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Some individuals are able to maintain their cognitive abilities despite the presence of significant Alzheimer’s Disease
(AD) neuropathological changes. This discrepancy between cognition and pathology has been labeled as resil-

ience and has evolved into a widely debated concept. External factors such as cognitive stimulation are associated
with resilience to AD, but the exact cellular and molecular underpinnings are not completely understood. In this
review, we discuss the current definitions used in the field, highlight the translational approaches used to investigate
resilience to AD and summarize the underlying cellular and molecular substrates of resilience that have been derived
from human and animal studies, which have received more and more attention in the last few years. From these
studies the picture emerges that resilient individuals are different from AD patients in terms of specific pathological
species and their cellular reaction to AD pathology, which possibly helps to maintain cognition up to a certain tipping
point. Studying these rare resilient individuals can be of great importance as it could pave the way to novel therapeu-
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Background

Alzheimer’s disease (AD) is a chronic neurodegenerative
disorder causing memory loss and impairments in cogni-
tive and behavioral functioning. AD is the most common
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form of dementia, which affects around 55 million people
worldwide. The disease is characterized by depositions of
B-amyloid (AP) into plaques, hyperphosphorylated tau
(ptau) forming neurofibrillary tangles (NFTs), dystrophic
neurites, synaptic loss and atrophy of neurons and brain
regions. All these changes ultimately trigger the cognitive
decline and behavioral symptoms of AD [1]. Dominantly
inherited familial AD (fAD) has been linked to mutations
in the genes amyloid precursor protein (APP) and pre-
senilin 1 and 2 (PS1 and PS2), which play an important
role in generation of Af aggregates. fAD accounts for less
than 1% of all cases, while the far more common sporadic
and late-onset AD (LOAD) has most likely a multifacto-
rial aetiology including genetics, lifestyle, level of educa-
tion and unknown external factors [2—4]. In the absence
of effective treatments, interventions focusing on delay-
ing the onset of AD by activation of the brain have gained
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more and more attention [5, 6]. Lifestyle factors like cog-
nitive, social and physical activities might have the poten-
tial to postpone AD [7-10].

It is widely assumed that the neuropathological hall-
marks of AD are causally related to cognitive decline
in AD patients. This holds in particular for NFTs [11].
However, several studies have indicated a disjunc-
tion between the degree of AD pathology and its clini-
cal manifestations. Early studies discovered that some
individuals, characterized as cognitively normal, had
advanced AD pathology at post-mortem examination
[12, 13], which was later substantiated in cognitively
intact individuals with longitudinal assessments of cogni-
tion and post-mortem assessments of pathology [14—17].
These findings led to the hypothesis that some individu-
als might have a “reserve” that allows them to cope with
neuropathology and remain cognitively intact. Further-
more, epidemiological evidence showed a reduced risk of
dementia in individuals with higher educational or occu-
pational attainment [18, 19], IQ [20] and participation
in leisure activities [21]. It was hypothesized that certain
individuals exhibit progression of AD pathology while
their lifelong experiences allowed them to cope better
with disease-related changes.

The first aim of this review is to discuss the definitions
of reserve to AD in the context of the epidemiological
and experimental evidence. While it is hypothesized that
the underlying mechanisms might be rooted in struc-
tural and functional brain mechanisms, more and more
data on the cellular and molecular substrate of a reserve
in AD have been published. Therefore, the second aim is
to review the emerging cellular and molecular evidence
of reserve. Insight into the cellular and molecular mecha-
nisms that govern resilience to AD may be the starting
point for the development of better treatments for AD
and is therefore an important field of research.

Conceptual considerations

In its most essential form, a reserve allows an individ-
ual to remain cognitively intact despite the presence of
extensive AD pathology. Over the years numerous terms
have emerged to describe this phenomenon, such as
reserve, resilience, non-demented Alzheimer neuropa-
thology (NDAN), clinically silent AD, pre-symptomatic
AD, asymptomatic AD or preclinical AD. All of these def-
initions have been used to describe individuals with AD
pathology that are cognitively normal, but whereas pre-
clinical AD has been primarily used in living subjects that
are biomarker positive but not necessarily resilient, the
former definitions have all been used for individuals at
autopsy. Importantly, it has been proposed that resilience
is different from resistance, which refers to the absence or
lower level of AD or comorbid neuropathology relative to
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the expected frequency or severity based on age, genet-
ics or other characteristics [22]. For example, as levels of
AP plaques and ptau have been shown to increase with
age, individuals at advanced ages, like centenarians, are
expected to have high levels of AD pathology. However,
among cognitively intact centenarians, there are indi-
viduals without any AP plaques in the brain, which are
resistant to developing AP plaques. There are also cog-
nitively intact centenarians with similar amounts of AD
pathology as an demented AD patient, which are resil-
ient [23, 24]. Researchers often attempt to describe the
phenomenon of reserve from their own perspective. For
example, NDAN is used by researchers using post-mor-
tem tissue, in which cognition is not always longitudi-
nally assessed, making it impossible to make claims about
maintenance of cognition. In the field, the different ter-
minologies mentioned here are often used interchange-
ably, making it difficult to align relevant mechanisms that
have been found so far. To develop potential consensus
definitions, a recent workgroup has subdivided reserve
into three concepts: cognitive reserve (CR), brain reserve
(BR) and brain maintenance (BM) [25].

The CR hypothesis postulates that individuals with a
reserve process cognitive tasks in a more efficient man-
ner. It is hypothesized that individuals with CR have
increased adaptability to cope with neuropathology
through specific processes, like increased functional effi-
ciency of brain networks. BR relates to anatomical differ-
ences like a higher number of neurons, synapses or other
structural brain resources by which individuals thus can
withstand more atrophy or synaptic loss before clinical
manifestations occur. Finally, the definition of BM has
emerged to illustrate the notion of preservation of brain
morphology or absence of neuropathological change
over time [26]. In BM, processes like neurogenesis, repair
mechanisms or removal of pathology by glial cells might
play an active role.

Definitions of CR, BM and BR have been proposed as
a general framework, which can be used to harmonize
alternative definitions or be seen as equivalent to defini-
tions used by other researchers. Thus far, CR, BM and
BR have primarily been used in clinical studies focus-
ing on imaging and fluid biomarkers. Lifelong experi-
ences, such as years of education, IQ, social interactions,
complexity of occupation, leisure activities and socio-
economic status, are often used as proxies for reserve
as they are associated with a later onset of AD and with
processes that can be linked to the proposed definitions.
For example, more years of education has been linked
to larger brain volumes [27, 28], related to BR. However,
the use of such proxies often results in a biased measure
and affects outcome measures independent of reserve.
For example, more years of education has been directly
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linked to better health [29], and individuals with higher
education levels may perform better in cognitive status
questionnaires. Furthermore, the role of these proxies
in resilience remains unclear as it was recently demon-
strated that IQ explains more variation in rate of cogni-
tive decline than years of education [30], suggesting that
IQ might be a better proxy for resilience than years of
education. To overcome these issues, more recent studies
have used multiple proxies to combine lifelong exposures
that are related to resilience into a composite score [31-
33]. In addition, others have implemented more direct
measures related to resilience and neural mechanisms by
using functional magnetic resonance imaging (fMRI) or
changes in fluid biomarkers to identify alterations in net-
work activity or relevant brain changes, respectively. This
approach has been labeled the “neural implementation”
of CR [25].

Researchers focusing on molecular and cellular mecha-
nisms often use the definitions resilience or resistance,
which, according to the proposed framework, could be
attributed to CR or BM, respectively. The notion of resil-
ience has also been recapitulated in animal models by
identifying animals with better cognition than expected
based on age or pathology [34, 35]. Repetitive cogni-
tive training or enriched environment improved cogni-
tion in animal models of AD [36, 37], underlining the
idea that increased plasticity through cognitive training
contributes to resilience. The influence of positive novel
experiences (such as enriched environment) or nega-
tive experiences (stress, early life adversity) on cognition
has been well established in rodents [38—41]. Research-
ers often attempt to characterize mechanisms that have
been identified in animal studies as either CR or BM.
For example, in young and aged rats, which were either
cognitively impaired or unimpaired based on behavio-
ral tests, genes related to age were correlated with cog-
nition to identify genes related to CR [42]. The authors
concluded that upregulated genes, counteracting aging
stressors that impair cognition, such as neuroinflam-
mation and oxidative stress, and downregulated genes,
related to nervous system development, reflect adaptive
changes in the circuit to preserve cognition. However,
when focusing on such complex molecular or cellular
mechanisms, it becomes difficult to relate the mechanism
back to the proposed definitions. For example, neuro-
inflammation in the ageing brain can both be linked to
exacerbation of neuropathology or to synapse pruning
[43], and thus influences both CR and BM.

When focusing on the molecular and cellular mecha-
nisms of resilience, an analogy can be made to what has
been called the cellular phase of AD [44]. In this con-
cept there is a complex cellular phase, in which cells
respond to AP and ptau aggregations. In this phase,
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which possibly could last for decades, there is a gradual
shift from the initial reversible physiological reactions
to pathology to irreversible compensation mecha-
nisms, which could be independently of AB and ptau.
This would consequently disturb the brain homeosta-
sis and lead to clinical symptoms. In resilience, cel-
lular reactions to pathology might not develop into
irreversible changes, resulting in maintenance of brain
homeostasis. The absence of some of these irrevers-
ible cellular changes can be linked back to CR and BM,
such as loss of synaptic inputs evolving into alterations
in connective patters or the initial clearance of pathol-
ogy evolving into clearance dysfunction. The proposed
definitions are well suited to describe changes on the
macroscopic level (e.g. changes in brain volume or
circuit changes) or microscopic level (changes in the
amount of pathology or the amount of synapses). How-
ever, the possible upstream molecular mechanisms
orchestrating the observed changes in CR and BM are
often complex, rooted in both types of reserve and not
fully elucidated. Upstream effectors such as transcrip-
tion factors might have such a broad effect that it will
influence both resilience or resistance, or CR and BM,
making it impossible to distinguish between the two.
Hence, when focusing on CR and BM, there is a pos-
sibility that the downstream effects of the cellular and
molecular mechanisms are observed, but not the fun-
damental mechanism itself.

When investigating molecular effects to such an extent,
their link to phenotype is sometimes difficult to estab-
lish. Studies focusing on molecular effects of AB and tau
on individual cells often refer to cellular resilience, in
which specific cell types are not affected by pathology.
For instance, in post-mortem tissue, different excitatory
neuron subtypes were found to be more resilient to tan-
gle formation [45], or altered levels of proteins such as
mitofusin 2 (MFN2) or RAR Related Orphan Receptor
B (RORB) were associated with resilience or vulnerabil-
ity to tangles [46, 47]. These resilient cellular subtypes or
mechanisms cannot always be linked back to phenotypic
traits, such as cognition. Furthermore, the challenge with
these studies is to translate a cellular view of resilience
back to an overall view of resilience in an organism. It is
often unknown how molecular changes in specific cells,
often studied in only one brain area, influence a poten-
tial brain-wide phenomenon. Currently, molecular and
cellular mechanisms are often attributed to resilience
or resistance due to correlations with cognition or the
amount of pathology. However, causal evidence of these
mechanisms on behavioral phenotype (cognition) or
biochemical phenotype (pathology) is often incomplete.
Studies elucidating if these complex cellular and molecu-
lar responses can be untangled into separate mechanisms
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related to CR and BM are required to further understand
how they contribute to cognition.

While it is evident that some individuals exhibit resil-
ience to AD, a clear cellular or molecular substrate is lack-
ing. We propose to use resilience as a general term when
focusing on complex cellular and molecular substrates of
reserve in AD, and cellular resilience when there is resil-
ience on a cellular level, for example neuronal subtypes
without tangle formation, which cannot be traced back to
cognition. Only when both causal evidence and effects on
phenotype are present, molecular and cellular processes
can be attributed to CR or BM, or resilience and resist-
ance, respectively. Possible mechanisms related to resil-
ience rooted in cellular and molecular mechanisms are
often derived from translational approaches in animal
models or from human post-mortem studies, which will
be highlighted in the next sections of this review.

Strengths and limitations of translational approaches
Most evidence for resilience to AD has been obtained in
large-scale longitudinal cohorts by investigating if there
is a better cognitive performance as could be expected
based on the amount of pathology, inferred from the
analyses of blood or cerebrospinal fluid (CSF), of brain
imaging or of post-mortem neuropathology. More
recently, animal models have been used to discover
potential mechanisms of resilience. While each of these
approaches have their advantages and disadvantages, all
are required to help understand the molecular basis of
resilience.

The most accurate method to diagnose AD pathology
and comorbidities is by post-mortem neuropathologi-
cal analysis. It is essential to perform a neuropathologic
diagnosis on post-mortem tissue, as common co-morbid
neuropathological changes, for instance related to hip-
pocampal sclerosis or early Parkinson’s disease, also
influence cognition. To illustrate this point, Montine
et al. [48] have defined apparent resilience, referring
to specific lesion types measured in vivo with positron
emission tomography (PET) scans without considera-
tion of common co-morbidities, and essential resilience,
which can only be determined through post-mortem
neuropathologic assessment. An individual with apparent
resilience might be cognitively intact due to the absence
of common comorbid pathology, while a demented indi-
vidual with similar amounts of AD pathology might have
these comorbidities. The authors demonstrated that most
cases of apparent resilience were in fact also classified
as resistant to co-morbid disease, i.e. resilient as they
remain cognitively intact despite presence of AD pathol-
ogy and resistant to pathological comorbidities as these
were lower than expected based on age and levels of AD
pathology. Whereas clinical and pathological data are
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both crucial in determining whether a donor is resilient
to AD pathology, often these data are incomplete or not
adequately described in post-mortem studies. Unfortu-
nately, most longitudinal cohort studies that test cogni-
tive capabilities over time often have long post-mortem
delays, while other studies or brain banks have more
specialized neuropathological protocols [49], but have
limited clinical information or lack longitudinal measure-
ments of cognition. Another important caveat is that dif-
ferent pathological AD staging systems are used resulting
in different subpopulations that are being studied, which
is often the result of the scarcity of true resilient donors.
Whereas some studies strictly classified resilient individ-
uals with only high amounts of AD pathology [Braak VI
[50] and CERAD >2 [51], most researchers have pooled
cognitive intact individuals with Braak stages III-VI [52].
Importantly, different glial subtypes were recently dem-
onstrated in the visual cortex in post-mortem tissue of
resilient versus AD patients at Braak stages III-IV [53].
This study demonstrates that cellular and molecular
changes can happen before the appearance of tangle for-
mation in the occipital cortex. It remains however uncer-
tain if donors with lower amounts of AD pathology would
remain cognitively intact if pathology would progress
further. Some donors might remain cognitively intact
while others would progress to dementia, which might
confound the comparison of AD-related effects between
resilient and AD-patients (Fig. 1). While the use of post-
mortem tissue allows the implementation of omics on a
cellular and molecular level, several confounders that
generally lead to unwanted variability must be taken
into consideration, including post-mortem delay, agonal
state, fixation methods or medication. In addition, due to
the absence of a clear biomarker for resilience, the rela-
tion between measures for cognition and for pathology
are used to identify resilience. As it has been estimated
that up to 40% of variance in cognition is not explained
by AD pathology or risk factors [54], other parameters
than pathology and cognition likely play a role. Once a
clear biological substrate for resilience has been estab-
lished, these other factors, which are likely independent
of AP and ptau, should become more apparent. Finally, it
is important to realize that post-mortem tissue provides
a snapshot of the molecular mechanisms and pathology
at time of death, which might deviate from a longitudi-
nal assessment. With the development of novel PET and
fluid biomarkers for specific features such as AP and ptau
burden, neuronal damage, a-synuclein, or glial markers,
resilience and resistance can be estimated more accu-
rately and longitudinally in living subjects and possibly
validate molecular and cellular changes initially discov-
ered in post-mortem tissue. As investigating if resilience
mechanisms are causal or simply correlate with resilience
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Fig. 1 Representation of cognitive aging in the presence of AD neuropathology in AD-patients and resilient individuals. Simplified overview

of the AD neuropathological burden versus cognitive functioning during aging or disease progression. A Schematic of a resilient and AD brain
with the neuropathological hallmarks of AD, neurofibrillary tangles (green arrows) and amyloid-beta plaques (brown arrows) and atrophic brain
regions, as can be seen by the shrinkage of gyri and sulci and larger volume of the vessels, in AD. B Schematic of the progression of cognition

and AD pathology over time. Plaques are present years before the onset of the disease and increase over time (brown line). The onset

of phosphorylated tau (green line) follows and corresponds better with clinical progression in AD (red line). In later stages of the disease, comorbid
pathology is often found in AD, such as TAR DNA-binding protein 43 (TPD-43) inclusions, a-synuclein (a-syn) or hippocampal sclerosis (purple
line). It is hypothesized that resilient donors have a similar progression of AD pathology but are able to stay cognitively intact for a longer period
(blue line). Multiple studies have also shown that in fact resilient donors are also to a certain extend resistant, as they have reduced amounts of AD
pathology and comorbid pathology (dashed lines). Importantly, when low to intermediate amounts of AD pathology are present in the brain, it

is difficult to differentiate resilient donors and those who would progress to dementia. Thus, in that timeframe it is difficult to assign resilient donors,
which is here depicted as low likelihood of AD based on the amount of pathology

is currently not possible in human subjects, others have
tried to study the concept of resilience in animal models.
To date, it remains difficult to model the concept of
resilience in animal models. One model that tries to reca-
pitulate the idea of the positive effects of lifestyle fac-
tors on cognition is enriched environment (EE). Several
studies have shown beneficial effects after EE, including
improved cognition and a reduction of the amount of
both AP and ptau [55-57]. Similar to the human situa-
tion, it remains unclear which lifestyle factors or factors
associated with EE, such as social interaction, cogni-
tive stimulation, novelty or exercise, contribute to these
beneficial effects. Importantly, while exercise in rodents
has shown robust effects on cognition, EE without exer-
cise has also shown to protect from age-related cogni-
tive decline [58]. Some researchers have used a different
approach by identifying learners and non-learners in
aged animal populations or in AD animal models.
These studies found a role for neurogenesis by show-
ing activity dependent activation of newborn neurons
in aged animals and the activation of phospholipase A2
(PLA2G4E) in the Tg2576 model by comparing learners

to non-learners [35]. Another strategy that has recently
been put forward is trying to reflect the genetic diversity
of humans in the 5xFAD model by crossing it with BXD
mice, which are a series of recombinant inbred strains
[59]. By using such an approach, different transcriptional
networks enriched in astrocyte and microglia markers
have been identified as drivers of resilience in AD [60].
Interestingly, these networks showed a considerable
overlap with previously identified networks in the human
brain [61], underlining that genetics play an important
role in resilience. In addition, animal models provide an
excellent opportunity to investigate cellular resilience.
Mechanisms that allow cell types or synaptic compo-
nents to become resilient to AP or ptau can be identi-
fied in well-controlled environments. For instance, in the
APP/PS1 model, it was shown that AB-induced deficits in
learning and memory and synaptic plasticity depend on
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor subunit GluA3, rendering synapses
without GluA3 resilient to A [62].

Ultimately, an interdisciplinary approach is required
to elucidate how educational attainment and lifestyle
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factors can lead to structural and functional changes on
both a macroscopic, cellular and molecular level. More
large-scale longitudinal community cohorts are required
to adequately identify resilient donors with longitudinal
cognitive testing and autopsy with a short post-mortem
delay and extensive neuropathological characteriza-
tion. One example is the longitudinal centenarian cohort
[63]. Importantly, findings derived from post-mortem
studies should be validated in vitro or in vivo to dem-
onstrate causality and link them to either CR or BM, or
resilience or resistance, respectively. To recognize the
different strengths and limitations discussed above, the
most important papers discussed in this review are sum-
marized in Table 1, indicating how resilience was deter-
mined in each study.

AD pathology in reserve

Identtification of resilience

Evidence for the existence of resilience to AD has mainly
come from large community-based cohorts with longitu-
dinal measures of cognition and neuropathological exam-
inations at autopsy. These large cohorts like the Religious
Orders Study (ROS), the Rush Memory and Aging Pro-
ject (MAP), the Nun study or the Baltimore Longitudi-
nal Study of Aging (BLSA) have all shown a discordance
between the degree of post-mortem AD pathology and
ante-mortem cognition [102—104]. Similar patterns have
been observed in other large cohorts, like the 90+ study
[105], the Honolulu-Asia Aging Study (HAAS) [106], and
the Medical Research Council Cognitive Function and
Ageing Study (CFAS) [107]. In addition, it has been esti-
mated that around one-third of the community-dwelling
elderly with intermediate and high levels of AD neuro-
pathology remained cognitively unimpaired [52]. Thus,
a considerable number of the elderly population shows
a discrepancy between their cognition and AD pathol-
ogy. Recently, case-reports have emerged of extreme
resistant or resilient cases, in which individuals with fAD
were able to maintain cognition up to three decades after
the expected onset of symptoms. While these individu-
als were resilient towards Ap, there was either regional
resistance towards tau pathology [108], demonstrated by
low levels of ptau in the frontal cortex and hippocampus
[109], or resilience to ptau, demonstrated by the more
extensive load throughout the brain [110]. Even though
a final neuropathological diagnosis of AD is required in
addition to the clinical symptoms, developments in the
identification of CSF and neuroimaging biomarkers [111]
have allowed monitoring the progression of AD in vivo.
In line with reports that extensive A deposits are found
in the brain at autopsy in cognitively intact individuals,
multiple studies have shown that 20-40% of cognitively
intact individuals over the age of 65 have A} biomarkers
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(measured by PET Pittsburgh Compound-B (PiB) uptake)
above the diagnostic threshold in at least one AD vulner-
able brain region [112-114]. This has also been extended
to different CSF biomarkers, where AD signatures of
these markers were above diagnostic thresholds for cog-
nitively intact elderly [90, 115].

It is crucial to recognize the potential impact of the
many different types of amyloid deposits, as they differ
in their associations with clinical symptoms. The most
commonly described types are diffuse plaques, which
are non-fibrillar and vary in morphology, and dense core
deposits [116, 117], which contain fibrillar Ap and corre-
late better with clinical severity [118]. Furthermore, dense
core plaques can further be characterized by the pres-
ence of a neuritic component if the focal Ap deposit con-
tains tau-positive or dystrophic neurites. Neuritic plaques
(NPs) correlate well with clinical severity and are thought
to closely associate with neuronal loss or atrophy in AD
[119]. For example, in a cohort of individuals with intact
cognition, NPs were associated with lower scores on cog-
nition tests [120]. Strikingly, reduced amounts of NPs
have also been observed in the superior temporal sulcus in
resilient individuals compared to AD patients [91]. Simi-
larly, in resilient donors with similar Braak stages com-
pared to AD patients, reduced amounts of ptau has also
been shown in the middle superior gyrus [84] and in NFTs
in the temporal gyrus [86]. Also, the progression of ptau
could be halted, as in nondemented centenarians very few
resilient donors reached Braak stage 5 or a CERAD score
for NPs higher than 2 [24]. Similarly, in nondemented
donors decreased amounts of AP oligomers (0Af) have
been observed in frontal and parietal cortical lysates [77],
hippocampal lysates [93] and hippocampal synaptosomes
[69], while no differences in the amount of 0AP have been
found in the frontal cortex [81]. Furthermore, reduced
levels of monomeric and multimeric ptau forms have also
been demonstrated in synaptosomes from the superior
temporal sulcus [91], temporal sulcus [68] or hippocam-
pus [96] and in the visual cortex [97], indicating that ptau
is present before tangle formation in AD and that these
levels are lower in resilient donors. oA has been shown to
induce neurotoxic effects associated with loss of dendritic
spines and synaptic function as most synapse-associated
AP in AD patients consist of soluble oligomeric species
and synaptic tau pathology [121-123]. Taken together,
the pictures that emerges from these studies is that resil-
ient donors have a reduced amount of AD pathology that
correlates better with clinical severity, including NPs, A
oligomers and both the progression and load of ptau. Thus,
donors classified as resilient based on global AD neuro-
pathological levels are often in fact resistant, or have BM,
to specific toxic neuropathological species as they have
lower levels than expected of oligomeric species and NPs.
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Concomitant pathological AD changes

While most studies focused on resilience towards the
classic AD neuropathology, i.e. plaques and tangles, more
recent studies have included common co-morbid neu-
ropathological changes, such as granulovacuolar degen-
eration and cerebrovascular disease (CVD) pathologies
like infarcts and atherosclerosis. Whereas Lewy bod-
ies (LB), phosphorylated TAR DNA-binding protein 43
(pTDP-43) and hippocampal sclerosis (HS) are usually
found in other neurodegenerative diseases, it has been
estimated that up to 90% of individuals with AD pathol-
ogy have other degenerative pathologies [124, 125].
Accumulation of multiple of these concomitant neuro-
pathological changes have been linked to an increased
risk of dementia [126]. With respect to resilience, these
mixed neuropathologies have been found in cognitive
intact individuals [127-130]. Nevertheless, the combi-
nations of AD-associated neuropathology such as LB
and TDP-43 differ between individuals. Discoveries of
novel pathologies might influence the resilience capabil-
ity as was recently demonstrated for pTDP-43, which was
found to have a lower frequency in resilient than non-
resilient individuals while finding no differences in other
concomitant AD neuropathology changes [72]. Likewise,
others have shown reduced amounts of CVD, pTDP-43,
HS and LBs when comparing resilient to non-resilient
[90, 131]. Thus, donors classified as resilient in post-mor-
tem studies based on the amount of AD pathology are in
fact resistant or have more BM to extensive amounts of
comorbid pathology such as pTPD-43, which might also
help to maintain cognition in these individuals.

Lifestyle factors contribute to both resilience and resistance

The general hypothesis is that resilient individuals main-
tain cognition despite high amounts of brain pathology
through the influence of genetics, early-life experiences,
education and lifestyle. In clinical settings focusing on
imaging and fluid biomarkers, some studies have shown
that proxies like years of education by itself are not attrib-
utable to reductions in neuropathological burden [132,
133], while others have demonstrated a reduction in
Ap load [134] or changes in CSF tau or A levels [135,
136]. Studies in post-mortem tissue have substantiated
the former results, where education [137], participation
in cognitive activities [138] or a combination of these
factors [130] have all been associated with a reduced
risk of developing dementia independently of pathol-
ogy. However, a few recent studies suggested that even
though these proxies are not associated with classic AD
pathology, reductions in cerebrovascular disease like hip-
pocampal sclerosis [139], gross and microscopic cerebral
infarcts [140, 141] are seen in individuals with resilience
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to AD. Thus, cerebrovascular changes may influence
resilience capacity. In addition, using EE as an animal
model for the influence of factors related to resilience,
multiple studies have shown a reduction in the total
amount of AP or ptau load [40, 56, 142, 143], indicating
EE might not only benefits resilience but also resistance,
or BM, as there are lower levels of AD-related pathology
than expected based on genotype. Others have shown no
changes in AP deposition after EE while still observing
improved cognitive functions [144, 145], suggesting EE
can also lead to resilience. This discrepancy between dif-
ferent studies could be attributed to altered parameters
such as the model, housing conditions of EE or sex.

In summary, several studies have demonstrated dif-
ferences in pathology between resilient and AD cases.
Reduced amounts of more toxic pathological species
such as NPs, oligomers, pathological comorbidities and
ptau are likely to contribute to intact cognition in these
individuals (Fig. 1). Lifestyle factors may reduce the
amount of AD pathology while also protecting against
the toxic effects of the pathology, thus influencing both
resistance and resilience, or both BM and CR. This fur-
ther complicates the definition of resilient donors in
post-mortem brain tissue as current neuropathological
AD staging systems describe the spread of the pathol-
ogy rather than pathological load. Here, we propose that
AD-related pathological changes, which correspond well
with cognitive decline, are most important for resilience,
such as oligomers, cored plaques and NFTs. To iden-
tify mechanisms related to only resilience, both AD and
age-related neuropathology should be corrected for in in
large community cohorts or should be carefully matched
between groups.

Underlying cellular and molecular mechanisms

of resilience

Structural and morphological changes in resilience

In AD, structural changes due to atrophy, loss or injury of
neurons have previously been established. These include
a reduction in total brain weight, cortical neurons, corti-
cal dendrites, spines, synapse densities and reduced brain
volume in specific brain regions such as the cerebral cor-
tex, hippocampus or entorhinal cortex [146-149]. Inter-
estingly, some studies have associated larger volumes in
hippocampal and cortical regions with lifestyle factors
related to resilience, like education [27, 28, 150] or socio-
economic status [151]. However, contradictory results
have been reported where no associations with volume
changes were shown for a similar score for complex men-
tal activity [152], individuals with a more complex occu-
pation or more leisure activities [153]. In animal models,
similar results have been demonstrated where EE lead to
increased cortical thickness [154]. Current evidence on
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morphological and structural changes in resilience is dis-
cussed below.

Differences in brain volume on a macroscopic level
in relation to resilience have been widely studied. Using
PiB PET imaging to visualize AP plaque load, increased
temporal volumes in cognitively intact individuals with a
higher plaque load compared to those with lower plaque
load were demonstrated, while opposite effects were
found in AD patients [155]. Furthermore, diminished
cognitive decline was demonstrated in healthy individu-
als with a high PiB uptake and hippocampal volume com-
pared to those with hippocampal degeneration [156] or
intact hippocampal volume in AD in relation to occu-
pational complexity [157]. Contradictory results have
shown cortical thinning in cognitively intact individuals
with a high PiB uptake compared to a low PiB uptake in
AD vulnerable areas [158]. In addition, low APp42 CSF
levels, which is often used for diagnostic purposes and
is indicative of more AP accumulation in the brain, were
found in cognitively healthy subjects with increased cor-
tical thinning in the supramarginal gyrus compared to
subjects with normal AB42 CSF levels [159]. Thus, these
individuals remained cognitively intact despite a higher
AP load in the brain, based on CSF markers, and corti-
cal thinning. Using post-mortem tissue, a decrease in
cortical thinning in the PFC of AD patients with a higher
cognitive lifestyle score, was demonstrated, but with-
out differences in hippocampal volume [160]. A differ-
ent study demonstrated a reduction in the number of
neurons and cortical thinning in the entorhinal cortex
and superior temporal sulcus in AD patients compared
resilient individuals [67]. The discrepancies in the results
may suggest that resilient individuals remain cognitively
intact through different mechanisms than sheer volume
in brain structures and can withstand more cortical thin-
ning and reductions in hippocampal volume before clini-
cal manifestations become apparent. Apparently, a large
volume is not a prerequisite for the ability to maintain
memory function. Thus, it is likely that alterations rele-
vant to resilience are more pronounced on a cellular and
molecular level.

One possible compensatory mechanism that has
recently been put forward are differences in den-
dritic spines. In post-mortem tissue of resilient donors,
pyramidal neuron dendrites in layers II and III from the
dorsolateral prefrontal cortex (DLPFC) had different
morphological features. The spine density was higher in
these resilient individuals compared to AD patients. In
addition, dendritic spines in resilient donors were longer
compared to both AD patients and age-matched controls
[70]. Subsequent studies have shown positive correlations
between lower MMSE scores and a reduced spine head
diameter [161]. Synaptopodin-labeled dendritic spines
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were preserved in resilient individuals compared to AD
patients in the same brain region [162]. Furthermore,
correlations were found for AP plaques and NFTs with
increased spine length, reduced thin spine head diameter
and increased density of filopodia, which is considered
to be a precursor of dendritic spines [163]. Likewise, the
protein neuritin (NRN1) was identified as a hub protein
related to synaptic changes in resilient donors based on
a network analysis of proteomic data. NRN1 was able
to rescue AP-induced dendritic spine loss in vitro [79].
Lastly, in animal models exposed to EE, or trained for
spatial or associative learning tasks, increased density of
spines have been found [164, 165]. Together, these results
indicate that dendritic spines might change in morphol-
ogy in the presence of AD neuropathology in resilient
individuals compared to both controls and AD donors
to maintain their function and/or that in demented AD
patients particular types of spines are selectively lost. As
dendritic spines in resilient donors have a different mor-
phology to both control and AD donors, it is likely that
this molecular mechanism can be attributed to resilience
or CR.

Neuronal and network activity

In the last decades, it has become more apparent that
increased neuronal activity decreases neuronal vulner-
ability towards AD changes, a phenomenon that was
originally paraphrased as ‘use it or lose it’ [5]. For exam-
ple, the size of the Golgi apparatus, as a measure of
metabolic activity, has been demonstrated to increase in
the nucleus basalis of Meynert in the early Braak stages
[166]. Additionally, changes in gene expression involved
in synaptic activity, plasticity and energy metabolism
were demonstrated in the prefrontal cortex in early AD,
i.e. Braak II-III [167]. These studies demonstrate possible
compensatory mechanisms in early, preclinical AD stages
that might counteract the neuropathological changes to
postpone cognitive impairment. Furthermore, changes
in network activity has been associated with resilience in
several clinical studies using fMRI, in which specific net-
works, such as the left frontal cortex connectivity, were
more active in resilient individuals [85, 168, 169]. Like-
wise, maintenance of resting-state functional connectiv-
ity was measured in the hippocampus in aged rats with
intact learning abilities, similar to younger animals [170].
This could be indicative of maintenance of network con-
nectivity that might protect against age-related cognitive
decline. Likewise, preventing network hyperexcitability
in AD animal models reduced A deposition and rescued
memory deficits [171, 172]. Current studies substan-
tiating claims on neuronal activity on a molecular level
related to resilience are sparse, albeit hypertrophy of neu-
ronal cell bodies has been shown in resilient individuals
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in the anterior and posterior cingulate gyrus, CAl and
primary visual cortex [80, 103, 173], which could be a
compensatory mechanism, a sign of increase in activity
or an indication of increased metabolism in reaction to
AD pathology. More recently, the transcription factor
myocyte enhancer factor-2 (MEF2) was identified as pos-
sible regulator of neuronal activity in resilience, as it was
upregulated after EE, a knock-out of MEF2 resulted in
cognitive impairments and overexcitability and overex-
pression in a tauopathy model (P301S) improved cogni-
tion [66]. Furthermore, MEF2 expression was increased
in a subpopulation of excitatory neurons in post-mortem
tissue of resilient donors compared to AD patients. In
addition, in a large ageing cohort including resilient and
AD donors, the relative abundance of inhibitory neurons
tended to be higher in resilient donors, which was spe-
cifically larger in the reelin (RELN) positive inhibitory
neurons of the LAMP5 subtype [88]. Reelin signaling is
important for neuronal development, cytoskeleton regu-
lation and synaptic plasticity [174]. Interestingly, altera-
tions in RELN expression have been demonstrated in AD
[175], which has been associated, among others, with
increases in ptau and synaptic dysfunction [174]. Hence,
this subtype of inhibitory neuros might protect against
the toxic effects of AD in resilient donors.

Synaptic changes

Other synaptic changes in resilient individuals include
preservation of synapses and synaptic signaling. In resil-
ient individuals, a similar number of synaptophysin (SYP)
labeled presynaptic terminals compared to healthy con-
trols was found, while a decrease of SYP was observed
in AD patients in the medial frontal gyrus [65]. Similar
results were obtained in a different cohort, which showed
a striking preservation of neurons, synaptic markers
and axonal geometry in the superior temporal sulcus
of individuals with a mismatch between post-mortem
AD pathology and ante-mortem cognition [91]. These
individuals, with a similar amount of AD pathology as
AD patients, had similar protein levels of postsynaptic
density 95 (PSD-95) and SYP compared to healthy con-
trols, while these levels were reduced in AD patients in
homogenate frozen tissue samples of the superior tempo-
ral sulcus. Others have also demonstrated decreased SYP
and synaptopodin levels in the middle frontal gyrus in
demented compared to non-demented cases with a Braak
score higher than III [65, 105], whereas no differences
were observed in protein levels of PSD-95 and growth-
associated protein 43 (GAP-43) [105]. Importantly, the
authors showed a correlation between SYP protein lev-
els and the ante-mortem MMSE score. In contrast, in a
different cohort no differences in the levels of SYP were
demonstrated in the frontal cortex between resilient
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individuals and AD patients [87]. Combined, these stud-
ies suggest that resilient individuals maintain their syn-
apse numbers despite the presence of AD-pathology.

Besides changes in protein levels in synapses, altered
gene-expression related to pre- and post-synaptic ter-
minals have also been found using a network analysis in
the posterior cingulate cortex of cognitively intact donors
with Braak stages III/IV and I/II [176]. These included,
amongst others, glutamate ionotropic receptor NMDA
type subunit 2A (GRIN2A) and solute carrier family
17 member 6 (SLCI17A6). Furthermore, using multiple
cohorts to compare AD, resilient and control donors, sev-
eral networks related to neuronal and synaptic proteins
were found based on proteomics data from the DLPFC
[82, 94]. These networks were significantly downregu-
lated in AD compared to controls while resilient donors,
although not significant, were also downregulated. Even
though the amount of tau pathology was lower in the
resilient donors, these results point towards changes in
neuronal and synaptic proteins prior to symptom onset.
Finally, in a different cohort, enrichments for serotonin
and neuronal signalling were found using proteomics in
the parietal cortex in both resilient and control donors
compared to AD patients [74].

Interestingly, preservation of synaptic markers in indi-
viduals with a high pathology load and no cognitive
impairment has also been shown in the hippocampus,
although results vary between studies. Whereas no signif-
icant loss of neurons in the hippocampus was observed in
resilient subjects, only protein levels of SYP were main-
tained in these individuals, while other proteins concen-
trations were reduced similar to AD patients, like VAMP
and synaptotagmin [102]. Recently, besides increased lev-
els of SYP, also higher levels of neurofilament light chain
(NFL-L) and Park5 were found in the hippocampus of
resilient donors compared to AD patients, which might
indicate healthier axons, dendrites and synapses [98]. In
contrast, in a different cohort using Western blot, only
the postsynaptic protein PSD-95 was preserved in resil-
ient individuals, while all other pre- and postsynaptic
proteins, such as Debrin, synapsin-1 (SYN1) or synapse
associated protein 97 (SAP-97), were reduced similar to
AD individuals compared to controls with low pathology
and normal cognition [93]. In addition, by isolating hip-
pocampal postsynaptic densities, fifteen proteins were
found that were uniquely different in resilient individu-
als compared to AD patients and healthy controls [100].
These included calcium/calmodulin-dependent pro-
tein kinase type II subunit alpha (CAMKIl«), keratin
type 1 (KRT10), actin 2 and SYN1, which are crucial for
activity-dependent synaptic remodeling [177] and are
mainly involved in cytoskeletal function. However, the
authors were unable to confirm the changes of a subset



de Vries et al. Molecular Neurodegeneration (2024) 19:33

of proteins in hippocampal tissue from a different cohort
of patients. Futhermore, increased protein levels of glu-
tamate receptors such as AMPA Type Subunit 1 (GluA1)
and metabortopic glutamate receptor 3 (mGluR3) have
been demonstrated in hippocampal lysates of resilient
5xFAD mice, identifyed by comparing learners and non
learners [89]. Increased levels of GluAl in learners is
not suprising, since the insertion of GluAl-containing
AMPA receptors into synapses is required for learning
[178]. Notably, this enrichment of GIluAl at synapses
likely comes at the expense of GluA3-containing AMPA
receptors, which are abundant in inactive synapses [179].
Because the presence of GluA3 is sufficient to make syn-
apses vulnerable to AP [62], learning may potentially
render synapses resilient to AP through a change in
AMPA receptor subunit composition. In AD-BDX ani-
mals that maintained cognition despite increased A lev-
els, increased gene expression was shown in the GABA
transporter SLC6A13 [180]. Furthermore, by using cogni-
tive training as an attempt to delay cognitive decline via
the morris water maze, increased levels of PSD-93, PSD-
95 and SYP were found in the PR5 animal model, which
overexpresses the longest human tau isoform together
with the P301L mutation [181]. Finally, increased levels
of SYP, PSD-95 and synaptic plasticity have been found
in WT animals and in different AD animal models in the
hippocampus after EE [182, 183]. Interestingly, increased
levels of PSD-95 at synapses were shown to protect
againts synaptic deficits induced by Ap [184], which
could explain the preserved cognition in these models.
Several studies have found differences in synaptic pro-
teins involved in vesicle signaling and fusion, such as the
soluble N-ethylmaleimide-sensitive-factor attachment
protein receptor (SNARE) proteins (Fig. 2). Higher pro-
tein levels of complexin I and II, synaptosome-associ-
ated protein of 25 kDa (SNAP25), syntaxin-1A and 1B
(STX1A/B) and vesicle-associated membrane proteins
1/2 (VAMP1/2), have previously been associated with
cognition, after correcting for the amount of AD pathol-
ogy in post-mortem tissue, in different cortical regions
susceptible to AD, including the hippocampus [185].
Subsequent studies have further elucidated the putative
role of complexin in AD, as complexin I levels were most
associated with cognition in Braak 0-II while lower levels
of complexin II were associated with a reduction in cog-
nition in Braak III-VI after correcting for pathology and
synapse density [186]. More recently, using proteomics in
an autopsy community-based cohort, eight cortical pro-
teins were associated with resilience, which were identi-
fied in individuals that maintained cognition over time
after controlling for age-related neuropathology. These,
amongst others, included rabphilin 3A (RPH3A), com-
plexin 1 and NRN1, which are related to vesicle signaling
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Fig. 2 Synaptic changes in resilient individuals compared to AD
patients. Simplified overview of synaptic changes in resilient

donors compared to AD patients. The most pronounced

changes in the resilient synapse compared to the AD situation

in cortical regions are alterations in the SNARE proteins, reduced
amounts of 0AB and increased levels of PSD-95. More sparse

is the evidence for alterations in receptors and their subunits,

such as AMPAR and NDMAR, which has only been found in animal
models. Alterations in synaptic changes in hippocampal regions

is less evident than in cortical regions. Abbreviations: AMPAR; a-am
ino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor,
GIluAT; AMPAR subunit 1, GIuUN2A; NMDAR subunit type 2A, NDMAR;
N-methyl-D-aspartate receptor, oAB; oligomeric amyloid beta, PSD95;
postsynaptic density protein 95, SNAP25; synaptosome-associated
protein of 25 kDa, STX1A; Syntaxin 1A, SYN; synapsin. SYP;
synaptophysin, SYT-12; synaptotagmin 12, VAMP-5; vesicle-associated
membrane protein 5

and neurite outgrowth [99]. In addition, using targeted
proteomics in a larger community sample including AD
and resilient samples, higher levels of STXI1A, synap-
totagmin 12 (SYT12), SNAP25 and syntaxin binding pro-
tein 1 (STXBP1) were associated with better cognitive
performance, while STXBP4, STX7 and SYN2 correlated
with a worse cognition [92]. These findings have been
substantiated by the same researchers after correcting
for cognitive decline and AD pathology, which pointed
to increased STX1A, SNAP25, SYT12 and decreased
SYN2, vesicle associated membrane protein 5 (VAMP5),
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vesicle amine transport 1 (VAT1) and SLC6A12 in resil-
ience [101]. On a transcriptomic level, reduced amounts
of, amongst others, SNAP25, STX1A, STX17, SYNI and
VAMPI-4, have been found in resilient donors, similar
to AD, in multiple brain regions, including hippocam-
pus, entorhinal cortex, frontal and temporal cortex [187].
This shows that there is not a clear overlap between pro-
tein and RNA levels while more importantly, the amount
of resilient individuals included in Liang et al., was low.
Most of these studies point to differences in the SNARE
proteins in resilient donors, which might help them in
maintaining synaptic functioning.

Bjorklund et al., 2012 reported lower total Zn>t lev-
els and lower levels of its synaptic vesicle transporter
zinc transporter 3 (ZnT3) in postsynaptic hippocam-
pal factions in resilient versus AD donors, while similar
levels of synaptic vesicle Zn** were observed between
both groups. The regulation of Zn>" has previously
been linked to synaptic targeting of oAp [188-190],
suggesting that that Zn>' regulation via ZnT3 impairs
this mechanism in resilient individuals. Interestingly,
multiple studies have made the observation of reduced
amounts of oAP in either tissue lysates or synaptic
fractions in resilient donors [77, 93]. Additionally, the
authors found that resilient individuals maintained
cyclic AMP (cAMP)-response element binding protein
(CREB) (pCREB) levels, a transcription factor vital for
synaptic plasticity and memory function [191]. Finally,
as oAP was shown to bind many other targets in the
synaptic cleft [192], there may be other mechanisms
that contribute to the clearance of these oligomers in
resilient individuals.

In summary, both from post-mortem human tissue
and from animal models the notion that maintaining
cognition can be achieved by altering synaptic signal-
ing is evident. Overall the data support the hypothesis
that compared to demented AD patients or cognitively
impaired transgenic animals, resilient individuals or
animals both have, often similar to their respective con-
trols, preservation of neurons and synapses accompa-
nied by altered synaptic signaling. It is likely that these
molecular and cellular processes can be attributed to
resilience or CR.

Neurogenesis and growth factors

Adult human neurogenesis (AHN) occurs predominantly
in the dentate gyrus and subventricular zone located in
the walls of the lateral brain ventricles [193, 194]. Stud-
ies on AHN so far have demonstrated mixed results,
although it is generally believed that neurogenesis is
active throughout adulthood and declines with age [195].
Cellular markers used to study neurogenesis are derived
from animal models and include doublecortin (DCX),
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proliferating cell nuclear antigen (PCNA) or SRY-Box
Transcription Factor 2 (SOX2). Whereas they are well
conserved across different species, they suffer from sev-
eral caveats including sensitivities to post-mortem delays,
fixation time, expression of multiple markers at a given
time and lack of validation in human samples [196, 197].
Recent studies have indicated that higher numbers of
neuroblasts, measured with DCX and PCNA, are asso-
ciated with better cognitive status and that adult human
neurogenesis is reduced in the later stages of AD [196,
198, 199]. Similarly, more immature neurons have been
identified as neurogenic populations from single-cell
sequencing approaches in post-mortem hippocampal tis-
sue of aged individuals compared to AD patients [194,
200]. Thus, it might be possible that cognitive impair-
ment in AD can be ameliorated by diminishing the
reduction of hippocampal neurogenesis. Remarkably,
it has been found that neurogenesis, measured with the
transcription factor SOX2, might be increased in resil-
ient individuals, as populations of neuronal stem cells
were preserved in the dentate gyrus in these individuals,
similar to controls, while these were lower in AD patients
[71]. The same authors showed that increased amounts
of neurons did not correlate with increased cognition,
hypothesizing that other mechanisms of neuronal stem
cells might play a role. Nevertheless, the results were
based on just 4 resilient donors. The possible preserva-
tion of neurogenesis in resilient individuals remains to be
further elucidated with markers that study neurogenesis
directly instead of precursor stages.

A possible mechanism through which neuronal stem
cells may contribute to maintaining cognition, aside from
adding new neuronal populations, is through the release
of exosomes, often filled with microRNAs (miRNAs).
Interestingly, miRNA-485, miRNA-4723 and miRNA-149
were differentially expressed in the hippocampus or fron-
tal cortex in AD compared to healthy controls or resilient
individuals [201]. Administration of exosomes isolated
from neuronal stem cell cultures, which contained the
same miRNAs, have shown to ameliorate cognitive defi-
cits in vivo in mice and protect against synaptic deficits
in vitro [201, 202]. Thus, it can be hypothesized that the
increased levels of miRNA’s that regulate synaptic genes
find their origin in exosomes released from neuronal
stem cells. Furthermore, miRNAs from exosomes have
previously been linked to aging, synaptic plasticity [203]
and neuroprotection [204]. However, exosomes have also
been shown to be involved in the propagation of tau in
AD [205, 206]. Evidently, the role of extracellular vesicles
in AD progression and in resilience is an exciting topic
for further study.

Higher serum brain derived neurotrophic factor
(BDNF) levels have been linked to a reduced risk of
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developing dementia [207] and with a slower cognitive
decline with the strongest effects in individuals with
higher amounts of AD pathology [208]. Importantly,
this effect remained significant after accounting for
AD neuropathology. BDNF could possibly contribute
to resilience as it has previously been associated with
neurogenesis [209], synaptic plasticity [210] and den-
dritic density [211]. In line with this, administration of
BDNF restores learning and memory in different mouse
models of AD and in aged rats [212]. In addition, social
interactions and environmental enrichment improve
memory-deficits through BDNF-dependent hippocam-
pal neurogenesis [209, 213]. Furthermore, a recent
small scale intervention study demonstrated an increase
in serum BDNF levels in females with mild cognitive
impairment (MCI) after eight weeks of mental training
[214]. Nevertheless, no differences in BNDF levels from
frontal tissue homogenate were found in resilient indi-
viduals, aged 90 years or older, compared to age-matched
AD patients [87].

Although the effects of BDNF in resilient individuals
remain elusive, differences have been found in other neu-
rotrophic factors. Increased levels of vascular endothelial
growth factor A (VEGFa), nerve growth factor inducible
(VGF), fibroblast growth factor 2 (FGF2) and platelet-
derived growth factor (PDGF) and decreased levels of
pigment epithelium-derived factor (PEDF), have been
found in resilient donors compared to AD patients [67,
87, 101]. Furthermore, numerous studies have demon-
strated increased levels of growth factors in the hip-
pocampus of animals after EE, such as nerve growth
factor (NGF), VEGF or BDNF [215-217]. VEGF, FGF2
and PEDF are involved, amongst other roles, in neu-
rogenesis and plasticity [reviewed in: [218-222]. Fur-
thermore, FGF2 reduces inflammation and amyloid
deposition in the hippocampus [223, 224] while VEGFa
is also involved in angiogenesis, neural migration and
protection and blood—brain-barrier integrity [221]. NGF
regulates the functional state of cholinergic neurons in
the basal forebrain, which has been demonstrated via
retrograde transport from the hippocampus and influ-
ences learning and memory. Overexpression of growth
factors, including FGF2, PDGF, VEGF or NGF have been
linked to improvements in hippocampal functioning in
AD mouse models [225, 226]. Interestingly, in light of
the results from epidemiological studies and the prom-
ising role of growth factors in animal models, NGF has
been tested in humans [227], whereas a clinical study for
BDNEF is underway.

Taken together, these results indicate that environ-
mental influences, in particular in animal models, can
increase the amount of growth factors, which is likely to
contribute to cognition. It is therefore conceivable that
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some of these growth factors also play a role in resilience
to AD. Maintaining levels of growth factors and the pos-
sible maintenance of neurogenesis in resilient donors
could be attributed to BM, as the levels remain similar to
controls.

Glial cells and inflammation
In recent years, the role of the immune system in the
pathophysiology of AD has received more and more
attention. Neuroinflammation, characterized by reactive
astrogliosis, microgliosis and release of inflammatory
cytokines, has been associated with disease progression
and cognitive decline [43, 228]. Initially, the reaction of
microglia and astrocyte towards AD pathology is ben-
eficial as these cells are involved in A clearance. How-
ever, over the course of the disease, activated microglia
shift to a more pathological state in which they release
pro-inflammatory mediators, such as interleukin (IL)-1f,
IL-6, and tumor necrosis factor-a (TNF-a). Genome-
wide association studies (GWAS) have identified numer-
ous genetic variants associated with microglia in AD,
which could increase the risk to develop AD. The most
studied variant is in triggering receptor expressed on
myeloid cells 2 (TREM2). The TREM2 variants have been
hypothesized to hamper the ability to phagocytose AP
[229]. In addition, multiple studies have shown an altered
state of microglia in AD, as indicated by markers associ-
ated with microglial activation, including HLA-DR and
CD86 [230, 231], or by an altered transcriptomic profile,
such as disease-associated microglia (DAM), or based on
morphological changes [232]. Similarly, reactive astro-
gliosis has also been found to accumulate around AD
pathology [233, 234], which is characterized by increased
expression of glial fibrillary acidic protein (GFAP), mor-
phological alterations and functional changes [235] and is
inversely associated with cognition [236]. While activated
astrocytes provide neuroprotection via release of neuro-
trophic factors and have a role in the degradation of Ap
[237], they also play a role in neuroinflammation.
Remarkably, multiple studies have demonstrated a
lower density and a different morphology of glial cells in
post-mortem human brain tissue in resilient individuals
compared to AD patients. Increased levels of markers
related to glial cells such as TREM2 and tyrosine kinase
binding protein (TYROBP) have been found in the tem-
poral cortex [238], and complement C5b-9 and HLA-
DR in the entorhinal cortex and frontal gyrus superior
[239] and HLA-DR, DP and DQ sub-regions in the hip-
pocampus [240] in AD patients versus resilient donors
with a high AP load and healthy controls. Others have
shown different microglial states in AD donors com-
pared to both resilient donors with similar amounts of
both AP and tau pathology and control donors based on
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the marker CD68 in the entorhinal cortex and superior
temporal sulcus [67, 91]. Similarly, increased CD68 and a
trend toward increased HLA-DR and decreased TM119
and P2RY12 has been shown in both the temporal pole
and visual cortex in AD patients compared to resilient
and control donors, demonstrating that these changes
already become apparent in the visual cortex before the
presence of AD pathology [53]. Finally, increased CD68
has also been demonstrated in the environment of NFT-
bearing neurons in AD donors compared to resilient
individuals in the CA1 region of the hippocampus [98].
Others have shown similar levels of HLA-DR in the
middle frontal gyrus or superior and middle temporal
gyri between AD cases and resilient donors with only a
high AP load [241], making it impossible to determine
whether these individuals are resilient or would have
developed dementia in time. Similar levels of microglial
activation between AD patients and resilient donors
with only high amounts of AB pathology have also been
demonstrated in the precuneus with the marker CD36
[242]. Very recently, increased levels of Ibal, TREM2,
TYROBP and CD68 were found near plaques in the fron-
tal cortex when comparing resilient with AD donors,
indicating not only a higher number but also more hyper-
active microglia around plaques in resilient donors [78].
The authors hypothesized that these results indicate a
phagocytic microglial subpopulation in resilient ver-
sus demented AD individuals, as more healthy synapses
were observed near plaques in resilient donors, based
on MAP2 or BIII Tubulin as axonal or dendritic markers
and the amount of phosphatidylserine from isolated syn-
aptosomes. Phosphatidylserine has been hypothesized
to be a neuronal “eat-me” marker for microglial synaptic
pruning. In animal models, a striking observation was
made after crossing either APP/PS1 or PS19 (harboring
MAPTP%) mice with animals with TYROBP knockout
animals. Both models showed improvement in learning
behavior and synaptic signaling compared to transgenic
animals with WT TYROBP while having similar amounts
of AD pathology [243, 244]. In addition, the knockout
also reduced microglia recruitment around plaques,
reduced levels of complement protein Clq and reduced
expression of genes related to the switch in phenotype
from homeostatic microglia to DAM. One hypothesis
that could explain the discrepancy between the results
of post-mortem human tissue and animal models with
respect to TYROBP functioning is that in resilient donors
microglia become efficient in clearing AP without adapt-
ing a DAM-like phenotype or developing senescence over
time, while in animal models microglia are adapting this
DAM-like phenotype. Furthermore, lower expression of
susceptibility genes for AD related to microglial function,
such as low affinity immunoglobulin gamma Fc region
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receptor II-b (Fcgr2b), cathepsin H (Ctsh), hematopoietic
cell-specific Lyn substrate 1 (Hclsl) or integrin subunit
beta 2 (I/tgh2), have been found in resilient AD-BDX mice,
identified by comparing animals with intact and impaired
cognition with similar amounts of AP pathology [180].
Interestingly, decreased expression levels of the inflam-
matory pathway of NOD-, LRR- and pyrin domain-con-
taining 3 (NLRP3) inflammasome, caspase-1 and IL-1B
were demonstrated after a behavioral training paradigm
as a model to stimulate learning experiences in PR5 ani-
mals [181], which highlights the possibility that lifelong
factors in resilient donors might cause a reduction in the
NLRP3 inflammasome. Activation of the NLRP3 inflam-
masome has been demonstrated in both AD patients
and high pathology controls in the medial temporal lobe,
indicating that inflammation as a reaction to AD pathol-
ogy is also present before clinical symptoms appear. Nev-
ertheless, as the amount of pathology varied in the high
pathological controls, it remains difficult to determine if
these are resilient donors [245].

Several studies have implicated a role for astrocytes in
resilience. In post-mortem tissue of resilient individu-
als, similar GFAP levels have been found compared to
age-matched controls while higher amounts were found
in AD patients in the superior temporal sulcus [91],
entorhinal cortex [67], medial frontal or superior and
medial temporal gyri [241] and temporal pole and visual
cortex [53]. Also, in the environment of NFT-bearing
neurons an increase of GFAP has been found in AD com-
pared to resilient donors in the hippocampus [98]. Oth-
ers have found thicker and longer processes in astrocytes
in resilient donors compared to both AD and control
donors and increased Glutamate transporter-1 (GLT-1)
expression in astrocytes in resilient and control donors
compared to AD patients in the entorhinal cortex [83].
GLT-1 is the main glutamate transporter in the brain and
a reduction has been associated with cognitive impair-
ment in AD. Whereas, increased densities of GFAP has
been found in the medial frontal gyrus cortex in resilient
individuals compared to AD-patients [65], no differences
were found in GFAP protein levels using ELISA between
resilient individuals and AD patients in the frontal lobe
[87]. The same study also demonstrated increased levels
of S100B in AD patients, which is a molecule secreted by
astrocytes and is both associated with trophic and toxic
effects, such as increased pro-inflammatory cytokines
and influxes of AP at the blood-brain barrier via the
S100B/RAGE pathway.

Only a handful of studies have used omics technologies
in resilient post-mortem tissue to investigate different
glial states. Using a network approach of co-expressed
proteins based on proteomics data, several networks
related to glial cells were identified that were significantly
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activated in AD compared to control, while high pathol-
ogy controls with similar levels of Af, but reduced levels
of ptau, did not differ between both conditions [82, 94].
Likewise, different cellular communities, or cell states
that correlate with each other, were identified in AD and
resilient samples. These cellular communities correlated
well with demented individuals and a high tau burden,
while others were associated with unimpaired resilient
individuals with a lower tau burden [73]. This would sug-
gest that different cell states, including different micro-
glia and astrocyte states, may be important mediators of
cognitive decline. Finally, plaque-induced genes (PIGs)
have been identified as a local response to AP, concern-
ing genes of the complement system, oxidative stress,
lysosomes, and inflammation, which are mainly enriched
in glial cells near AP plaques [246]. As it is hypothesized
that resilient individuals are able to withstand more Ap
plaques or are able to more effectively clear AP plaques, it
might be possible that the glial cells have a different reac-
tion to the plaques by having a lower expression of these
PIGs.

In AD, microglia and astrocytes are conceivably the pri-
mary source of cytokines, which play an important role
in proinflammatory and anti-inflammatory processes.
Increased synthesis of the pro-inflammatory cytokines
TNEF-«, IEN-y, IL-1p, IL-6, IL-18 and their cognate recep-
tors have been found in AD [247]. A recent study has
indicated that resilient individuals have distinct profiles
of cytokines in the entorhinal cortex and superior tem-
poral sulcus. Individuals that remained cognitively intact
despite a high or intermediate amount of AD pathol-
ogy had lower levels of the pro-inflammatory cytokines
IL-1pB, IL-6, IL-13, IL-4 or IL-6, IL-10, IP-10, respectively,
compared to AD patients and controls [67]. Interestingly,
the authors demonstrated a reduction in expression of
chemokines associated with microglial recruitment, such
as MCP-1 and MIP-1a in resilient individuals compared
to AD patients. Similarly, a reduced amount of CD8+T
cells have been found in both the hippocampus and PFC
in resilient individuals [240]. It could be postulated that
glial cells in AD patients are not able to clear A plaques,
which results in a more pathological phenotype, in which
they release more pro-inflammatory cytokines. In the
resilient situation, these glial cells might be able to clear
Ap better and are not obtaining such a pathological phe-
notype resulting in a different cytokine profile.

To summarize, most studies showed reduced amounts
of activated glial cells associated with AD pathology, acti-
vated microglia with effective phagocytotic capacities
and possibly a different cytokine profile. Less neuroin-
flammation in these donors could prevent aberrations in
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microglia homeostatic functions like surveillance, syn-
aptic pruning and plasticity and more efficient clearance
of AP [248]. Thus, it can be hypothesized that the differ-
ences between glial states between resilient individuals
and AD patients contribute to both resilience or CR, as
they might stay in more homeostatic states despite the
presence of AD pathology, and resistance or BM, as they
can effectively clear pathology, lowering the amounts of
AD pathology. In addition, glial cells have been shown
to be influenced by lifestyle factors as they are sensitive
to changes in the enviroment [249, 250]. For example,
in AD animal models, environmental influences via EE
were shown to prevent astroglial pathological changes
[57, 251]. As a recent animal study indicated that newly
formed neurons do not integrate in the dentate gyrus in
AD due to changes in the microenvironment [34], main-
tenance of homeostatic functions of microglia might
preserve the microenvironment and thereby maintain
adult neurogenesis. So far, studies on glial cells in resil-
ience have relied on histological activation markers,
limiting the classification of different microglial or astro-
glial subtypes and thereby hampering the interpretation
of these results [252, 253]. Ultimately, a whole range of
phenotypic remodeling may occur in these cells, some of
which are related to neuroprotection while other changes
are pathological. It is vital to validate whether different
activated microglia or astroglia subtypes might protect
against or exacerbate the pathophysiology of AD, and to
investigate if previously identified DAM or PIGs are pre-
sent in resilient donors by using single-cell approaches.

Mitochondrial changes

To date, many studies have shown mitochondrial dys-
function in the brain of AD patients and impaired energy
metabolism is an early and consistent feature in AD
[254]. Using fluoro-2-deoxyglucose positron-emission
tomography (FDG-PET), a decline in glucose utilization
has been found in multiple brain regions in AD [255]. As
glucose hypometabolism has been generally interpreted
as impaired energy metabolism via, amongst others,
oxidative phosphorylation, changes in glucose utiliza-
tion have also been implicated to involve mitochondrial
dysfunction. Interestingly, Arenaza-Urquijo et al. [64]
showed maintenance of glucose metabolism in resilient
individuals by using FDG-PET in the bilateral anterior-
mid cingulate, medial prefrontal and anterior temporal
lobes. The resilient individuals were identified based on
intact cognition, AP load measured by PET PiB and cor-
tical thickness. Consistent with the findings of impaired
energy metabolism in AD and its possible maintenance
in resilience, multiple studies have identified changes in
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mitochondrial related metabolic pathways in AD [256,
257]. Remarkably, in post-mortem brain tissue using
proteomics, an decrease in mitochondrial subunits was
found after a network analysis in the DLPFC and pre-
cuneus of AD patients compared to both resilient and
control donors [82, 94]. On a proteomic level, multiple
mitochondrial subunits were associated with resilience
in the dorsolateral prefrontal cortex after correcting for
cognitive decline and AD pathology in a large commu-
nity-based cohort [101]. Similarly, using protein lysates
enriched for synaptic fractions from the parietal cortex,
enrichments of mitochondrial proteins were present in
resilient donors compared to AD patients [74]. Besides
post-mortem tissue, differences in protein abundance
in cognitively intact 5xFAD mice compared to impaired
animals included proteins related to mitochondrial func-
tioning [89]. Together, these results point to maintenance
of mitochondrial function in resilient and control donors
opposed to the apparent mitochondrial dysfunction in
AD patients.

Repair mechanisms and cellular health

If mitochondrial dysfunction might be lower in resilient
donors, reduction in oxidative stress and resulting DNA
damage might be decreased. Increased DNA damage as
a result of oxidative stress has been established to play a
role in the pathogenesis of AD [258]. For instance, pro-
teins that are related to high cellular stress and energy
demands that are upregulated in response to oxidative
stress, such as, PTEN induced kinase 1 (PINK1) and
NADP +dependent isocitrate dehydrogenase 1 (IDH1),
were reduced in the microenvironment of NFT-bearing
neurons in the hippocampus of post-mortem tissue from
resilient donors compared with AD patients [98], indi-
cating that resilient donors might have reduced levels of
oxidative stress. Furthermore, aberrant levels of Ki-67
were found in AD compared to the resilient donors,
from which the authors hypothesized that in the resilient
NFT-bearing donors there was less entry into a senes-
cence phenotype. However, in a different cohort, protein
markers for oxidative stress, such as protein carbonyls
PC, 4-hydroxynonenal 4-HNE and 3-nitrotyrosine, were
upregulated in hippocampi of both high pathology con-
trols and donors with MCI in comparison to low pathol-
ogy controls [93]. In addition, AD donors showed high
levels of oxidative DNA damage compared to control,
while this was lower in the resilient compared to the AD
donors. In the same donors significant reductions were
observed in DNA repair in AD patients compared to both
control and resilient donors [95]. Likewise, more DNA
damage in AD patients compared to control, but not
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resilient donors, has been substantiated with the marker
YH2AX in the temporal and between AD patients and
both control and resilient donors in the visual cortex [53].
Hence, resilient individuals might maintain cognition by
reducing DNA damage, which might increases as pathol-
ogy progresses. Other molecular mechanisms related
to cellular health and maintenance of repair include the
ubiquitin—proteasomal pathway, which was shown to be
differentially regulated in multiple cortical brain regions,
in both resilient and AD compared to control donors
[187], while more recently ubiquitin-like modifier acti-
vating enzyme 1 (UBA1) was shown to be associated with
resilience after correcting for pathological comorbidities
[99]. Lastly, higher CD47 levels were linked to resilience
in synaptosomes [259] or in proteomics in a community
sample after accounting for cognitive decline and AD
pathology [101]. CD47 is a cell surface ligand, acting as
a "don’t eat me" signal to prevent phagocytosis. Thus, it
can be hypothesized that cellular health and DNA repair
mechanisms are maintained in resilience to AD. Some
mechanisms are likely related to BM, such as the possible
absence of oxidative stress, reduced levels of cell senes-
cence, and increased CD47. On the other hand, UBA1
has been associated with a range of different processes
ranging from protein degradation to neuronal function
[260] and thus cannot be assigned to only resilience or
resistance, or CR or BM.

Genetic factors

Over recent years it has become evident that genet-
ics play a large role in the development of AD. It has
been estimated that the heritability of AD lies between
50-80% [261], suggesting that susceptibility or resilience
to AD is partly determined by genetic factors. Specific
single-nucleotide polymorphism (SNPs) that increase the
risk of AD could be absent in resilient individuals, those
who increase cognition might be more present and finally
novel SNPs from GWAS studies in resilient donors could
point to novel mechanisms. Examples of these SNPs will
be discussed in the next section.

LOAD has been associated with multiple common var-
iants with a low effect size [262, 263], with apolipoprotein
E (ApoE) as the strongest genetic risk locus. ApoE pro-
teins form lipoprotein particles that are involved in lipid
transport and contribute to both clearance and deposi-
tion of AP peptides and has been associated with longev-
ity, depending on the isoform. ApoE4 has been shown to
reduce the clearance and increase the deposition of Ap
in plaques and to decrease metabolic activity compared
to ApoE3 [264], while ApoE2 has been associated with
a reduced risk of AD [265]. Carrying the ApoE4 allele
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would therefore not help acquiring resilience. Neverthe-
less, several studies have shown that lifestyle factors such
as education, leisure activities or maintaining vascular
health can still reduce the risk of dementia in ApoE4 car-
riers [266—269]. Besides genetic variants in ApoE, other
studies have shown that certain SNPs associated with AD
might be less prevalent in resilient donors. For example,
one of the highest risk factors from previously performed
GWAS studies in AD are variants in TREM2. While there
are no studies to date demonstrating a reduced preva-
lence of SNPs in TREM2 in resilient donors, it is likely
that resilient donors have a reduced genetic risk for AD
and thus lack SNPs related to AD. More TREM2 was
recently demonstrated around plaques in post-mortem
tissue of resilient donors [78]. Furthermore, the absence
of other well-known SNPs related to AD like clusterin
(CLU), phosphatidylinositol binding clathrin assembly
protein (PICALM), manganese superoxide dismutase
(MnSOD), ATP binding cassette subfamily A member 7
(ABCA?7) or microtubule-associated protein tau (MAPT)
have been linked to better memory function in indi-
viduals that were 90+ years old [270, 271] or in resilient
donors [272].

Besides genetic variants that may increase susceptibil-
ity to AD, several studies have identified individual SNPs
that may promote cognitive functioning in adults. For
example, variants in KLOHTO or RABIO0 are associated
with enhanced cognition [273, 274] or intact cognition
in individuals with a high genetic risk of AD [275]. The
BDNF Val66Met polymorphism impairs the expression
of BDNF and the absence of this SNP has been associated
with individuals labeled as resilient [276, 277]. Another
SNP that has been found in non-demented elderly with
a high compared to a low NFT burden is the glycopro-
tein reelin (RELN) [278]. Furthermore, a gain of func-
tion SNP in RELN was recently identified in a resilient
individual to fAD, which maintained cognition up to
three decades after the expected onset of symptoms
[110]. More recently, an increased proportion of RLEN-
positive inhibitory neurons of the LAMP5 subclass was
found in post-mortem tissue of resilient donors [88]. The
increased expression of reelin in resilient individuals in
specific cell types or through polymorphisms in RELN
might protect against AD pathology and its toxic effects.
Finally, variants in phospholipase C gamma 2 (PLGC2)
have been associated with longevity [279], which is
enriched in microglia and hypothesized to be in the same
signaling pathway as TREM?2 [280].

Other studies have performed gene-wide association
studies (GWAS) on resilient individuals by characterizing
individuals based on their global cognitive performance
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after controlling for demographics and neuropathol-
ogy [281]. These variants included unc-5 netrin recep-
tor C (UNC5C), ectodermal-neural cortex 1 (ENCI),
and transmembrane protein 106B (TMEMI106B), which
have been linked to increased risk of LOAD and sus-
ceptibility to neuronal cell death [282], neuroprotective
mechanisms [283] and reduced risk for TDP-43 inclu-
sions [284], respectively. Other researchers identified
different genetic variations associated with resilience in
individuals whose cognitive functioning was better than
predicted based on neuroimaging [285]. Only a single
SNP in ribonuclease A family member 13 (RNASE13)
was associated with a better performance that was highly
associated with pathways related to spines, presynaptic
membranes, and postsynaptic densities [286, 287]. While
these previous studies all had limited sample sizes, this
problem was recently tackled by combining recent pub-
licly available genetic and in vivo imaging data from a
clinical trial and three longitudinal cohort studies of AD
[75]. A SNP associated with resilience was identified in
ATPase phospholipid transporting 8B1 (ATP8BI) which
encodes the protein amino phospholipid translocase,
which is vital for bile acid homeostasis in the liver. Bile
acids have been suggested as potential biological contrib-
utors to AD as they associate with AD biomarkers and
are increased in AD [288]. Taken together, these studies
indicate that resilient donors might have a lower genetic
risk for AD and possibly have specific protective SNPs,
although large cohort studies are required to increase
sample sizes to replicate current targets. Moreover,
beyond identifying susceptibility or protective genes in
AD, understanding the mechanisms through which these
variants influence reserve capability will be essential to
identify key processes in maintaining cognition.

Chanages in lipids

Large-scale GWAS for AD have identified several risk loci
and pathways related to lipid metabolism, such as ApoE,
ATP-binding cassette transporter 1 (ABCAI) or ABCA7.
As lipids provide scaffolds for neurotransmission and
atrophy in AD involves the loss of structural lipids, they
are likely to play a role in resilient individuals, in which
often atrophy is absent and neuronal health preserved.
Increased amounts of diacylglycerol (DAG) and mono-
acylglycerol (MAG) lipases were found in AD patients
while the levels in resilient donors were comparable to
those of control [289]. DAG pools are tightly regulated
as they serve multiple critical roles including precursors
for structural glycerophospholipids and MAG, mediators
of signal transduction via activation of protein kinase C,
protein kinase D, Ca2+/calmodulin-dependent protein
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kinase II (CaMKII) RasGRP1/Ras/Erk MAPK, chimaer-
ins, and muncl3 proteins that regulate neurotransmitter
release, regulation of immunological synapse function
and ROS production in microglia. The differences in
DAG pools between resilient and AD donors is a clear
example of an upstream process involved in a plethora of
metabolic processes, making it impossible to distinguish
if it would be related to resilience or resistance, or CR
or BM. In addition, by identifying resilient Tg2576 ani-
mals by comparing learners and non-learners, PLA2G4E
has been put forward as a candidate gene for resilience
[35]. Higher levels of this phospholipase were found in
the hippocampus of resilient mice compared to impaired
animals. Furthermore, increased PLA2G4E has also been
demonstrated in the temporal cortex of cognitively intact
patients with AD pathology (Braak II-IV) and in control
donors compared to AD patients (Braak V-VI), while
upregulation restored cognitive deficits in APP/PS1 ani-
mals and increased spine density.

Sex differences

Approximately two-thirds of patients diagnosed with AD
are female [290], which also holds true after controlling
for age [291]. Numerous studies have demonstrated that
sex might play an important role in the pathophysiology
of AD [292]. In animal models for AD, females display
learning deficits earlier than males [293] and blocking
microglial proliferation with colony-stimulating fac-
tor-1 (CSFIR) inhibitors only led to a reduction in tau
and to gene-expression patters similar to WT animals in
females, but not in males [294]. In cognitively intact indi-
viduals, women have more AD pathology than men [295]
and markers related to estrogenic/androgenic and neu-
ronal activity differed between sexes [296]. It is therefore
not unlikely that resilience to AD could be attributed to
different cellular and molecular mechanisms depending
on sex. Recently, a female-specific SNP was found located
near GATA Binding Protein 3 (GATA3), which correlated
with higher resilience scores in females [76]. GATA3 is
a transcription factor that has been related to estrogen
receptor signaling and regulation of T cells. Differences
in sex should be considered when investigating potential
mechanisms related to resilience.

Concluding remarks

It is evident that some individuals are able to withstand
significant amounts of AD neuropathology while main-
taining cognition. In both humans and animal models it
has been well established that cognitive stimuli and life-
style factors have a positive influence on cognition. The
concept of reserve or resilience remains widely debated
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as is evident from the different criteria and definitions
that are used. Novel methods have allowed to iden-
tify resilient subjects with more precision during life
by using imaging or fluid-based biomarkers and the
advancing implementation of omics will help to identify
novel molecular changes that could explain resilience
mechanistically. Regardless, only when a full picture of
all pathological lesions and measurements of cognitive
performance over time are available, distinctions can be
made between true resilient individuals or those who are
likely to develop dementia. This is currently only feasible
in a few large-scale longitudinal cohorts.

Fortunately, most studies focussing on molecular and
cellular mechanisms related to resilience are pointing
in similar directions. Differences in synaptic signalling,
such as the maintenance of presynaptic SNARE pro-
teins (Fig. 2), glial reactions to AD pathology, genetic
background and changes in mitochondria are becom-
ing increasingly more apparent to play a prominent role
in mediating resilience (Fig. 3). This suggests a potential
biological substrate of resilience, in which the cellular
responses to AD pathology in both neurons and glial cells
remain homeostatic. These responses prevent the transi-
tion into irreversible states that could otherwise contrib-
ute to the progression of the disease. Importantly, to what
extent the observed changes are causal or simply cor-
relate with resilient individuals should be further estab-
lished. Interestingly, lifestyle factors seem to influence
both resilience and resistance, or CR and BM, as they are
both associated with maintaining brain functions despite
the presence of AD pathology or with lower amounts of
AD pathology than expected. It can be hypothesized that
these phenomena are part of the same biological spec-
trum, in which individuals initially have more resistance
to AD pathology until pathology can no longer be cleared
and resilience comes into play. We postulate that both
resistant and resilient mechanisms can help to maintain
cognition until a certain tipping point, at which the lev-
els of pathology or disease-related processes become too
severe. This has also been illustrated by the fact that there
are no cognitively intact centenarians with end-stage
amounts of AD pathology [24]. Furthermore, it might
be possible that not all resilient donors share the same
mechanisms to remain cognitively intact. For example,
differences in sex might play a role, or the presence of
specific genetic risk factors could lead to different molec-
ular subtypes for resilience, which was recently shown to
be true for AD patients [297].

Ultimately, by elucidating the molecular and cellu-
lar mechanisms, novel drug targets can be identified.
However, as most identified mechanisms are currently
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Fig. 3 Schematic overview of most pronounced cellular and molecular changes in resilient individuals compared to AD patients. Compared

to AD patients, multiple studies have indicated a different glial reaction to AD pathology in resilient donors. A reduction in the total number

of microglia based on the markers TREM2, HLA-DR or CD86 have been found in resilient donors, while others have shown an increase of these
markers near plaques in resilient donors, indicating a more phagocytotic subpopulation of microglia. While it has been hypothesized that microglia
lack a DAM-like phenotype in resilience, this remains to be substantiated. In astrocytes, more homeostatic properties have been found, such

as increased processes, increased expression of GLT-1 and reduced amounts of GFAP. Furthermore, an altered cytokine profile was observed

in resilient donors. Reductions of both oxidative stress and DNA damage was observed based on the markers PINK, IDH1 and YH2AX. Mitochondria
dysfunction was reduced in resilient donors, as increased oxidative phosphorylation and mitochondrial subunits were increased compared

to AD patients. Increased levels of the “do not eat me signal”CD47 and increased levels and altered morphologies of dendritic spines were

found in resilient donors compared to AD. Abbreviations: CD47; cluster of differentiation 47, DAM; damage associated microglia, CD68; cluster

of differentiation 68, GLT-1; glutamate transporter-1, GFAP; glial fibrillary acidic protein, HLA-DR; major histocompatibility complex, class II, DR alpha,
IDH1; isocitrate dehydrogenase (NADP(+)) 1, NDUFs; NADH:ubiquinone oxidoreductase core subunits, PINK; PTEN-induced kinase 1, TYROBP; TYRO
protein tyrosine kinase-binding protein, YH2AX; H2A histone family member X

derived from post-mortem tissue, causality is often
lacking and should be prioritized. One example of how
investigating resilience individuals can help with identi-
fying novel therapeutic approaches was the observation
of the cellular senescence stress response in NFT-bear-
ing neurons [298], which was higher in AD patients
than resilient individuals [98]. This observation has led
to a clinical pilot to test senolytic drugs, which clear
senescent cells, in AD [299]. Finally, one important fac-
tor when attempting to activate resilient mechanism in
AD patients, is disease stage. It might be possible that
once the disease has progressed too far that activat-
ing resilient or resistant mechanisms is no longer suc-
cessful, as it is uncertain if resilient donors themselves
remain cognitively intact with end-stage amounts of AD
pathology.

The question remains how lifestyle factors ultimately
lead to molecular and cellular changes. Future studies
should carefully characterize resilient individuals, con-
firm their findings in different cohorts and determine
the causality of their findings. Only then processes that
might be neuroprotective against AD can be discrimi-
nated. Eventually, newly identified targets that could
explain resilience should ultimately lead to novel avenues
of therapeutic developments of AD, by activating mecha-
nism of resilience in AD patients.
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