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Abstract

Since the original description of amyloid-β plaques and tau tangles more than 100 years ago, 

these lesions are considered the neuropathological hallmarks of Alzheimer disease (AD). The 

prevalence of plaques, tangles and dementia increases with age, and the lesions are considered 

to be causally related to the cognitive symptoms of AD. Current schemes for assessing AD 

lesion burden examine the distribution, abundance and characteristics of plaques and tangles at 

post-mortem, yielding an estimate of the likelihood of cognitive impairment. Although this is 

highly predictive for most individuals, in some instances a striking mismatch between lesions 

and symptoms can be observed. A small subset of individuals harbour a high burden of plaques 

and tangles at autopsy, which would be expected to have had devastating clinical consequences, 

but remain at their cognitive baseline, indicating ‘resilience’. The study of these brains might 

provide the key to understanding the ‘black box’ between accumulation of plaques and tangles 

and cognitive impairment, and show the way towards disease-modifying treatments for AD. In this 

Review, we begin by considering the heterogeneity of clinical manifestations associated with the 

presence of plaques and tangles, and then focus on insights derived from the rare yet informative 

individuals who display high amounts of amyloid and tau deposition in their brains (observed 

directly at autopsy) without manifesting dementia during life. The resilient response of these 

individuals to the gradual accumulation of plaques and tangles has potential implications for 

assessing an individual’s risk of AD and for the development of interventions aimed at preserving 

cognition.

Introduction

A plethora of autopsy studies have convincingly shown that the frequency of both amyloid-β 
(Aβ) plaques and tau neurofibrillary tangles — the classic neuropathological hallmarks 

of Alzheimer disease (AD) — increases with age, as does the prevalence of dementia1. 
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Currently, the dominant view is that these pathological changes silently accumulate in 

the brain over years or decades before the development of clinical symptoms of AD2–4. 

However, the definition of AD exclusively through plaques and tangles, regardless of the 

presence or absence of clinical symptoms of dementia, remains problematic. Plaques and 

tangles are objective and quantifiable pathological findings that can, but do not always, 

correlate with changes in cognitive function at individual level. Increasing evidence from 

cohort studies of ageing and dementia suggests that not everyone who harbors plaques and 

tangles in the brain at post-mortem had clinical symptoms of the disease during life.

For example, in the Nun Study cohort, 12% of participants with intact cognition at time of 

death had abundant Aβ plaques and neurofibrillary tangles at post-mortem examination5. 

Consistent with these observations, in the Religious Orders Study and the Memory and 

Aging Project, one-third of brains from people who were aged 80 years or older and without 

cognitive impairment contained enough AD lesions to meet pathological criteria for AD6. 

The 90+ Study was a population-based study designed specifically to study ageing and 

dementia, as well as their neuropathological correlates, in participants 90 years of age and 

older. In this study, 10% of individuals without ante-mortem dementia had a high probability 

of AD when assessed at autopsy using NIA-Reagan neuropathological criteria (the criteria 

used at the time of the study)7. Therefore, some individuals seem to tolerate the full burden 

of plaques and tangles without developing dementia during their lifetime.

This phenomenon of absence of overt cognitive deterioration in the face of 

neuropathological lesions that would be expected to have substantial clinical consequences 

has been termed ‘resilience’ to AD pathology (and we refer to the tissue from such 

individuals as ‘resilient brains’). Over the past several decades, this phenomenon has 

been recognized in various settings, and given a variety of other terms, including 

“high pathology controls”8, “AD-Resilient”9 and “Non-Demented with Alzheimer’s 

Neuropathology (NDAN)”10. We prefer the broader term “resilience” because it makes no 

assumptions about the mechanism(s) that are responsible for the cognitive impairment that is 

typically present in individuals with a high burden of neuropathological lesions.

When considering biological phenomena such as cognitive function, we might expect to 

observe a continuous (typically normal) distribution of scores. Resilient individuals with a 

high burden of plaques and tangles are outliers on the distribution of cognitive function 

when neuropathological lesions of all sorts are controlled for — that is, these individuals 

constitute are a distinct peak of healthy cognitive performance while their peers in terms of 

plaque and tangle burden fall in a separate distribution close to the other (more impaired) 

end of the scale11. This separation indicates that, either these resilient individuals have an 

intrinsic capacity to tolerate the presence of the lesions without developing the expected 

neuronal and synaptic derangement, or they respond in a distinct manner that protects 

cognition. Just as the relatively rare but genetically determined forms of AD highlighted 

important pathways in disease pathogenesis12studying these rare resilient brains might 

help us understand more fully the link between plaques, tangles and cognition as well as 

revealing clues for the development of interventions to halt neuronal and synaptic damage 

and subsequent cognitive impairment in older adults.
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In this Review, we explore from a molecular perspective what is known about how resilient 

individuals, identified at autopsy, might have escaped the typical consequences of AD 

neuropathological lesions. By considering existing data on the pathways that normally result 

in neuronal dysfunction as the substrate for altered cognition in AD, we hope to highlight 

critical pathways that might differ in resilient brains, allowing preserved cognition.

How do lesions relate to cognition?

Extensive post-mortem analyses on individuals from 1 to 100 years of age have shown that 

classic neurofibrillary tangle pathology can appear in the entorhinal cortex as early as the 

third decade of life and is followed by the development of plaques in the neocortex in the 

fourth decade1. In agreement with these observations, brain amyloid can be detected by in 
vivo neuroimaging some 15 years before the mean age of symptom onset in members of 

Colombian families who carry the E280A mutation in PSEN1, which causes early onset 

familial AD3. Similarly, serial amyloid neuroimaging studies that used PiB PET and were 

conducted in cognitively healthy individuals estimated that amyloid plaque deposition takes 

about 15 years to build up before it reaches a plateau13, and found more than 20% of 

clinically unimpaired individuals over 65 to be amyloid positive14–17. These findings have 

helped to shape the concept of a ‘preclinical’ stage of AD; individuals are considered to have 

preclinical AD if they are clinically asymptomatic but have neuropathological or biomarker 

evidence of amyloid and tau lesions18. However, data from multiple clinical–pathological 

correlation studies (discussed in more detail below) spanning the clinical spectrum of AD 

have shown that relationships between plaques, tangles and cognition are not very strong and 

are not sufficient to predict future decline in function on an individual basis.

Plaques

In multiple studies, neither the regional distribution nor the overall burden of amyloid 

plaques correlated well with the severity of ante-mortem cognitive decline or the amount of 

neuronal cell death and synaptic loss quantified at autopsy in individuals with symptomatic 

AD19–22. The existence of autosomal-dominant forms of AD that result from mutations 

in the genes encoding amyloid precursor protein (APP), presenillin 1 and presenillin 2 

highlight the crucial role of Aβ in the initiation of AD pathogenesis (presenillin 1 and 2 are 

involved in the cleavage processes that result in Aβ23). However, high levels of expression of 

mutant human amyloid precursor protein (APP) in mice result in cerebral amyloid deposits 

and cognitive impairment to some extent, but these deposits are not sufficient to trigger 

tangle formation — even though mouse tau is able to form paired helical filaments in vitro24 

— or robust neuronal loss25–28.

Tangles

When compared with plaque and/or amyloid burden, the pattern of neurofibrillary tangle 

distribution in AD matches the pattern of brain regional atrophy more faithfully, and the 

number of neurofibrillary tangles tends to correlate better than the number of plaques with 

the severity and duration of clinical symptoms19,20. However, the results of quantitative 

studies suggest that some neuronal populations are vulnerable to cell loss in the presence 

of only limited tangle formation29. Even in areas that develop abundant tangles, the vast 
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majority of the neuronal loss in individuals with clinically manifest AD cannot be explained 

by the number of tangles present at autopsy20,30,31 — importantly, an estimated 9 out of 10 

neurons lost do not bear a tangle. In mice, altered tau is required to mimic AD neuronal loss 

but tangles on their own do not seem sufficient to permanently disrupt cognitive function 

and, similarly to human AD, the extent of neuronal loss far exceeds tangle number32. 

Together, the above observations suggest that, even though plaques and tangles are likely to 

be upstream instigators, other downstream mechanisms are directly responsible for the brain 

tissue responses (for example, neuronal and synaptic loss) that ultimately result in functional 

changes and impaired cognition, recognized as the dementing disorder in AD.

The results of autopsy studies have shown that, among individuals whose brains display 

the full burden of lesions as assessed by the current neuropathological scheme for ADNC 

(stage A3B3C3)33, a clear continuum of cognitive function is no longer observed. The 

vast majority of such individuals have already reached the advanced clinical stages of the 

disease34–37, and resilient individuals, with robust loads of amyloid and tau pathology but 

without clinical AD, represent outliers11.

In vivo biomarkers

Imaging and fluid biomarkers can now be used to assess brain amyloid burden, tangle 

presence, and neurodegeneration during life, although the measures of neurodegeneration 

(for example, volume loss and cortical thinning)38–42 are less specific and not as well-

validated as those of amyloid and tau. The connection between plaques, tangles and 

neurodegeneration has been captured in the A/T/N biomarker framework, which was 

developed for clinical research purposes43. This framework enables the categorization 

of individuals on the basis of the biomarker changes present — A corresponds 

to evidence of amyloid deposition, T to evidence of tau accumulation and N to 

evidence of neurodegeneration. Older adults who have biomarker evidence of amyloid- 

and tau-containing lesions, but are asymptomatic, have been identified, raising several 

questions15,16,44,45. First, will these individuals all inevitably develop clinically manifest AD 

if they live long enough? If so, over what time frame will symptoms develop? Second, will 

a subset of these individuals be able to tolerate the presence of plaques and tangles without 

developing dementia? If so, do such individuals have an absolute resilience? Or do they just 

respond more slowly to pathology than most individuals, preventing them from becoming 

symptomatic before death? Ongoing longitudinal studies that involve measurement of 

these biomarkers alongside cognitive assessment could provide answers to these questions. 

However, in this Review we focus on the results of autopsy-based studies, which provide 

richer insights into the type and distribution of pathology present. Combining autopsy 

studies with longitudinal biomarker studies will begin to address some of the selection and 

temporal biases inherent in autopsy-based studies and guide the development of additional in 
vivo biomarkers.

Challenges and confounders

Trying to understand the relationship between cognition and neuropathological lesions — 

including plaques, tangles, synaptic alterations, neuronal loss and changes in connections 

among brain regions — can be complicated by a range of variables. For example, the 

Gomez-Isla and Frosch Page 4

Nat Rev Neurol. Author manuscript; available in PMC 2023 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



anatomical distribution of neuropathological lesions can differ among individuals, as is 

mostly commonly observed with the clinical presentation of posterior cortical atrophy46 or 

the hippocampal-sparing pattern of AD47. Although a range of genetic factors have been 

found to influence the risk of developing AD, with the ε4 allele of the apolipoprotein E 

gene (APOEε4) representing the strongest susceptibility gene for clinically manifest AD48, 

a separate set of genetic loci might affect the degree of brain structural changes and clinical 

outcome resulting from formation of plaques and tangles49. In another example, evidence 

suggests that there are distinct tau aggregate strains with different biological properties, 

including ability to induce aggregation of soluble tau and the intensity of phosphorylation, 

resulting in differences in the overall brain burden of tau aggregates and the aggressiveness 

of clinical progression50. In addition to these biological differences, lifestyle factors such as 

educational attainment51 and cognitive activity across the life span52, could also contribute 

to inter-individual variation in the processes that link plaques and tangles with cognitive 

decline — consistent with the cognitive reserve hypothesis.

This large variability in the biological response, as well as the complex relationship between 

anatomic burden of injury and clinical manifestation of dementia, complicates the search 

for a simple link between classical brain AD neuropathological changes and dementia. Such 

complexity is also likely to decrease the robustness and consistency of treatment effects 

observed in AD clinical trials on symptomatic patients, and remains an obstacle for the 

rational design of prevention trials in asymptomatic individuals who harbour plaques and 

tangles in their brains. Nevertheless, the unrecognized mechanisms and biological factors 

that link plaques and tangles with clinical dementia represent potential targets for disease-

altering interventions.

Influence of co-morbidities

One of the key challenges of understanding the link between plaques and tangles and 

functional changes in the brain is the complicating effect of co-morbidities that also increase 

in prevalence with age. These co-morbidities include other neurodegenerative processes, 

such as those marked by inclusions of α-synuclein and TAR DNA-binding protein 43 

(TDP43), and vascular brain lesions, for example, stroke and small vessel diseases such 

as arteriolar sclerosis and cerebral amyloid angiopathy (CAA)53–55. The results of clinical–

pathological correlation analyses indicate that the presence of these co-morbidities lowers 

the threshold at which the classic AD neuropathological changes result in a diagnosis of 

dementia56,57. Thus, the presence of co-morbid disease processes is not required for plaques 

and tangles to result in dementia, but would be expected to increase the likelihood of 

dementia.

Lewy bodies are another common co-morbidity among individuals with plaques and tangles 

in their brain at autopsy, particularly in individuals who are <60 years of age when they 

die55. The frequency and significance of TDP43-immunoreactive protein aggregates and 

hippocampal sclerosis have also been increasingly recognized, particularly in individuals 

over 8056,58. The presence of TDP43-containing inclusions in the brain, independent of 

the associated hippocampal sclerosis, has been found to be an independent contributor 

to cognitive impairment at death in individuals with AD neuropathological changes59. In 

Gomez-Isla and Frosch Page 5

Nat Rev Neurol. Author manuscript; available in PMC 2023 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



another study, the presence of both AD neuropathological changes and TDP43-containing 

inclusions was associated with a faster rate of cognitive decline than either pattern of disease 

when alone60.

Vascular brain injury resulting from disease processes of both large and small cerebral 

arteries has also been recognized as an important contributor to neuronal damage and 

impaired cognition in individuals with clinically manifest AD61,62. Several longitudinal 

community-based studies have identified both macroinfarcts and microinfarcts as important 

independent predictors of cognitive decline63–65, despite the underlying pathophysiological 

mechanisms remaining unclear. In a study by Patricia Boyle and colleagues, described in 

more detail below, the presence of CAA was associated with an increased risk of cognitive 

impairment even after taking into account plaque and tangle burden and the presence of 

other common age-related neurodegenerative lesions61. This finding further highlights the 

important contribution of vascular brain injury to symptom burden in individuals with AD 

dementia.

In a large clinical–pathological study in 1,161 participants who came to autopsy at 

an average of 90 years of age, Boyle and colleagues examined the associations of 

eight common age-related neuropathological indices with clinically manifest AD and 

quantified the percentage of cases attributable to each of those indices61. In only 41% 

of participants was the diagnosis of AD dementia attributable to AD neuropathological 

changes. TDP43-containing lesions (11.7%), LBD (10.8%), macroinfarcts (8.9%), CAA 

(8.1%), atherosclerosis (6.0%), hippocampal sclerosis (5.2%), and arteriolosclerosis (5.2%) 

also significantly contributed to clinical disease expression. Importantly, after adjusting 

for other factors, in only 67.5% of participants was the dementia diagnosis determined 

to be attributable to all eight neuropathological indices combined, suggesting that other 

factors are also important in the heterogeneous clinical expression of the otherwise common 

neuropathological phenotype of plaques and tangles. Evidence from the 90+ study indicates 

that, in comparison with the participants in the study by Boyle and colleagues, the 

burden of chronic systemic conditions in individuals over 90 years of age increased, and 

the relationship between plaques, tangles and cognition is further attenuated, even after 

adjusting for the presence of other common neuropathological processes7.

Putative mechanisms of resilience

Data indicate that, even after excluding individuals with substantial brain co-morbid 

processes and those who die from other diseases before developing symptoms of AD, some 

people have high amounts of amyloid and tau deposition in their brains (observed directly 

at autopsy) without manifesting dementia5–8,66. Literature concerning these unique resilient 

brains is scarce, and several potential caveats need to be taken into consideration when 

studying these brains. The most parsimonious explanation for the absence of dementia in 

these apparently resilient individuals would be that their overall plaque and tangle burdens 

are substantially lower than in individuals with clinically manifest AD. Alternatively, or 

in addition, a subtle cognitive decline from premorbid baseline before death might have 

not been detected in some of these apparently resilient individuals — although standard 

cognitive testing is a useful screening tool when cognitive impairment is overt, it is 
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imperfect and insensitive to more modest changes in cognitive function67,68. Nevertheless, 

meaningful impairment in brain function very rarely goes undetected either by the affected 

individuals, their families or cognitive testing, and the presence of a full burden of AD 

lesions (stage A3B3C3 in current criteria) is expected to be associated with robust cognitive 

deficits sufficient to meet clinical criteria for dementia. Therefore, brain function of resilient 

individuals who exhibit very high loads of plaques and tangles at autopsy without meeting 

ante-mortem criteria for dementia can be considered, being conservative, much better 

preserved than in individuals with typical AD dementia.

Neuronal and synaptic loss

In a study published in 1996, Lih-Fen Lue and colleagues evaluated synapse integrity in the 

entorhinal cortex and the superior frontal gyrus of elderly individuals without dementia, 

but with elevated amyloid and tau deposits measured at autopsy (referred to here as 

resilient participants, in keeping with the terminology used elsewhere in this Review). Also 

included in the study were age-matched and gender-matched participants with AD dementia 

and control participants with negligible AD neuropathological changes and no dementia8. 

Although the average number of plaques did not differ between the resilient and AD groups, 

the number of neurofibrillary tangles in the superior frontal gyrus was substantially lower 

in the former group. Consistent with their lack of dementia and in contrast to the AD 

group, participants in the resilient group had no evidence of synapse loss in the entorhinal 

cortex and the superior frontal gyrus, or brain weight reduction, when compared with the 

control participants. Indeed, participants in the resilient group tended to have higher levels of 

synaptophysin immunoreactivity, as detected with Western Blot, and had significantly higher 

brain weights than participants in the control group. Consistent with these observations, 

a significant nuclear hypertrophy in the anterior cingulate gyrus and CA1 hippocampal 

neurons was observed in participants with asymptomatic AD neuropathological changes 

from the Baltimore Longitudinal Study of Aging69. Similarly, a significant hypertrophy of 

neuronal cell bodies, nuclei and nucleoli was reported in the cortex and the CA1 region 

in clinically asymptomatic participants with AD pathology from the Nun Study, and it was 

suggested that this could represent an early brain reaction to the presence of plaques and 

tangles, or a compensatory mechanism that prevents clinical progression to dementia70,71.

In a study published in 2013, Beatriz Perez-Nievas and colleagues conducted detailed 

quantitative neuropathological and biochemical assessments on post-mortem brain samples 

containing the banks of the superior temporal sulcus66. The samples came from three groups 

of age-matched individuals: those who had neither dementia before death nor substantial 

AD lesion burden at post-mortem examination; those without dementia but with abundant 

AD lesions (resilient participants); and those with AD lesions and dementia. Importantly, 

the group of resilient participants and the group of participants with clinically manifest AD 

were also carefully matched for burden and regional distribution of plaques and tangles; 

however, the effects of amyloid and tau lesions on the brain were very different in the two 

groups. Brains from participants with clinically manifest AD displayed the expected signs of 

neurodegeneration, including profound loss of neurons and synaptic markers and consequent 

reduction in cortical thickness. In contrast, the number of neurons, levels of pre-synaptic 

and post-synaptic markers and the thickness of the cortex in brains from resilient individuals 
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were indistinguishable from age-matched controls free of AD neuropathological changes66. 

Similarly, in another study, neuronal densities and pre-synaptic and post-synaptic elements 

in the midfrontal gyrus were preserved in cognitively healthy individuals with high burden 

of AD pathology at autopsy when compared with individuals with clinically manifest AD9.

Studies in the brains of individuals with AD and in transgenic mice have identified 

widespread alterations in the geometry of dendrites and axons, including disrupted 

trajectories and dystrophic swellings, that occur both near plaques and distant from 

them72–75. These changes, along with neuronal and synaptic loss, are likely to contribute 

to altered neural system function and cognitive impairment in AD. Perez-Nievas and 

colleagues observed that the trajectory and morphology of neurites were much better 

preserved in the brains of resilient individuals than in the brains of individuals with 

clinically manifest AD — axons close to plaques were significantly less distorted, axons 

far from plaques had normal straight trajectories indistinguishable from control participants, 

and the number of dystrophic neurites associated with amyloid plaques was substantially 

reduced66.

These data favour the idea that preservation of neurons and synapses in the setting of 

plaques and tangles can be used to identify resilient brains, and argue further against a direct 

causal relationship of plaques and tangles to loss of anatomical integrity of neurons and 

cognitive symptoms in AD. Unrecognized downstream mechanisms and biological factors, 

beyond plaques and tangles, are likely to be more directly involved in the brain tissue 

responses and the clinical expression and progression of the disease; and this is a factor 

that might have relevant implications for the future development of fluid and neuroimaging 

biomarkers predictive of clinical outcomes. When considering individuals who harbour 

amyloid and tau lesions in their brain, in vivo markers of neuronal cell death and synaptic 

loss might predict more accurately than just measures of plaques and tangles who (and also 

when, if ever during their lifetime), is most likely to develop cognitive impairment.

Soluble Aβ and tau

Investigating phenotypic divergences between the brains of resilient individuals and those 

with clinically manifest AD might provide information about the biological factors and 

mechanisms resulting in their opposite ante-mortem clinical outcomes. Therefore, we 

and others have studied in more detail the profiles of potentially neurotoxic soluble Aβ 
and tau species in these brains. Soluble Aβ, and specifically soluble oligomeric forms 

of Aβ, has been proposed to have a larger role in disrupting cognitive function in AD 

than Aβ plaques themselves76. Studies in wild-type rodents showed that Aβ oligomers, 

including dimers and trimers, were sufficient to disrupt synaptic function and integrity and 

to impair memory77–83. In another study, blocking de novo production of Aβ oligomers 

reversed synapse loss and memory impairment in APP transgenic mice in the absence of 

changes in plaque load84. In the brains of individuals with clinically symptomatic AD, 

Aβ oligomers (measured at autopsy) were present at higher levels than in brains from 

individuals without plaques and tangles, were associated with synapses, and correlated 

with antemortem measures of cognition85–87. Studies in tau transgenic mice also identified 

potentially neurotoxic soluble tau species, the levels of which correlated with memory loss 
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and neuronal cell loss in the absence of tangles88,89. Injection of tau oligomers in the brain 

of wild-type mice was sufficient to impair memory and to induce synaptic and mitochondrial 

dysfunction90.

We and others have also investigated potential differences in the Aβ phenotype — that 

is, the combination of Aβ plaque subpopulations and/or soluble Aβ species — present in 

brains from individuals with clinically manifest AD and resilient individuals8,66. Neither the 

total number of plaques (diffuse and dense cored), nor the number of Thioflavin-S-positive 

dense cored plaques (a subset considered to be more deleterious than diffuse plaques)8,66 

or the levels of different soluble Aβ assemblies (monomers, dimers and oligomeric species) 

could differentiate resilient brains from clinically manifest AD brains66. However, one study 

reported an absence of Aβ oligomers in post-synaptic terminals of the hippocampus in 

brains from individuals with NDAN87.

In addition to its well-described axonal localization, normal soluble tau is also present 

at both pre-synaptic and post-synaptic terminals in the brains of healthy individuals. 

In the brains of individuals with AD, this synaptic tau becomes hyperphosphorylated 

and ubiquitinated, and forms stable multimeric assemblies resistant to denaturation91. In 

agreement with those observations, Perez-Nievas and colleagues observed a robust aberrant 

accumulation of soluble monomeric and multimeric species of hyperphosphorylated tau 

within the synaptic compartment in the brains of individuals with clinically manifest 

AD66. Those species, however, were only present in very small quantities or absent in 

the synapses of brains from resilient individuals, despite the presence of similar tangle 

burdens66. This observation suggests that soluble pathological species of tau are more 

directly involved than tangles in the neuronal cell death and synaptic loss that results in 

clinically manifest AD. Similarly, in another study, the level of tau oligomers at synapses 

was lower in the brains of individuals with full burden of AD lesions and no dementia 

than in individuals with clinically manifest AD92. Electrophysiological recording of micro-

transplanted synaptic membranes prepared from the postmortem samples indicated that, 

compared with individuals with clinically manifest AD, the absence of tau oligomers at 

synapses in resilient individuals was associated with greater synaptic functional integrity92.

Increasing evidence from in vitro and in vivo studies in mouse models of tauopathy supports 

a role for soluble pathological tau assemblies in several pathways that lead to synapse and 

neuron death93. These pathways include altered microtubule-based axonal transport with 

subsequent impaired trafficking of organelles, particularly mitochondria, and dysregulation 

of calcium homeostasis in dendrites93–95. Furthermore, the results of studies in mice suggest 

that these soluble species of tau can be transmitted between neurons and contribute to or 

are responsible for the pathological spread of disease through the brain96,97. Importantly, in 

vivo multiphoton imaging studies conducted in tau transgenic mice showed that caspase 

activation cleaves tau to initiate tangle formation but, surprisingly, that tangle-bearing 

neurons are long-lived98 and adequately respond to physiologically relevant stimuli without 

impairing local circuits99.

These unexpected results in mouse models, along with the observed lack of aberrant 

accrual of soluble hyperphosphorylated tau in the synapses of resilient individuals, further 
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suggest that tangles themselves do not inevitably lead to gross impairment of brain 

function and are not likely to be part of the pathway to acute neuronal death and synaptic 

loss. Taken together, these insights favour the idea that accumulation of mistargeted 

hyperphosphorylated soluble tau assemblies within the synaptic compartment, rather than 

the formation of tangles, might be the critical toxic moiety leading to neurodegeneration (for 

example, loss of neurons and synapses) and clinical expression of AD (Fig. 1).

Glia and neuroinflammation

Activation of astrocytes and microglia — accompanied by release of cytokines — is 

consistently present in the brains of individuals with AD and transgenic mouse models of 

the disease, and is temporally and anatomically associated with plaques and tangles100,101. 

Brain glial responses are present in proximity to plaques and tangles, beginning early in AD 

and increasing as the lesion burden grows with disease progression102. However, whether 

the aberrant activation of glial elements in AD contributes to neuronal damage and loss of 

brain function or reflects a mere response to neuronal injury remains controversial.

Lue and colleagues reported a robust increase in the C5b–9 membrane attack complex of 

the complement cascade and activated LN3+ microglia in the brains of individuals with 

AD dementia compared with control participants, but a reduction of these markers of 

inflammation in resilient participants8. Of note, overall levels of C5b-9 immunoreactivity 

and activated LN3+ microglia correlated much better than plaques and tangles with 

measures of synapse loss. In agreement with those observations, stereologically-based 

assessments of glial cell responses in the brains of individuals with clinically manifest 

AD identified a robust and significant increase in the numbers of activated GFAP+ 

astrocytes and CD68+ microglial cells in comparison with control participants without AD 

lesions102,103. However, in the study by Perez-Nievas, this neuroinflammatory response was 

suppressed in the brains of resilient individuals66.

Interestingly, in one study, this reduction glial activation in brains of resilient individuals 

was associated with a distinct cytokine expression profile in the entorhinal cortex and 

the superior temporal sulcus that distinguished those brains not only from the brains of 

participants with clinically manifest AD but also from the brains of control participants 

free of AD neuropathological lesions103. The differential profile observed in resilient brains 

included up-regulated expression of IL-6, IL-13 and IL-10 — all of which have known roles 

in pathogen clearance and/or the resolution of inflammation — and neurotrophic factors 

such as basic FGF and PDGF-bb. This diversity of cytokine expression profiles, which are 

the primary instruments of immune communication, suggests a complex and heterogeneous 

relationship between astrocytes and microglia, and the possible existence of a differential 

‘protective’ cytokine signaling program in resilient brains. Such a signalling program might 

be capable of maintaining homeostatic regulation of neuroinflammation and neuronal and 

synaptic integrity despite the presence of plaques and tangles, thus modulating the degree of 

cognitive impairment. Intriguingly, the peripheral expression of an innate pro-inflammatory 

cytokine profile in middle-aged individuals with a parental history of late-onset AD was 

identified as a risk factor for clinically manifest late-onset AD104, suggesting that crosstalk 
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between the peripheral and the local brain immune system in early years can contribute to 

the development of AD pathology and its clinical expression in later life (reviewed in105).

Studies have now identified a diverse heterogeneity of populations of astrocytes and 

microglial cells with as yet incompletely understood roles in the clinical expression of 

brain responses to plaques and tangles and other common neurodegenerative lesions106–110. 

Renewed interest in a better understanding of the role of glia and immune-related 

mechanisms in AD has also been fuelled by the identification of AD risk loci in genes 

related to the innate immune system, including CLU, PICALM, CR1, TREM2 and 

CD33111–116. Novel insights into the involvement of microglia in synaptic pruning and 

modulation of synaptic activity have also highlighted the importance of understanding the 

contribution of these mechanisms to the pathophysiology of AD117,118.

Studies in mice showed that during development, the classical complement cascade 

components C1q and C3 localize to synapses and have a crucial role in the elimination 

of synapses by phagocytic microglia117,118. In a more recent study, the aberrant activation 

of this complement-dependent developmental synaptic pruning pathway in young APP 

transgenic mice was associated with microglial engulfment of synaptic elements in advance 

of Aβ plaque deposition118. Importantly, in young APP mice free of Aβ plaques, inhibition 

of complement receptor 3 (CR3) or C1q was associated with a reduction in the number 

of phagocytic microglia and the prevention of synapse loss118. Similarly, inhibition of C1q 

was associated with evidence of reduced microglial engulfment of synapses in Tau-P301S 

mice119. These findings suggest that microglia are involved in early synapse loss in AD 

(reviewed in120). Indeed, the elimination of microglia in 5xfAD mice was associated with a 

reversal of dendritic spine loss, prevention of neuronal loss and improvement in contextual 

memory function, whereas Aβ burden was unaffected121. In agreement with these findings, 

pharmacologically driven reduction of astrocyte and microglial activation in APP mice was 

associated with the rescue of alterations in neurite geometry and morphology, and memory 

deficits without modification of total Aβ plaque burden122.

These novel insights derived from human resilient brains, asymptomatic at risk individuals 

and AD transgenic mice all favour a model in which the responses of glial cells, in particular 

microglia, and other immune-related mechanisms mediate the loss of neuronal and synaptic 

integrity and impaired brain function in the setting of plaques and tangles (Fig. 1).

Genetic and external factors

Well-established genetic risk factors contribute to the likelihood of an individual developing 

AD (both at the clinical and neuropathological levels)48,111–116, and various aspects 

of lifestyle and prior experiences have an influence on the risk of dementia123–125. 

The proposed disease-modifying factors, including early-life experiences, educational 

attainment, level of physical activity and ongoing participation in cognitive activities, would 

be expected to result in a continuum of clinical outcomes, given that these factors exist 

on a continuum in the population. However, the resilient individuals that are the focus 

of this Review are outliers in terms of clinical outcome and are not part of a normal 

distribution. Shaping of the brain’s response to plaque and tangle accumulation either by 

genetic determinants or by life experiences is clearly possible but, to date, the relatively 
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small proportion of resilient individuals and the fact that such individuals are identified only 

at autopsy has precluded the investigation of this possibility.

Conclusions and future directions

The range of biomarkers indicative of the presence of plaques and tangles in the 

brain is rapidly changing how we approach the diagnosis of AD and research into 

possible interventions. In 2018, a National Institute on Aging and Alzheimer’s Association 

(NIA-AA) workgroup proposed a research framework in which AD is defined by 

neuropathological or biomarker evidence of amyloid and tau lesions, regardless of the 

presence or absence of clinical symptoms126. The hypothetical benefit of this framework 

is to help the identification of asymptomatic individuals with plaques and tangles in their 

brains, with the aim of intervening before irreversible damage has occurred. However, the 

framework relies on two assumptions that, to date, have not been unequivocally proven. 

The first assumption is that plaques and tangles are causally related to the cognitive 

symptoms in AD. The second assumption is that all individuals who harbour amyloid 

plaques and neurofibrillary tangles in their brain will develop dementia given enough time. 

When faced with a similar difficulty of relating neuropathological findings to symptomatic 

disease, the neuropathology community opted for the terminology of “Alzheimer disease 

neuropathological changes, [ADNC]” because of the expected mismatch between lesions 

and symptoms, as is the case in many other diseases33,127.

In the absence of in vivo measures that can estimate how far an individual might be from 

entering the symptomatic phase of AD, the high prevalence of age-associated biomarker 

findings of amyloid and tau abnormalities among asymptomatic individuals128 can be 

confusing and troubling to patients, families and physicians. The observations discussed 

in this Review, suggest that additional pathological and biochemical brain changes — 

beyond plaques and tangles — might more accurately predict the presence of neuronal and 

synaptic derangement and the future outcome of an individual who is cognitively healthy but 

harbours amyloid and tau pathology in the brain. These additional changes include aberrant 

mis-targeting of soluble assemblies of hyperphosphorylated tau in synapses and activation 

of microglia with distinct cytokine expression profiles. The development of surrogate in 
vivo markers capable of detecting such changes has the potential to more precisely identify 

individuals who will develop clinical symptoms of dementia and over what time frame; this 

ability would greatly enhance the power of secondary prevention trials.

Over the last decade, the therapeutic interventions trialled in AD have focused mainly on 

amyloid-related pathological changes — either clearing deposits or interrupting pathways 

which generate Aβ. After many unsuccessful trials129–132, two newer agents — aducanumab 

and donanemab — were found to clear amyloid deposits, as reflected in PET imaging 

data from phase III trials133,134. However, these trials did not report a robust effect on 

cognition. Given the evidence from the studies of resilience discussed in this Review, it 

might be that better therapeutic targets will be found in the pathways that link the protein 

aggregation and deposition processes for tau and Aβ to cellular injury. Indeed, an optimal 

therapeutic approach to AD might be to induce the resilient pattern of response to the 

gradual accumulation of plaques and tangles.
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Increasing evidence suggests that many other age-related pathological processes, beyond 

plaques and tangles, as well as heterogeneous individual profiles of risk and protective 

factors substantially contribute to both the current cognitive function of individuals as 

well as the trajectory of any future cognitive decline. Even after excluding individuals 

with significant brain concomitant neurodegenerative and vascular lesions, and carefully 

matching burdens and regional distribution of plaques and tangles, several studies have 

convincingly demonstrated that some individuals who exhibit robust amounts of amyloid 

and tau deposition in their brains at autopsy never manifested dementia during life5–9,66. 

The study of these resilient brains gives us the opportunity to understand the pathological 

and biochemical brain changes as well as individual genetic and epigenetic factors that 

ultimately drive neurodegeneration (for example, loss of neuronal and synaptic integrity) 

and change from baseline function in the face of plaques and tangles. Identifying such 

changes will likely facilitate development of novel therapies that can stop cognitive 

impairment, identification of in vivo biomarkers that can more accurately predict the future 

of asymptomatic individuals who harbour plaques and tangles in their brain, and guidance 

on the need and optimal timing for personalized preventive intervention. The string of 

disappointing results from amyloid-targeting drug trials indicate that it might be time to 

rethink our approach to AD and diversify the drug search. The existence of subset of 

individuals who seem to be able to successfully cope with plaques and tangles in their brain 

during their lifetime also reminds us that, at least in some cases, we may not need to fix what 

it is not broken.

Glossary

C5b–9 membrane attack complex
terminal components of the complement cascade

APP transgenic mice
transgenic mice that have been engineered to over-express disease-associated mutant forms 

of human amyloid precursor protein and develop elevated levels of amyloid-β in the brain

Tau-P301S mice
transgenic mice that are engineered to over-express disease-associated mutant forms of 

human tau and develop abnormally phosphorylated tau and tau aggregates

5xfAD mice
transgenic mice harbouring mutant forms of human APP, PSEN1 and MAPT.
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Key points

• Plaques of amyloid-β (Aβ) and tangles containing hyperphosphorylated tau 

accumulate in the brain over time as part of the Alzheimer disease process; as 

the lesion burden increases, most people become cognitively impaired.

• A subset of individuals are identified at autopsy as having a lesion burden that 

would be expected to have caused cognitive impairment during life, yet they 

remain clinically unaffected; this dissociation between lesions and symptoms 

is termed resilience.

• Biomarker studies are identifying similar mismatch between lesions and 

cognition in some people, although more prospective longitudinal data will 

need to be collected to determine the clinical trajectory of such individuals.

• Various mechanisms link the deposition of Aβ and tau to neuronal and 

synaptic loss, and it remains uncertain which of these is most associated 

with resilience; however, differences in lesion-associated immune response 

and properties of soluble tau aggregates are both likely to be contributors.

• Understanding resilience could provide insights into key mechanisms of brain 

injury in Alzheimer disease, and identify new therapeutic opportunities.
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Figure 1 |. Putative role of tau and microglia in resilience
a | In individuals with Alzheimer disease (AD), tau, which is largely bound 

to axonal microtubules in normal conditions, detaches from microtubules, becomes 

hyperphosphorylated and misfolded, and coalesces into neurofibrillary tangles in the 

neuronal soma. In individuals with clinically manifest AD, soluble hyperphosphorylated 

tau species are mis-targeted and preferentially accumulate within the synaptic compartment 

in parallel with microglial cell activation. Over time, these changes are associated with the 

most frequently observed tissue injury response in AD brains, that is, neuronal cell death and 

synaptic loss. b | In the brains of ‘resilient’ individuals, a negligible accumulation of soluble 

hyperphosphorylated tau in synapses and a suppressed inflammatory brain response have 

been observed. These features are associated with the preservation of neurons and synapses 

amid a burden of plaques and tangles equal to that observed in the brains of individuals with 

clinically manifest AD. This differential tissue response to the progressive accumulation of 
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plaques and tangles in individuals with clinically manifest AD and resilient individuals is 

likely to contribute to their widely divergent clinical phenotypes.
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