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Summary
Synapse preservation is key for healthy cognitive ageing, and synapse loss represents a critical anatomical basis of
cognitive dysfunction in Alzheimer’s disease (AD), predicting dementia onset, severity, and progression. Synapse loss
is viewed as a primary pathologic event, preceding neuronal loss and brain atrophy in AD. Synapses may, therefore,
represent one of the earliest and clinically most meaningful targets of the neuropathologic processes driving AD
dementia. The synapse loss in AD is highly selective and targets particularly vulnerable synapses while leaving others,
termed resilient, largely unaffected. Yet, the anatomic and molecular hallmarks of the vulnerable and resilient
synapse populations and their association with AD neuropathologic changes (e.g. amyloid-β plaques and tau tangles)
and memory dysfunction remain poorly understood. Characterising the selectively vulnerable and resilient synapses
in AD may be key to understanding the mechanisms of cognitive preservation versus loss and enable the develop-
ment of robust biomarkers and disease-modifying therapies for dementia.
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Introduction
AD is the most frequent form of dementia, accounting
for around two-thirds of all dementias, which cumula-
tively affect >55 million people worldwide (World Health
Organisation, 2023). The classical clinical syndrome of
AD is characterised by hippocampal-driven episodic
memory loss together with temporoparietal dysfunction
signs. Synapse dysfunction and loss are viewed as crit-
ical pathologic hallmarks of AD and other dementias
and are further supported by the notion that synapse
protein mutations account for more neurological dis-
eases than mutations in any other known proteins in the
brain.1 Synapses are nanomolecular structures that
contain up to 6’000 proteins per synapse, are present at
around 10’000 synapses per neuron, have a density of 1
trillion synapses per cm3 in the human brain, and show
intimate associations with glial cells.2,3 In AD and other
dementias, synapse pathology is considered one of the
earliest events with clinical significance, and it shows
cell-, region-, and network-specific patterns preferen-
tially targeting a subset of so-called vulnerable synapses
while leaving others, termed resilient synapses,
remarkably unaffected.3,4 These highly selective synapse
susceptibilities complemented with resiliencies may
form the anatomic basis of the clinical phenotypes un-
derlying each dementia and offer alternative insights
into the potential mechanisms driving different
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cognitive syndromes. Unravelling the molecular signa-
tures of the most and the least affected synapses in AD
and understanding their association with the AD-
defining neuropathologies, amyloid-β and tau, and the
clinical syndrome may be key to discovering cognition-
relevant biomarkers and alternative synapse-protective
therapies that by promoting synapse resilience could
effectively treat dementia. This review defines the con-
cepts of classical and local vulnerability and resilience,
provides an overview of the known vulnerable and
resilient synapse proteins in typical AD, and explores
the association between the classical disease-defining
neuropathologies and the synapse and cognitive
dysfunction in AD. A detailed glossary of terms of the
synaptic protein abbreviations used throughout the text
can be found in the Table legend.

AD symptoms versus AD lesions
AD dementia classically affects individuals above the age
of 65 and forms part of the so-called slowly progressive
dementias with a clinical course that typically progresses
over 8–10 years. AD can be divided into six clinical
stages, as recently defined by the National Institute on
Ageing and Alzheimer’s Association (NIA-AA), which
initiate with genetic and/or biomarker evidence of un-
derlying AD pathology in cognitively unimpaired in-
dividuals (stage 1), followed by minimally detectable
functional changes that still fall within normal perfor-
mance and can be documented either by subjective
cognitive decline or subtle change in longitudinal
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cognitive testing (stage 2), progressing to prodromal or
mild cognitive impairment (MCI) (stage 3), ultimately
reaching the formal dementia stages, which are sub-
divided into mild (stage 4), moderate (stage 5), and se-
vere (stage 6).5 The duration of the MCI stage is variable,
typically ranging from a few years to potentially decades,
the mild dementia stage is estimated at 2 years, the
moderate dementia stage at 2–4 years, and the severe
stage is the shortest, with an average duration of 1–2
years (Alzheimer’s Society UK, 2023). The amnestic pre-
sentation of AD is characterised by early episodic
memory dysfunction associated with hippocampal and
entorhinal cortical affection, and variable presentations
of aphasia, agnosia, and apraxia underlying different
degrees of temporoparietal dysfunction. The clinical
development of symptoms is closely paralleled by the
sequential affection of brain anatomic structures dis-
playing neuronal loss and brain atrophy, which initiates
in the hippocampus and amygdala (stage 1), progresses
to the middle temporal gyrus (stage 2), next affects the
entorhinal, parahippocampal, and other temporal regions
(stage 3), followed by striatum and thalamus (stage 4),
and lastly affects the middle frontal, cingular, and insular
cortices (stage 5).6 Interestingly, the so-called atypical
variants of AD are clinically characterised by frontal-
executive (behavioural variant), language (logopenic
variant), and/or prominent visuospatial dysfunctions
(posterior cortical atrophy variant) and their brain struc-
tural changes differ from typical AD in that they are
usually most pronounced in regions corresponding to
clinical symptoms.7 The broad spectrum of clinical pre-
sentations encompassed within the umbrella term of AD
dementia thus suggests that the disease process is
remarkably multifaceted and that vulnerable and resilient
brain structures exist and may result from distinct
mechanisms which target select synaptic and neuronal
populations that ultimately shape the clinical syndrome.

Notably, the term AD is currently a neuropathologic
and not a clinical diagnosis that is defined by the accu-
mulation of amyloid-β plaques and neurofibrillary tan-
gles (NFTs) in the brain. AD is viewed as a continuum
that initiates with the appearance of neuropathologic
lesions in asymptomatic individuals and progresses to
increasing pathologic burdens, eventually leading to the
emergence of clinical symptoms.5 Neurocognitive
symptoms are considered a result of the disease process
but are not strictly necessary to diagnose AD. Hence,
there is an important disconnect between AD symptoms
and AD lesions, and the association between cognitive
dysfunction and neuropathologic changes is not invari-
ably required.8 In fact, autopsy studies of cognitively
unimpaired elderly have demonstrated the presence of
amyloid-β and NFT deposits in around one-third of in-
dividuals without dementia, a striking finding that has
been termed resilience8–10 and reinforces the important
discrepancy between clinical symptoms and AD neuro-
pathologic lesions (Fig. 1).
Defining vulnerability and resilience to AD
Resilience is classically defined by the absence of de-
mentia in an individual with AD pathologic brain
changes.8–10 Importantly, resilience is not limited to AD
pathology, as it has also been described in individuals
without dementia who contain alpha-synuclein and/or
TDP43 pathology at autopsy.9,11–13 In contrast, vulnera-
bility refers to critically affected brain structures and
functions in individuals with AD neuropathologic
changes (Fig. 1). A related concept termed resistance
refers to the absence of brain neuropathologic lesion
accrual, irrespective of cognitive status, and the concept
of frailty to individuals with dementia in the absence of
evident neuropathologic deposits (Fig. 1). These two
related terms are distinct yet complementary to vulner-
ability and resilience and may offer additional insights
into neuropathology-related brain anatomic and func-
tional changes.

A more recent and interesting subset of resilience,
referred to as regional or local resilience, involves the
selective preservation of cognitive functions in an in-
dividual with AD neuropathologic changes and global
cognitive decline (Fig. 1). Hence, local resilience rep-
resents an interesting phenomenon that is emerging as
a complementary term to classical resilience.10,14–17 This
novel concept highlights that not only can individuals
remain globally resilient and display no signs of de-
mentia in the presence of AD pathology, but also that
within the brain of an individual with AD dementia,
some regions remain remarkably resilient even though
other so-called vulnerable brain regions are function-
ally impacted causing clinical symptoms (Fig. 1). While
most studies of resilience have focused on the impor-
tant phenomenon of global resilience8–10,13 and/or on
the regional assessment of vulnerable brain regions,4,18

much less attention has been directed at the purposeful
study of resilient brain regions in individuals with AD
dementia. A few studies assessing resilient brain re-
gions have highlighted lower AD pathology burdens,
distinct glial cell profiles with reduced inflammatory
activation, maintenance of metabolic functions, and
preservation of synaptic proteins16,19–21 which may be
critical for the primary preservation of select neuro-
logical functions, such as motor and sensory ones, in
individuals with AD dementia. One important driver of
local resilience may derive from the preservation of
synapses, or local synapse resilience10,16,17 (Fig. 1). This
local form of resilience can be regional and entail the
preservation of synapses in clinically relatively silent
brain regions, such as the posterior cortical regions
and basal ganglia,22,23 and/or be subregional and
involve the maintenance of select synapses within
clinically affected brain regions, such as synapses in
layer V of the anterior cingulate and layers III and V of
the entorhinal cortex.3 This regional and subregional
maintenance and/or respective dysfunction of synap-
ses may ultimately determine which clinical functions
www.thelancet.com Vol 112 February, 2025
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Fig. 1: Glossary of terms: resilience, vulnerability, resistance, and frailty. Definition and concept of resilience, vulnerability, resistance, and
frailty. The terms local resilience and vulnerability are explained separately. Representative brains showing higher or lower amounts of brain
atrophy and Alzheimer’s disease (AD) neuropathologic changes (amyloid-β plaques and tau neurofibrillary tangles), where applicable. Local
resilience and local vulnerability are exemplified with a brain depicting randomly chosen areas coloured in blue to showcase more preserved and/
or in red for more affected brain structures. The small figures in red indicate individuals with dementia, in blue individuals without dementia,
and in grey variable and/or undefined cognitive performance. The colour gradients indicate individual phenotypic expressions of dementia and/
or variability in the cognitive performance of resilient individuals globally still falling within normal limits. Of note, the neuropathologic changes
depicted in the Figure refer primarily to AD pathology, but resilience, vulnerability, resistance, and frailty can also be observed with other brain
neuropathologic changes, including alpha-synuclein and TDP43 deposits.
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remain relatively intact and which ones become
affected, driving the diverse clinical manifestations of
AD dementia (Fig. 1). Importantly, the determinants of
resilience are viewed as intrinsically distinct from the
drivers of vulnerability, and they do not simply repre-
sent opposite effects counteracting the same mecha-
nism.24 Rather, they may involve unique processes that
complement each other and form part of a continuum,
in which the loss of critical resilience mechanisms
combined with the emergence of sufficient vulnera-
bility traits may ultimately precipitate the emergence of
anatomic and functional changes. Understanding
resilience mechanisms may, hence, be crucial to
uncovering the pathologic processes leading to de-
mentia development. For example, recent discoveries
have suggested resilience-specific pathways that were
different from known vulnerability-associated mecha-
nisms.25,26 In addition, the study of locally resilient
brain regions in individuals with AD dementia has
revealed selective synapse modules that differed from
locally vulnerable brain regions,17 pointing to unique
molecular hallmarks associated with synapse resilience
or vulnerability.
www.thelancet.com Vol 112 February, 2025
Dementia drivers in genetic and sporadic forms
of AD
AD is considered a sporadic disease in around 95% of
cases, in which the apoE4 allele represents the strongest
known genetic risk factor. In rare instances, accounting
for around 5% of AD cases, genetic mutations in auto-
somal dominantly inherited genes (e.g. APP, PSEN1,
PSEN2) are observed.27 In these familial forms of AD,
the clinical course usually starts earlier (<65 years of
age) and shows a more aggressive trajectory that is often
accompanied by atypical clinical features.28 While the
exact underlying mechanisms in genetic and sporadic
subtypes of AD likely differ, the ultimate outcome often
converges in a common synapse dysfunction. Genomic
analyses in sporadic AD have associated >80 genetic risk
loci with increased dementia risk, and an important
subset of them have been found to play critical roles in
synapse homeostasis.29 Interestingly, around 50% of the
described genetic risk loci are prominently expressed in
glial cells, suggesting an intricate association between
synapse and glial cell dysfunction in AD.30 Moreover,
recent gene co-expression analyses have shown close
associations of the known causative genes of AD with
3
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synaptic transmission genes,31 proposing that the
downstream effects of familial AD may be intimately
linked with synapse dysfunction.29,32 Close associations
have also been observed between the ApoE4 gene
variant and synapse loss.33 Moreover, recent studies
have proposed that epigenetic modifications may be key
to allowing the detrimental effects of genetic suscepti-
bility alleles on AD dementia development,34 with the
highest epigenomic changes observed in the clinically
most affected brain regions.35 The three known causa-
tive as well as the main risk genes of AD thus converge
on underlying synapse dysfunction, that may be further
determined by environmentally-driven epigenomic
modifications.

The role of AD neuropathology on synapse
function
Amyloid-β plaques and NFTs represent the defining
hallmarks of AD. Amyloid-β and tau deposition occur in
a highly stereotypical pattern following the Thal phases
and Braak stages, respectively.5 Amyloid-β plaques start
to form in the neocortex (Thal phase 1), then progress to
the allocortex (Thal phase 2), subsequently affecting the
diencephalon, striatum, and basal forebrain (Thal phase
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Synapse loss is particularly high in the immediate
vicinity, the so-called penumbra, of amyloid-β plaques,
which contains high amounts of toxic oligomeric amy-
loid-β.39,40 In contrast, synapse densities are largely pre-
served in the immediate vicinity of NFTs, which
presumably sequester toxic tau oligomers intracellu-
larly.40,41 Recent in vitro and in vivo studies have shown
that amyloid-β oligomers, but not monomers or fibrils,
disrupt synaptic structure and function42,43 and induce
neuroinflammatory activation preferentially targeting
excitatory presynapses44 also affecting a subset
of inhibitory synapses.43 The selective vulnerability of
excitatory synapses may underlie the higher activity of
excitatory neurons, which induces amyloid-precursor
protein (APP) processing and oligomeric amyloid-β
production in the synapse.45 Although the mechanisms
of synapse dysfunction induced by amyloid-β oligomers
remain unknown, pathways involving postsynaptic
NMDA receptors have been proposed.46 Memantine,
one of the two classes of oral drugs approved for the
symptomatic treatment of AD, targets and modulates
the NMDA receptor. However, its efficacy on cognitive
symptoms is modest and may be limited by additional
synaptic dysfunctions and by its relatively late applica-
tion in the moderate to severe disease stages.47

Tau oligomers are potent synaptotoxic molecules that
alter synaptic vesicle and synaptic receptor expression
and lead to neuronal death in cell culture.48,49 Tau olig-
omers accumulate in synapses from the prodromal
disease stages, and they are better predictors of neuronal
loss and dementia severity than NFTs.41,50 Accumulation
of putative toxic tau species has been observed at the
presynapse and postsynapse of individuals with AD
dementia,51 and synapse dysfunction has been sug-
gested to be a key driver of the spread of AD pathology
in critical brain regions.52 Moreover, recent in vitro
studies in primary tauopathy models have proposed that
synapse dysfunction may precede the buildup of toxic
tau and neurodegeneration.53 Notably, severe and
region-specific synapse loss has also been described in a
subset of primary tauopathies in which synapse degen-
eration is a strong determinant of disease severity and
progression.54,55 The drivers of selectively vulnerable
synapses to accumulating tau remain largely unknown,
and the mechanisms by which tau proteins attach to
cellular and synaptic membranes are an important topic
of ongoing exploration.56 Recent studies have found that
vulnerable neurons contain lower axonal and synapse
plasticity-associated gene transcripts when compared
with resistant neurons45 and that an imbalance in the
3R–4R ratio may further contribute to selective neuronal
vulnerability to tau.57 Neurons in layers II of the ento-
rhinal cortex and excitatory neurons are more likely to
develop tau inclusions, while neocortical pyramidal and
inhibitory neurons appear more resistant to tau pathol-
ogy.57 Interestingly, some brain regions seem particu-
larly resistant to accumulating tau deposits, such as the
www.thelancet.com Vol 112 February, 2025
primary sensory cortices (Supplementary Fig. S1), and
they coincide with areas of relatively preserved synapse
densities, which could be parsimoniously attributed to
the absence of NFTs. However, the potential synapto-
toxic effects of tau oligomers, which may develop ahead
of NFTs,50 still suggest the presence of efficacious syn-
apse resilience mechanisms in these brain regions
despite the virtual absence of NFTs.

Recent evidence has shown that amyloid-β and tau
oligomers are synaptotoxic by themselves but that their
toxic effects are enhanced by the presence of both.58

Brains of individuals with dementia more commonly
contain multiple oligomeric species in their synapses
compared with resilient and healthy control brains,41

and the convergence of synaptic oligomers leads to a
hastened cognitive decline and a faster disease pro-
gression. In fact, the interplay between oligomeric am-
yloid-β and tau at the synapse may be a critical step
leading to synapse dysfunction.58 Importantly, synaptic
amyloid-β and tau oligomers can also induce the release
of cytokines and promote aberrant astroglial activa-
tion,59,60 which may, among others, drive the targeted
elimination of oligomer-containing synapses by glial
cells.50 The distribution of synapse loss is partly associ-
ated with amyloid-β plaques and NFTs (Fig. 2), but AD
deposits offer overall limited predictive value for deter-
mining cognitive dysfunction in AD.
Vulnerable synapses in AD
Synapse loss is considered a closer predictor of de-
mentia severity than amyloid-β plaque burden, NFTs,
neuronal loss, and brain atrophy.50,61–63 Healthy elderly
display largely preserved synapse densities during
normal ageing, exhibiting only minor synaptic losses of
at most 15%, which are not associated with a relevant
functional change. However, individuals with dementia
lose 15–25% of synapses in the mild dementia stages,
and 20–50% in the advanced dementia stages, and
synapse loss closely correlates with the onset and pro-
gression of cognitive decline.3,64–67 The synapse
dysfunction in AD has been associated with a severe loss
of neuronal connectivity networks, which may culmi-
nate in the neurodegeneration observed in these brains.
Yet, the temporality of events between synaptic and
neuronal loss remains a topic of ongoing debate.68 While
several studies have highlighted selectively vulnerable
neuronal populations in AD brains,6 the detailed study
of vulnerable synapses remains substantially less
explored.2,16

Synapse loss is typically observed in the clinically
most expressive brain regions in AD, including the
hippocampus, cingulate, entorhinal, and temporal cor-
tex, whereas brain regions less clinically affected, such
as the primary motor and sensory cortices, cerebellum,
and basal ganglia, show a lesser or undetectable degree
of early synapse loss (Fig. 2 and Supplementary
5

http://www.thelancet.com


Review

6

Fig. S1).2,3 Recent in vivo assessments of synapse den-
sities with presynapse-targeting SV2A PET have shown
synapse loss patterns that closely mimicked the clini-
cally most relevant brain structures and were closely
associated with the severity of dementia.63 In contrast,
neurons and synapses of primary sensory cortices
remained relatively unaffected until the late disease
stages10 (Supplementary Fig. S1). Within the cortex,
vulnerable synapses are particularly high in layer II
neurons of the transentorhinal, entorhinal, and parietal
cortex,3,69 and layers II and III of the frontal neocortex,10

while other synapses, such as synapses located in layer
V, remain overall less affected4 (Fig. 2 and
Supplementary Fig. S1). Synapse vulnerability has been
described both at the presynapse and postsynapse, and
postsynaptic spines, which play a key role in excitatory
input, seem to be particularly affected. Excitatory syn-
apse transmission occurs on postsynaptic spines, and
preserved spine morphology and structure are necessary
for intact synapse and cognitive function.70 Accordingly,
spine changes have been observed early in AD brains
involving lower spine densities with larger spine vol-
umes in cortical layer II,71 and fewer mushroom, stubby,
and thin-shaped spines in individuals with dementia
when compared with cognitively unimpaired con-
trols.10,72 Recent studies have also proposed that inhibi-
tory synapses, which comprise around 10–20% of the
total synapse population, are significantly reduced in AD
brains and that their loss occurs across the six cortical
layers.43

Studies of AD brains have found selectively reduced
synapse proteins which showed a close association with
dementia severity (e.g. synaptophysin, synapsin 1, neu-
rogranin)2,50,73–78 (Table 1). A meta-analysis of ten human
brain studies has recently revealed another subset of
vulnerable synapse proteins in AD brains (e.g. neuronal
pentraxin 2, synaptotagmins, GFRA2) (Table 1).79 Two
large studies have identified modules of genes related to
synaptic and neuronal dysfunction, which were strongly
associated with dementia development and severity.75,95

Several other studies have highlighted the down-
regulation of synapse genes and synaptogenesis path-
ways, especially of synaptic signalling and synaptic
vesicle-related genes.92 Interestingly, some synaptic
genes are selectively upregulated in the early disease
stages and ahead of the formation of AD-typical brain
deposits in clinically affected regions, such as the hip-
pocampus, and they become downregulated only in the
later disease stages.74 This has been attributed to an early
synapse dysfunction, which may induce a compensatory
upregulation of synapse transcription in an effort to
maintain synapse function. Despite this paradox in
differing brain synaptic gene expression levels between
early (MCI) and late (formal dementia) stages, at the
protein level, there is a global and progressive loss of
brain synapses in all disease stages. The mechanisms
driving the dysfunction and loss of vulnerable synapse
populations in AD remain largely unknown. Recent
evidence has pointed to the critical role of missorted
amyloid-β and tau oligomers to synaptic compart-
ments41,96 and the detrimental effects of glial cells,50,93 in
particular of inflammatory microglia and astrocytes in
excessively eliminating synapses in the brains of in-
dividuals with dementia compared with resilient.50 The
innate immune system, including macrophages and
complement proteins, may be critical in facilitating the
deleterious crosstalk between microglia, astrocytes, and
synapses,97–99 and interesting evidence of peripheral
inflammation and its effect on central neuro-
inflammation, AD pathology, and synapse dysfunc-
tion100 has been recently proposed.
Synapse dysfunction in the clinical continuum
of AD dementia
The dysfunction and loss of brain synapses represent a
central hallmark of AD and other dementias. The term
synapse dysfunction refers to the disruption of synapse
structure and function, which may render a synapse
ineffective but not invariably lead to its loss.90 In
contrast, synapse loss is considered a major neuro-
pathologic event characterised by the irreversible
degeneration of synaptic proteins in the brain. As such,
synapse loss is considered the terminal outcome of
synapse dysfunction, and both concepts are closely
associated with the presence and severity of cognitive
symptoms in AD.90 The dysfunction of synapse proteins
in AD and their nanomolecular size facilitate their
diffusion across extracellular space and measurement in
peripheral biofluids such as cerebrospinal fluid (CSF)
and plasma, providing an unprecedented tool to study
longitudinal brain synapse changes in AD in vivo.
Although the mechanisms of synapse decay and trans-
location to peripheral biofluids remain unknown, the
changes in synapse protein levels measured in CSF and
plasma of individuals with AD dementia are thought to
reflect a primary brain synapse dysfunction with the
subsequent release of synapse proteins from neuronal
structures.101

Synapse proteins measured in CSF and plasma show
stage-specific changes in AD that are closely associated
with cognitive dysfunction and progression89 (Fig. 3).
Interestingly, individuals with MCI show, on average,
higher synapse protein changes in biofluids compared
with healthy controls and individuals with dementia
(Fig. 3). This paradoxical effect has been attributed to an
enhanced synapse turnover to compensate for the
incipient synapse dysfunction in the early MCI stages to
help maintain cognitive function. Yet, in the brains of
individuals with MCI, there is already a significant albeit
mild loss of synapse proteins, which may explain their
cognitive symptoms3 (Fig. 3). Interestingly, individuals
with MCI and higher CSF synaptic protein levels, which
possibly reflect an enhanced synapse dysfunction, also
www.thelancet.com Vol 112 February, 2025
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Synapse proteins Vulnerability Resilience Sample ReferencesEarly AD Late AD 
AP2B1 B, CSF 79,80

Beta-synuclein CSF, P 64,81

Calsyntenin1 CSF 68

CC2D1A CSF 82

CPLX1 B 3,21,80

Drebrin B 74,78

GABAR B 2,74

GAP-43 CSF 64,74,83–86

GFRA2 B 79,80

GluR4 CSF 68

GRIA2 B 79,80

HOMER1 B, CSF 74,75,87

Neuregulin 1 B, P 80,88

Neurexin 2A CSF 68

Neurexin 3A CSF 68

Neurexin 2 B 73

Neurogranin B, CSF 73,83–86,89

NPTX2 B, CSF 79,80,90,91

Neuritin 1 B 21,80

PPP3R1 CSF 82

PSD95 B, CSF 2,10,50,74,84–86

RPH3A B 21,87

SHANK2 B 80

SNAP-25 B, CSF 2,10,83,87,90,92

SV2A B 76

Synapsin 1 B, CSF, P 2,10,50,64,74,93

Synaptophysin B, CSF, P 3,10,74,85

Synaptotagmin 1 B, CSF 79,83

Synaptotagmin 7 B 79

Synaptotagmin 11 B 79

Synaptotagmin 12 B 77,87

SYNGAP1 B 80

Syntaxin 1A B 10,74,77

Syntaxin 1B B, CSF 10,68,94

Thy 1 CSF 68

VAMP2 B, CSF 10,89

Table showing a compilation of synapse proteins associated with cognitive vulnerability and/or resilience in Alzheimer’s disease (AD). The synapse proteins included in this Table
derive from human brain (B), cerebrospinal fluid (CSF), and/or plasma (P) samples, as indicated. The most common direction of change in synapse protein levels is highlighted in blue
(increase) and/or green (decrease) when data was obtained from biofluids; when data was exclusively obtained from brain samples, the field is marked in grey, indicating a decrease
in the respective brain synapse protein. Synapse proteins associated with resilience are labelled in purple and derive from studies evaluating human brain tissue. Early AD (prodromal
and/or mild cognitive impairment), and late AD (formal dementia stages) are shown separately. Synapse proteins included in this Table are limited to recent literature and human-
derived samples. B: brain, CSF: cerebrospinal fluid, P: plasma. Glossary of synapse protein abbreviations: AP2B1: adaptor related protein complex 2 subunit beta 1; CC2D1A: coiled-coil
and C2 domain containing 1A; CPLX1: complexin1; GABAR: gamma-aminobutyric acid B receptor; GAP-43: growth-associated protein 43; GFRA2: GDNF family receptor alpha 2;
GluR4: glutamate receptor 4; GRIA2: glutamate ionotropic receptor AMPA type subunit 2; NPTX2: neuronal pentraxin 2; PPP3R1: protein phosphatase 3 regulatory subunit B; PSD95:
postsynaptic density 95; RPH3A: rabphilin-3A; SHANK2: SH2 and Multiple Ankyrin-Repeat Domains: SNAP-25: synaptosomal-associated protein 25; SV2A: synaptic vesicle
glycoprotein 2A; SYNGAP1: synaptic Ras GTPase activating protein 1; VAMP2: vesicle-associated membrane protein 2.

Table 1: Synapse proteins associated with vulnerability and resilience in AD.
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Fig. 3: Synapse changes in the clinical continuum of AD dementia. Temporal trajectory of synapse loss in individuals with AD dementia (a)
and synapse protein changes measured in the cerebrospinal fluid and/or plasma in the different clinical stages of AD (preclinical, mild cognitive
impairment, and dementia) (b). The direction of synapse protein changes (e.g. increase and/or decrease) as measured in biofluids are indicated
with an arrow, respectively. The clinical stages are shown as preclinical (NIA-AA stages 1–2), prodromal or MCI (NIA-AA stage 3), mild dementia
(NIA-AA stage 4), moderate dementia (NIA-AA stage 5), and severe dementia (NIA-AA stage 6). The respective references are in Table 1. NIA-
AA: National Institute on Ageing and Alzheimer’s Association.
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show higher rates of progression to dementia.68 In the
MCI stages, increases in several synaptic proteins have
been observed in the CSF (e.g. neurogranin, SNAP-25,
synaptotagmin-1, GAP-43)64,83 and in plasma (e.g. neu-
regulin 1, beta-synuclein)81,88 (Fig. 3). Early synapse
protein changes have also been found in the CSF of
autosomal dominant AD mutation carriers (e.g.
CC2D1A and PPP3R1).82 In the formal dementia stages,
synapse loss progresses in parallel to increasing de-
mentia severity, and most synaptic protein changes in
CSF keep increasing84–86 (Fig. 3). Paradoxically, subsets
of synapse proteins measured in biofluids (e.g. neuronal
pentraxins) have shown a steady decrease throughout
the dementia course starting from the MCI stages,
despite their concomitant loss in the brain (Fig. 3).68,91
This paradoxical decrease has been attributed to the
dysfunction of a very discrete subpopulation of brain
synapse proteins that may get lost (e.g. due to their very
low numbers) and/or eliminated (e.g. by glial cell
engulfment) prior to reaching the CSF and/or plasma.91

To date, the best characterised synaptic proteins for
reflecting cognitive dysfunction in AD include SNAP-
25, GAP-43, neurogranin, and neuronal pentraxin 2
measured in CSF90 (Fig. 3).

Notably, synapse dysfunction is increasingly recog-
nised as an important feature of AD, and the recently
revised NIA-AA framework guidelines for the biological
definition of AD, which include measures of amyloid (A
category), tau (T category), and neurodegeneration (N
category), have incorporated the clinical use of
www.thelancet.com Vol 112 February, 2025
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neurofilament light measured in CSF or plasma as a
marker of axonal damage, and the use of presynaptic
SNAP-25 and GAP-43, postsynaptic neurogranin, and
pan-synaptic neuronal pentraxin 2 measured in CSF
together with presynaptic SV2A-PET to assess synaptic
dysfunction and/or loss in research settings.5 This
important advancement reinforces the relevance of
synapse pathology in AD and the promising avenue of
discovering more and better synaptic biomarkers for the
clinical definition of AD dementia.
Resilient synapses in AD
Resilience refers to the absence of dementia in in-
dividuals with AD neuropathologic changes and has
been associated with the robust preservation of synapses
in the brain.10,50,95 Resilient brains show strikingly pre-
served subsets of inhibitory interneurons, axonal struc-
tures, and thin and mushroom-shaped synaptic
spines10,38 (Supplementary Fig. S1). They also contain
lower inflammatory glial responses and cytokine levels
compared to individuals with dementia,8,102 and sub-
stantially less glia-mediated synapse engulfment.50

Lower amounts of oligomeric amyloid-β and tau in
synaptic terminals have been reported in the brains of
resilient when compared with individuals with demen-
tia, even when both displayed similar amounts of AD
neuropathologic aggregates.50,102 Resilient brains also
show lower DNA damage responses and preservation of
various synapse gene transcripts compared with in-
dividuals with dementia.92

Studies of resilient brains have revealed >180 pro-
teins related to synapse formation and remodelling that
were strongly associated with the maintenance of
cognitive function.103 Several studies have described
synapse-related proteins in the cortex and/or CSF21,80,94,95

of cognitively unimpaired that were strikingly preserved
when compared with individuals with dementia
(Table 1). A recent study assessing the brains of resil-
ient, demented, and frail individuals (e.g. participants
without AD neuropathology at autopsy but with ante-
mortem dementia, Fig. 1), has highlighted the preser-
vation of synapse-relevant cytoskeletal proteins and
inhibitory neurons in resilient individuals compared
with individuals with dementia.38 Moreover, the brains
of frail individuals showed higher dysfunction in
secretory synaptic proteins when compared with con-
trols, proposing common but also unique pathways of
dementia development in the presence and absence of
AD lesions, both converging at the synapse. Yet, studies
comparing synapse transcriptomic and proteomic
changes in AD brains have highlighted reductions in
synapse gene transcripts in both individuals with de-
mentia and resilient, while synapse protein densities
showed a significant reduction only in individuals with
dementia.104 This important finding suggests that post-
translational synapse protein modifications may
www.thelancet.com Vol 112 February, 2025
ultimately determine the loss of synapses and cognitive
function, supporting the primarily proteopathic nature
of AD.87

Genetic resilience variants have been recently
discovered in an ApoE3 Christchurch25 and Reelin26

mutation. In the autopsy reports of the individuals car-
rying these protective mutations, amyloid-β burdens
were exceedingly high, but tau loads remained low,
particularly in the entorhinal cortex. Other protective
gene variants have been reported in a KIBRA muta-
tion,105 which was associated with protective effects
against cognitive decline in the presence of tau pathol-
ogy, and in fibronectin,106 which was linked to cognitive
protection in the presence of the ApoE4 risk allele.
Genome-wide association studies have revealed addi-
tional genetic resilience variants, including bile acid
metabolism-associated pathways, variants on chromo-
somes 1, 5, 13, and 18,107 and protective effects of BDNF
and DLGAP.108 Moreover, primarily resilient brain re-
gions in individuals with AD dementia, such as the
primary motor and sensory cortices (Supplementary
Fig. S1), have been shown to harbour >270 differen-
tially expressed gene profiles, among which the synapse
regulation module significantly differed between the
more and less clinically affected brain regions.17

Mechanistic insights gained from the intriguing
phenomenon of resilience represent an emerging area
of interest for novel therapeutic drug discovery. Com-
pounds to downregulate selective neuroinflammatory
pathways,104 avoid oligomeric protein tethering to syn-
apse membranes109 and limit glia-mediated synapse
elimination93 hold promising potential. Other inter-
esting resilience-derived targets involve enhancing syn-
aptic spine strength and neurotrophic factor
expression,110 and clinical trials are currently testing
additional resilience-associated pathways for therapeutic
use.105
Conclusions
Synapses are central to maintaining intact cognitive
function, and synapse loss is closely associated with the
presence and severity of dementia. The intimate asso-
ciation between synapses and cognitive dysfunction
highlights the pivotal role of synaptic changes in the
clinical manifestations of AD. Synapses may, therefore,
represent the primary target of the underlying processes
driving AD dementia. Yet, the complexity of synapse
biology challenges our current understanding of the
drivers of synapse dysfunction. A novel approach to
studying the relevant synapses in AD dementia entails
the detailed exploration of the most affected (e.g.
vulnerable) and the least affected (e.g. resilient) synap-
ses, which may be critical to identifying alternative dis-
ease mechanisms and targetable pathways.

The disease-defining signatures of AD, amyloid-β
and tau, exert a differential impact on synaptic and
9
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cognitive function, underscoring their convoluted asso-
ciation with AD dementia. Although the effects of AD
lesions on cognition are not always present, as exem-
plified by resilient individuals, their contribution may be
fundamental to promoting the deleterious effects of the
dementing process on synapse and cognitive function.
The critical role of select protein species, in particular
oligomers mistargeted to synaptic compartments
may be a key determinant of the local synapse
dysfunction underlying AD dementia. The exploration
of mechanisms driving synaptic oligomer mislocalisa-
tion and their local synaptotoxicity may unravel prom-
ising treatment targets to effectively halt dementia
symptoms.

Resilience, both classical and local, showcases the
remarkable ability of the brain to maintain cognitive
function despite the presence of neuropathologic le-
sions. The interesting concept of local resilience with a
focus on synapses opens avenues for the discovery of
highly effective local synapse protection mechanisms to
preserve cognition when challenged with global de-
mentia. A promising target involves the emerging role
of glial cells and inflammatory responses on synapse
dysfunction, which remains substantially reduced in
resilient individuals. Glial cells are intimately linked
with synapses and play a crucial role in synapse for-
mation, maintenance, and elimination, and their
involvement in synapse pathology may be fundamental
for the development of dementia. Targeting the detri-
mental crosstalk between glial cells and synapses, and/
or interfering with the signals leading to an enhanced
glia-mediated synapse elimination may offer promising
therapeutic avenues to mimic resilience and thereby,
alter the course of dementia. Intriguingly, resilience is
not exclusive to AD but also exists for alpha-synuclein
and TDP43 pathology, expanding the potential of resil-
ience studies to other dementias.

Synapse proteins can be associated exclusively with
vulnerability or with resilience, or be associated with
both (Table 1), and within synapse protein families (e.g.
synaptotagmins), differing synapse outcomes can be
observed. This suggests time and region-specific
mechanisms targeting discrete synapse protein compo-
nents that may determine the fate of that local synapse
protein and its function, shaping the AD dementia
syndrome. Resilience and vulnerability may ultimately
form part of the same continuum where the eventual
emergence of cognitive symptoms may arise from the
respective combination of phenomena. While some
synapse proteins may primarily lose resilience-
associated pathways, others may succumb to
vulnerability-associated mechanisms, or be ultimately
impacted by both. Although the exploration of synapse
proteins associated with AD dementia and/or resilience
is evolving, many vulnerable synapse proteins have not
yet been studied in resilient individuals and/or brain
regions, and this represents an important future
direction. Notably, some of the exclusively biofluid-
measured synapse proteins may not accurately capture
the local brain changes and, instead, yield a global
measure of combined brain processes. Complementing
biofluid-measured synapse proteins with neuropatho-
logic evaluations will remain critical for future studies.

Emerging evidence suggests the key role of synapse
dysfunction in the clinical trajectory of AD dementia,
underscoring the importance of understanding selective
synaptic changes associated with the different dementia
stages and expanding the study of vulnerable to also
include resilient synapses in the temporal course of AD.
Unique synapse changes may be linked with specific
dementia subtypes and disease stages, and targeting the
selective synapse dysfunction at the right clinical time
may be crucial to developing stage-specific biomarkers
to accurately detect, track, and predict cognition, and
time-critical therapeutic interventions to effectively treat
dementia.

In summary, shifting the focus towards preserving
synaptic integrity in AD, rather than primarily
addressing amyloid-β and tau pathologies alone, may
potentially transform the clinical approach to AD de-
mentia. Deepening our knowledge of synapse diversity,
vulnerability, and resilience in AD offers promising
prospects for breakthrough discoveries in dementia
diagnosis and treatment. A selective but multi-targeted
approach to reduce synapse vulnerability, enhance syn-
apse resilience, limit the toxicity of amyloid-β and tau
proteins, and modulate neuroinflammation may be a
promising approach to effectively halt dementia devel-
opment and progression.

Outstanding questions
Synapse pathology is increasingly recognised as a central
driver of AD dementia, and synapse vulnerability and
resilience represent a novel direction to better understand
the underlying mechanisms of cognitive preservation and
loss. The exploration of locally preserved synapses may
help uncover alternative molecular mechanisms and
complement the insights gained from classical resilience
and vulnerability to provide novel synapse-protective
treatment targets. The timing of synapse changes in the
dementia course is important, and the detailed study of
vulnerable synapses in the temporal continuum of AD
may unravel stage-selective biomarkers and personalised
therapeutic targets for early intervention. The toxic effects
of amyloid-β and tau oligomers and their accumulation in
synaptic compartments remain an area of high impact
and exploring the detrimental oligomer–synapse in-
teractions may lead to breakthrough discoveries in AD
and beyond, helping develop synapse-protective strategies
for various neurologic diseases with underlying synapse
pathology. The exploration of neuroinflammation, in
particular the interactions of microglia and astrocytes
with resilient and vulnerable synapses may lead to the
discovery of compounds to modulate glial-synapse
www.thelancet.com Vol 112 February, 2025
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Search strategy and selection criteria

We searched PubMed and the Cochrane databases for
English-language studies published from March 2019 to
August 2024. A small subset of relevant and seminal
literature >5 years old was also included. Search terms
included: AD, synapse dysfunction, synapse loss, synapse
biomarkers, resilience, vulnerability, locoregional, clinical,
anatomical. We included meta-analyses, systematic reviews,
and observational studies. We also manually searched the
references of selected meta-analyses, reviews, articles, and
practice guidelines. Selected articles were mutually agreed
upon by the authors. Emphasis was given to a selection of
meta-analyses and observational studies and to
information of interest to a general medical readership. The
studies included in this work derived from human samples,
unless otherwise indicated.

Review
signalling and effectively protect synapses from the
detrimental effects of neuroinflammatory processes.
Addressing these unmet needs may revolutionise the
field of dementia and shape future advancements to
effectively preserve synaptic integrity and halt or, ideally,
reverse cognitive decline in AD.
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