels in plasma exosomes from AD and MCI patients were lower 

compared to HCs, and levels in MCI-AD participants were further reduced compared to those in 

stable-MCI. This implies a potential clinical application of Ng, in both CSF and plasma exosomes, 

as a biomarker for cognitive status in AD and MCI-AD. However, additional analyses are needed to 

define the range of Ng values that can be used for diagnosis at different stages of the disease [121].  

Despite the promising potential of CSF synaptic biomarkers, it is essential to acknowledge that 

most of these synaptic proteins do not possess the formal properties of AD biomarkers because their 

ability in predicting sporadic AD is unknown and some of them are not specific for AD [122, 123]. 

More studies with larger, more diverse cohorts and longer follow-up are needed to fully understand 

the clinical significance of some of synaptic proteins.  

Another important point of attention is the fact that some synaptic biomarkers are widely expressed 

in the peripheral nervous system, mainly in the nerve and muscle junctions and in the autonomic 

ganglia; this fact represents a potential significant confounding factor when using synaptic 

biomarkers for AD prediction or monitoring. Finally, blood synaptic biomarkers, with very few 

exceptions, are at their infancy. These factors pose significant challenges to the wide use of synaptic 

biomarkers for diagnosis, biological monitoring, and pharmacological efficacy monitoring in routine 

clinical practice. 

Synaptic loss is likely initiated by exposure to pathological Aβ and tau and represents a key 

mechanism of the AD cascade [50]. Thus, biomarkers of synaptic damage are potentially very useful 

to detect and interfere with the natural history of the disease. However, our knowledge of synapse 

proteome is still in its early phases. Synapses are highly diverse, and efforts are ongoing to identify 
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synapses that are affected at different stages of AD progression [50]. The molecular pathways 

enabling certain individuals to remain cognitively normal despite high levels of AD pathology largely 

remain a mystery of the AD biology. For instance, neuritin (NRN1), a neurotrophic factor previously 

linked to cognitive resilience, was shown to provide dendritic spine resilience against Aβ-induced 

neuronal hyperexcitability in cultured neurons [124]. Thus, the identification of synaptic proteins that 

make a neuron vulnerable or resilient during early or late stages of AD could represent a fundamental 

progress in the fight against AD. 

Proteomic studies in brain, CSF or blood could lead to the identification of novel highly specific 

synaptic proteins that may help the understanding of how pathological synaptic processes evolve over 

the course of AD. Recently, this proteomic approach has been successfully executed by using CSF 

of patients with autosomal dominant AD [125]. The proteome allowed a better discrimination 

between mutation carriers and noncarriers than Aβ and tau measurements. The acquired information 

will be critical for developing precision therapeutic interventions and biomarkers for AD beyond 

those associated with Aβ and tau. 

What does the future hold? Artificial intelligence (AI) and machine learning (ML) approaches are 

increasingly being used in dementia research and are emerging as promising tools for the early 

detection of AD [126] As previously discussed, neuroimaging techniques provide valuable insights 

into the structural and functional changes in the brain. AI and deep learning algorithms excel in 

analyzing large volumes of neuroimaging data and identifying patterns that may indicate the presence 

of AD. These algorithms can learn to recognize subtle changes in brain structure and connectivity 

that are often difficult for humans to detect [127].  

AI algorithms can also integrate and analyze diverse biomarker data, including genetic markers, 

protein levels, and metabolic profiles, to identify specific patterns and signatures associated with AD 

pathology. Through machine learning, these algorithms can predict the likelihood of disease 

progression and assist in early diagnosis [128].  

Electrophysiological recordings, such as electroencephalography (EEG) and 

magnetoencephalography (MEG), provide valuable insights into the electrical activity of the brain 

and synaptic functioning. AI and deep learning techniques can analyze these complex 

electrophysiological signals to identify aberrant synaptic activity patterns associated with synaptic 

diseases such as AD. By detecting subtle changes in synaptic transmission and neural oscillations, 

these algorithms might contribute to early detection and monitoring of disease progression [129]. 

In addition, AI models can analyze behavioral and cognitive data to detect patterns and markers 

associated with synaptic diseases. By leveraging machine learning algorithms, these models can 

identify subtle changes in behavior, attention, memory, and other cognitive domains that may indicate 
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early signs of synaptic dysfunction. This approach enables the objective and quantitative assessment 

of cognitive impairments, aiding in the early detection and monitoring of AD [130]. 

In conclusion, the use of AI and deep learning techniques for the early detection of AD or other 

synaptopathies holds great promise. While further research and validation are needed, the integration 

of AI in AD detection has the potential to improve diagnostic accuracy, enable early intervention, 

and facilitate the development of targeted therapies for this devastating condition. 
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FIGURES CAPTIONS 
 
Figure 1. Comprehensive overview of pathological pathways and biomarkers indicative of synaptic damage in AD brain.  
The process of synaptic degeneration in AD is driven by intricate interplays among factors such as Aβ and tau toxicity, calcium dysregulation, 

mitochondrial dysfunction, and changes in glial cells. A variety of synaptic proteins, sourced from both pre-synaptic and post-synaptic terminals, have 
been put forward as potential biomarkers for synaptic damage. In the pre-synaptic compartment, aberrantly folded tau proteins contribute to the loss of 
synaptic vesicle proteins (e.g., synaptotagmin-1), and the depletion of the synaptic vesicle pool. Alpha-synuclein (α-syn) monomers and oligomers may 
inhibit vesicle fusion triggered by SNARE proteins and facilitate the phosphorylation of tau proteins. Furthermore, oligomeric Aβ can promote calcium 
influx, instigating excitotoxicity in both pre- and post-synaptic terminals. As for the post-synaptic terminal, Aβ has an affinity for metabotropic 
glutamate receptor 5 (mGluR5), leading to increased phosphorylation of synaptic tau and a decrease in NMDARs. These alterations in NMDARs 
correlate with enhanced LTD and diminished LTP, factors that facilitate synaptic loss. Calcium binding to CaM permits the phosphorylation of the 
AMPAR, which plays a significant role in LTP. NPTX2 can form a complex with NPTX1 at the post-synaptic membrane, leading to the aggregation 
of AMPARs. Ng plays a critical role in synaptic plasticity, synaptic regeneration, and LTP through the calcium and CaM signaling pathways. VILIP-1 
is implicated in the pathological mechanisms of altered calcium homeostasis that result in neuronal loss. GAP-43 is an essential component of the axon 
and pre-synaptic terminal, which gets phosphorylated following LTP. SV2A is a synaptic vesicle protein that regulates neurotransmitter release. 

Abbreviations: α-syn, alpha-synuclein; Aβ, amyloid beta; AD, Alzheimer’s disease; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptor; APP, amyloid precursor protein; CaM, calmodulin; GAP-43, growth-associated protein-43; LTD, long-term depression; LTP, long- term 
potentiation; mGluR5, metabotropic glutamate receptor 5; Ng, neurogranin; NMDARs, N-methyl-D-aspartate receptors; NPTX2, neuronal pentraxin 
2; SNARE, Soluble N-ethylmaleimide-Sensitive Factor Attachment Proteins Receptors; SV2A, synaptic vesicle protein 2A; VILIP-1, visinin-like 
protein 1. 

 
Figure 2. Schematic representation of possible time-course of synaptic biomarkers in relation to key AD biomarkers.  
This Figure is mainly based on a longitudinal study in autosomal dominant AD participants [98] and in a cross-sectional study in middle-aged 

cognitively unimpaired participants at risk of developing AD [52]. The time-course of changes in CSF concentrations of Ng, VILIP-1, and SNAP-25 
suggests that synaptic damage begins just after brain Aβ accumulation and astrocytic activation, but earlier than neuroaxonal damage. 

Abbreviations: Aβ1-42, 42-amino acid-long Aβ peptide; Aβ1-40, 40-amino acid-long Aβ peptide; p-tau217, tau hyperphosphorylated at threonine 217; 
GFAP, glial fibrillary acid protein; NfL, neurofilament light chain; CSF, cerebrospinal fluid; Ng, neurogranin; SNAP-25, synaptosomal-associated 
protein, 25kDa; VILIP-1, visinin-like protein 1. 
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TABLES 
 
Table 1. Summary of potential synaptic biomarkers explored within the clinical continuum of AD. 
 

Pathophysiological pathway Biomarker Biological matrix Direction (increase or decrease) of the biomarker 
concentration change 

Synaptic pathology 

(synaptic dysfunction and loss) 

Synaptotagmin-1 CSF Increased in MCI and AD 

SNAP-25 CSF Increased in prodromal AD and AD dementia 

GAP-43 CSF Increased in AD 

α-syn CSF Increased in AD 

α-syn/Aβ and α-syn/tau heterodimers 

β-syn 

Red blood cells 

Plasma 

Decreased in AD 

Increased in MCI and AD 

Ng CSF Increased in MCI-AD, prodromal AD, and AD  

Plasma No major changes in AD  

Plasma exosomes Decreased in MCI-AD and AD 
 NPTX2 CSF Decreased in MCI, AD, and Down syndrome 

Altered Ca2+ homeostasis VILIP-1 CSF Increased in MCI-AD and AD 

Plasma Increased in AD 

    

Abbreviations: α-syn, alpha-synuclein; Aβ, amyloid beta; AD, Alzheimer’s disease; β-syn, beta-synuclein; CSF, cerebrospinal fluid; GAP-43, 
growth-associated protein-43; MCI, mild cognitive impairment; MCI-AD, mild cognitive impairment due to Alzheimer’s disease; Ng, neurogranin; 
NPTX2, neuronal pentraxin 2; SNAP-25, synaptosomal-associated protein, 25 kDa; VILIP-1, visinin-like protein 1.  
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