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SUMMARY

In Alzheimer’s disease (AD), Ab deposits form slowly, several decades before further pathological events
trigger neurodegeneration and dementia. However, a substantial proportion of affected individuals remains
non-demented despite AD pathology, raising questions about the underlying factors that determine the tran-
sition to clinical disease. Here, we emphasize the critical function of resilience and resistance factors, which
we extend beyond the concept of cognitive reserve to include the glial, immune, and vascular system. We
review the evidence and use the metaphor of ‘‘tipping points’’ to illustrate how gradually forming AD neuro-
pathology in the preclinical stage can transition to dementia once adaptive functions of the glial, immune, and
vascular system are lost and self-reinforcing pathological cascades are unleashed. Thus, we propose an
expanded framework for pathomechanistic research that focuses on tipping points and non-neuronal resil-
ience mechanisms, which may represent previously untapped therapeutic targets in preclinical AD.
INTRODUCTION

Amajor shift in the burden of diseases has occurred over the last

decades. Although infectious diseases have declined, the devel-

opment of chronic, progressive, non-communicable diseases

has increased dramatically.1,2 Today, in Western societies, the

leading causes of death are non-communicable diseases,

among which neurodegenerative diseases, particularly demen-

tia, play an important role. One feature these diseases have in

common is that they are associated with aging, influenced by un-

healthy lifestyles and vascular risk factors. Another defining

feature is a long preclinical disease stage, in which pathological

changes develop gradually without causing manifest clinical

symptoms. In Alzheimer’s disease (AD), neuropathologic fea-

tures, characterized by amyloid plaques and neurofibrillary tan-

gles, begin many years before cognitive symptoms appear.3–6

The clinical disease slowly evolves into a late-onset dementia

syndrome, with a prevalence of �30% in people who are 85

years or older.7 Less commonly, cognitive symptoms of AD oc-

curs at an early age at onset, before the age of 65 years, in those

with autosomal dominantly inherited mutations in presenilin 1,

presenilin 2, or amyloid precursor protein. Longitudinal positron

emission tomography (PET) and structural magnetic resonance

imaging (MRI), together with biomarker analyses for amyloid

beta peptide (Ab), tau, and markers for neurodegeneration in

plasma and cerebrospinal fluid (CSF), have revealed a chrono-

logical sequence of pathological events.3,6 These studies

consistently show that Ab deposition begins two decades before

the onset of clinical symptoms.8–14 Tau pathology detected by

PET ligands occur after Ab deposition, at the onset of neurode-

generation but before the onset of cognitive symptoms. The initi-
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ation of Ab deposition two decades before the clinical diagnosis

and the hierarchical evolution of the major pathological events

are remarkably similar in imaging studies performed on patients

with sporadic and autosomal-dominant AD.8 Previously, the

importance of a complex cellular phase, evolving in a non-linear

fashion over decades, has been highlighted as a key contributor

to the pathology of AD.15 An important task, therefore, is to iden-

tify the cellular mechanisms and dynamics involved in the transi-

tion from the preclinical to the clinical phase. One way to explain

conversion is the gradual buildup of pathological events that

eventually reach a critical level of accumulated neuronal damage

at which symptoms appear. Another possibility is that clinical

symptoms arise at a threshold level, and conversion occurs

when resilience and resistance factors are exhausted and adap-

tation fails. The main differences between these two explana-

tions lie in the kinetics with which neuronal function declines.

The first model assumes a continuous and linear decline in

neuronal function, whereas the second model is based a non-

linear dynamics in which the decay occurs once a critical

threshold is crossed. Dynamical models that incorporate non-

linear interactions in a complex cellular environment are increas-

ingly being recognized as essential for our understanding of

AD.16 Here, we borrow from the conceptual framework of the

‘‘tipping point’’ commonly used to describe how human activities

can change the Earth’s ecosystem.17 The concept refers to a

critical threshold at which small perturbations can shift a system

into a new and often irreversible operation state. We propose

that tipping points and their associated elements could serve

as a useful theoretical concept for our understanding of the evo-

lution of AD. To illustrate the concept and its underlying biology,

we first explore the available evidence for non-linear dynamics in
y Elsevier Inc.
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Figure 1. Schematic presentation of tipping
points in the context of disease
The valleys represent stable attractors and the ball
the state of the system. The left diagram shows
how the ball moves over time along the blue arrow
toward the disease state, depicted in violet. The
basins of attraction are separated by a steeper hill
when the system has high resilience and a lower
when resilience is low.
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AD. We discuss the chronological sequence of neuropatholog-

ical hallmarks, neurodegeneration, and clinical symptoms, as

well as the overarching resilience and defense strategies and

possible positive feedback mechanisms in the disease process.

We mainly focus on the functions of glial, vascular, and inflam-

matory modulatory units that provide stability in the early stages

and runaway changes at a later stage in the disease.

TIPPING POINTS

Complex dynamical systems can undergo changes—at so-

called tipping points that are often difficult to reverse (Figure 1).

The term was first introduced in sociology in the studies of racial

segregation, describing the conditions that led to the flight of the

white population from a non-white neighborhood in the United

States in the 1950s. Later, it has been frequently used in ecol-

ogy.17 Typical examples include lake ecosystems where tipping

point is used to describe how gradual increases of nutrients

cause clear water to become turbid or in forest systems to

denote the point at which rainforest turns to savanna.What these

examples have in common is that once a system has reached a

critical threshold, relatively small changes can make a big differ-

ence. For a system to reach a tipping point, it is often moved to a

new state by self-accelerating changes. The basis of such tran-

sitions is often positive feedback loops that are self-reinforcing

and tend to exacerbate small perturbations as the transitions un-

folds.17,18 Tipping points usually occur in dynamical systems that

consist of various stable attractor states into which the systems

can evolve. Such attractor states are stabilized by negative feed-

back loops that reduce disturbances and sustain homeostatic

set points. Complex dynamical systems, therefore, tend to be

stable even when they are constantly perturbed, but once a crit-

ical threshold is reached, they reorganize irreversibly into a new

state. The transition from health to disease exhibits characteris-

tics of such behaviors. Neurodegenerative disorders, such as

AD, can serve as an example to illustrate this point.

AD is characterized by a gradual, seemingly smooth disease

process, in which neurodegeneration develops with character-

istic spatial and temporal dynamics. Consequently, clinical

symptoms develop slowly rather than abruptly as predicted for

a complex dynamical system with critical transition points.

Despite these features, there are characteristics that are incon-

sistent with linear dynamics. Structural neuroimaging with MRI

can be used to assess atrophy as a measure of neurodegenera-

tion in AD. Normal aging is already associated with a decrease in

brain volume, occurring at a rate of �0.2% per year until midlife
and 0.3%–0.5%at the age of 70–80 years.19 A number of studies

have been conducted to determine the change point when atro-

phy begins to increase in AD.20 These studies have shown that

brain atrophy rates in AD do not increase linearly but gradually

accelerate several years before symptom onset.21–26 The time

at which atrophy rates deviate from normal depends on the brain

regions studied. For example, longitudinal structural MRI studies

of patients with autosomal-dominant AD have shown patholog-

ical acceleration of hippocampal atrophy rates �3 years before

the expected onset.24 Other longitudinal studies examining auto-

somal-dominant or sporadic AD concur with these observations,

revealing increased atrophy rates a few years before diagnosis

or expected clinical onset. The initial stages of atrophy appear

to have a preference for brain regions with a high neurofibrillary

tangle burden. In addition, the temporal sequence of brain re-

gions with accelerated atrophy rates correlates with the Braak

stages of increasing neurofibrillary tangle burden. Consistent

with this pattern, atrophy progresses from the entorhinal cortex

to the hippocampus to the neocortex.20 The transition from the

onset of atrophy to the development of the clinical syndrome is

difficult to identify as the clinical syndrome develops over several

years from a preclinical to a prodromal stage before dementia is

diagnosed, and the time at which clinical symptoms appear may

vary from person to person.27,28

The process of protein aggregation, which is based on a

conformational autocatalytic conversion of misfolded proteins

follows a non-linear kinetic.29,30 Growing aggregates can fall

into smaller pieces or form a surface for secondary nucleation,

giving rise to further seeds for further aggregation. Such prolifer-

ations have the property of a self-propelling positive feedback

loop.31 Once the amyloid cascade is set in motion, there seems

to be no cause and effect in the sense of classical logic. Indeed,

current evidence does not support a causal dynamic of Ab load

and neurodegeneration.32–34 There is a relatively poor correlation

between Ab load and neurodegeneration or the extent of cogni-

tive symptoms.35 Moreover, a relatively large proportion of

cognitively unimpaired individuals have extensive Ab plaque

load at autopsy, suggesting that Ab deposition is necessary,

but not always sufficient, to trigger chronic progressive neurode-

generation. Preclinical AD is most likely a relatively stable

condition in which various interconnected homeostatic circuits

continuously correct perturbations by negative feedback mech-

anisms. For example, homeostatic mechanisms sense aberrant

protein folding or aggregation and initiate countermeasures to

improve protein homeostasis and aggregate clearance; glia

may detect a noxious microenvironment and enhance their
Neuron 111, October 4, 2023 2955
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defense, trophic, and metabolic support functions, and the neu-

rovascular unit adapts blood flow to the altered metabolic

requirement of the stressed neurons. These corrective, adaptive

changes are necessary and capable of maintaining stable

neuronal function over a relatively long time. What causes the

system to tip?

COGNITIVE RESERVE

The notion of cognitive reserve represents an overarching

concept to explain why some people retain cognitive ability

despite neurodegeneration.36–38 Reserve can be broadly classi-

fied as resilience based on brain or cognitive reserve, which may

explain why clinical symptoms do not appear until years after

neurodegeneration has started. High cognitive reserve indicates

resilience to neuropathological damage, possibly due to opti-

mized performance. Compensation may occur through more

efficient use of the same brain network or by shifting operations

to alternative circuits or cognitive strategies. Thus, the brain has

multiple ways to cope with brain pathology and resist the devel-

opment of clinical AD. With all these strategies, it is important to

make a few distinctions. Brain and cognitive reserves refer to a

threshold at which compensatory mechanisms are exhausted

and the first symptoms appear. This threshold is defined by

the brain structure already in place (e.g., number of synapses

and connections) and by coping strategies. Cognitive reserve

becomes relevant only when neuropathological changes have

advanced to a level at which the function of some neurons is

lost. Although this theoretical construct has severed as a useful

explanatory approach for resiliencemechanisms in neurodegen-

erative disorders, it is neuron-centric and therefore needs to

be expanded to one that considers the contribution of other

cell types.

Here, we aim to extend the concept of resilience and resis-

tance to non-neuronal factors. The resilience provided by glia,

the vasculature system, and the immune system is of a different

nature. According to themodel we propose, they represent a de-

fense system that is important in providing early resistance and

adaptation to neuropathological changes. To understand how

they operate, we will briefly introduce the concept of glial,

vascular, and inflammatory modulatory units before discussing

how their dysfunction can exacerbate pathology.

GLIAL, VASCULAR, AND INFLAMMATORY
MODULATORY UNITS

Although constituting only 2% of the total body mass, the adult

brain consumes about 20% of the total daily energy. The meta-

bolic costs of neuronal transmission are high,39,40 with about

two-thirds of the energy consumed by neurons for action poten-

tial generation and synaptic transmission. Other functions

required for neuronal transmission such as axonal transport,

vesicle recycling, and neurotransmitter synthesis contribute to

the high energy demands.40 To generate the energy, neurons op-

erate at a high rate of oxidative metabolism but cannot readily

switch to glycolysis, which carries the risk of becoming vulner-

able to hypoxia or ischemia. Other factors contributing to the

poor tolerance of neurons to damage are their low regenerative
2956 Neuron 111, October 4, 2023
capacity and their low functional autonomy. Even if neurons

could be replaced after damage, they would need to be inte-

grated into their circuitry at the correct location. The evolution

of such a system, with cells operating at high energy and oxygen

consumption within a complex circuit in which individual compo-

nents cannot be easily replaced after damage, must have

created an immense evolutionary pressure for the design of pro-

tective resilience in diseases.

To understand how the brain responds to disease, it is impor-

tant to recall its basic design principle with the hierarchical

arrangement of primary and secondary cellular functions.

Although neurons perform primary brain functions, various

supportive cells facilitate and optimize these functions. These

supporting components consist of cells that form the protective

barrier that surrounds the brain, the vasculature, and glia.41,42

The division of cells into primary and supportive functions is

not a ranking of the importance of tasks but rather reflects the

specialized functionality of the organ. Primary cells are those

that execute tasks beyond the organ boundary, whereas

supportive cells have functions primarily within the tissue. The

importance of supportive cells to brain performance is evident,

for example, in glia, whose relative numbers have increased

over the evolution of complex nervous systems. Glia are not

only abundant but are also highly specialized for cell-type-spe-

cific, selective tasks within the nervous system. Oligodendro-

cytes primarily insulate axons by enwrapping them with myelin

to enable fast, energy-efficient saltatory nerve conduction,43,44

whereas astrocytes provide nutrients to neurons, maintain extra-

cellular ion balance, recycle neurotransmitters, and shape syn-

aptic circuits.45–48 The functions of microglia are mainly related

to immune response and maintaining brain homeostasis.49,50

To perform these functions, supportive cells are equipped with

sensors, which detect deviations in the concentration of various

molecules such as oxygen, sugars, lipids, amino acids, ion con-

centrations, osmolarity, and extracellular matrix components.

Perceived deviations of homeostatic variables are transformed

into a specific response with the help of various effector mecha-

nisms with the aim to restore homeostatic set points. Together,

these various components consisting of sensors, effectors,

and regulated variables with their specific set points constitute

a homeostatic circuit.51,52 Homeostasis is maintained by nega-

tive feedback loops that reverse deviations from the set point,

which, in turn, keeps the regulated variables within their normal

range (Figure 2). Thus, neurons are connected to each other

not only to form neuronal networks but also to support cells to

form multiple homeostatic circuits. This basic design principle

is fundamental to our understanding of how neurons respond

to disease.

Because supporting cells are primarily responsible for main-

taining neuronal functions, it is not surprising that they undergo

profound adaptive responses already early in neurodegenerative

diseases (Figure 3). The neurodegeneration-induced reactivity of

microglia to form so-called disease-associated microglia (DAM)

is one example of such a process.53–55 DAM represents a tissue

injury program responsible for the upregulation of genes involved

in lysosomal, phagocytic, and lipid metabolism pathways. Trig-

gering receptor expressed on myeloid cells 2 (TREM2) is the

key sensor, which is able to detect anionic lipid present on or



Figure 2. Homeostatic control circuit
(A) Perturbations constantly push homeostatic sys-
tem away from their balance set points. Such de-
viations are sensed and translated into an effector
program, which typically involves negative feedback
loops that counteract changes and restore set
points. Both negative and positive feedback loops
can operate toward maintaining homeostasis.
However, positive feedback loops can also amplify
the initiating stimuli in such a way that they move the
system away from its starting state toward new
detrimental states.
(B) Glia, immune, and vascular modulatory units
sense perturbations and execute effector programs
that defend and preserve neuronal homeostasis.
When these homeostatic mechanisms fail or the
cells enter maladaptive alternative states, patho-
logical processes can unfold.
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released from damaged neurons or other cells and initiate the

DAM effector response.56 A remarkable feature of the DAM state

is its universality, as it occurs in various neurological diseases.

The conversion of astrocytes into a disease-associated astro-

cyte (DAA) state is another example of glial reactivity in the early

stages of neurodegenerative disease.57 Upregulated DAA genes

are involved in development and differentiation, metabolic

pathways, response to toxic compounds, and inflammatory

signaling. Oligodendrocytes can also respond to injury by trans-

forming into a disease-associated oligodendrocyte (DOL or

DAO) state and upregulating molecular response pathways to

damage, some of which are common with astrocytes (for

example, upregulation of Serpina3n, C4b, and Ctsb).58–61

Thus, together, glial reactivity can provide disease tolerance to

neurons not only by providing defense against injury and toxic

molecules but also by restoring deviation of essential homeo-

static variables essential for neuronal functionality (Figure 4).

The hierarchical arrangement of functions within the brain en-

sures that glia adapt rapidly to neuronal dysfunction at the

expense of abandoning lower priority functions.

A second component of the support system is the vasculature,

in which endothelial cells, pericytes, smooth muscle cells, and

astrocytes regulate cerebral blood flow (CBF) in response to

neuronal activity. The neurovascular unit functions to adjust

CBF to neuronal energy demands62,63 by integrating neuronal

activity with vascular unit function in multiple homeostatic cir-

cuits. Neurons signal their metabolic state through transmitters

that act on their receptors in the vasculature to trigger contrac-
tion or relaxation and modulate blood

flow. For example, ATP and adenosine

bind to purinergic receptors on pericytes

and smooth muscle cells, causing hyper-

polarization and vasorelaxation. Noradren-

alin, neuropeptide Y, nitric oxide, and other

modulators contribute to cerebrovascular

regulation of blood flow. Astrocytes with

their end-feet encircling the outer wall of

the microvessels are part of the system

and serve as a connecting link between

neurons and endothelial cells. These ob-

servations show the extensive integration
of neurons into a vast network of glial and vascular cells that

together sense and respond to neuronal function within the

framework of interconnected homeostatic circuits.

There is now overwhelming evidence for the contribution of

non-neuronal cells in AD. Human genetic studies have been

transformative broadening the previously neuron-centric view

to include glia. The groundbreaking findings emerged from

genome-wide association studies (GWASs) that identified ge-

netic determinants of AD risk such as APOE, SORL1, MS4A,

SP1l, TREM2, ABCA7, CLU, CR1, INPP5D, CD33, EPHA1,

BIN1, PICALM, PLCG2, ABI3, and PTK2B in genome regions,

harboring a large number of genes with non-neuronal expression

patterns.64–71 Among these, the variation found in TREM2 is of

exceptional importance because it triples disease risk and oc-

curs in the coding region of a gene expressed exclusively in mi-

croglia in the brain.72,73 The substantial effect size of the genetic

variation enabled subsequent functional follow-up analyses of

the role of TREM2 in AD pathology and led to strong evidence

for microglia playing a key role in the disease,56,74 a view further

strengthened by the discovery of additional mutations in the

coding region of microglia-enriched genes such as PLCG2 and

ABI3.70,71 Assigning gene expression enrichment to cell types

is not always straightforward. With advances in single-cell geno-

mics, it has become clear that cellular heterogeneity and reac-

tivity must be taken into account. For example, apolipoprotein

(APOE), of which the e4 allele is the strongest genetic risk factor

for sporadic AD, is a gene enriched in astrocytes under normal

conditions but becomes one of the most upregulated transcripts
Neuron 111, October 4, 2023 2957



Figure 3. Proposed model of Alzheimer’s disease progression
(A) Staging of Alzheimer’s disease cascade with amyloid, tau, and neurodegeneration biomarkers according to Jack et al.3 The tipping point between preclinical
AD and dementia is marked by the two dashed lines.
(B) The proposed increase and decrease in the different glial states (depicted in different colors) are shown along the time axis. According to the proposedmodel,
adaptive reactive glial response decrease and the number of atrophic glia increase at the tipping point.
(C) The proposed increase of maladaptive pro-inflammatory is shown.
(D) The proposed increase of lymphocytes is shown.
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in microglia upon microglia activation and transition to DAM.53

Likewise, CLU and APOE are activated as part of the disease-

associated response in astrocytes and partially in oligodendro-

cytes.57–59 Thus, reactive responses of glia share transcriptional

features, of which immune- and lipid-associated modules over-

lap to some extent. Gene expression profiling of brain autopsy

from AD patients has led to additional support for this notion,

highlighting the role of immune, lipid, and endocytic pathways

in microglia, oligodendrocytes, and astrocytes.61,75,76

GLIAL RESPONSES

Current models support a chronological sequence of patholog-

ical events, starting with Ab plaque deposition, but over many

years, the gradual deposition of Ab plaques appears to have little

effect on cognition. The question of how and when Ab accumu-

lation begins to exert pathogenic effects remains unresolved. It

seems plausible that the formation of Ab plaques is initially adap-

tive, or even protective, and only later becomes toxic. One

possible event that could mediate this conversion would be the

interaction with tau. Multiple studies have shown an association

of tau pathology with future atrophy and cognitive decline, and

there is evidence that neurons containing neurofibrillary tangles

can release aggregated tau as ghost tangles.77 Thus, Ab-medi-

ated self-propagating tau accumulation may represent a critical

transition for initiating neurodegeneration. However, there are

several reasonswhy this takes time to occur.78 One reason could

be the initial spatial segregation of tau and Ab deposition, with
2958 Neuron 111, October 4, 2023
tau pathology in the medial temporal lobe and Ab pathology in

the neocortex.79,80 Several studies suggest that in the presence

of Ab, tau pathology spreads from the medial temporal lobe to

the neocortex. This interaction is reminiscent of a self-amplifying

positive feedback loop, in whichmore Ab causes greater spread,

and the next loop causes an even greater response. The molec-

ular basis for this response may be cross-seeding and prion-like

self-propagation of a ‘‘transmissible’’ amyloid conformation.30

Another reason for the long and variable time interval of

amyloid-induced tau aggregation may be the glial responses to

pathology. When microglia are depleted, tau seeding and

spreading increases around amyloid plaques in mouse models

of AD.81,82 This preventive function of microglia depends on

TREM2 and the conversion of microglia into the DAM state.

DAM efficiently prevents tau pathology and brain atrophy in the

presence of Ab deposition. Thus, microglia appear to play a crit-

ical role in the prion-like spreading of tau pathology possibly by

their ability to clear spreading tau species. Thus, one may spec-

ulate that exhaustion of microglia defense function may be one

reason for the conversion of Ab to tau pathology. Indeed, the dis-

covery of rare coding variants in TREM2 that increase the risk of

AD several-fold has provided genetic support for a loss of micro-

glia function in disease development. These variants, which

result in single-amino-acid substitutions in the extracellular

domain of the protein (R47H or R62H),71,83 reduce ligand

binding84–86 for a variety of molecules, including negatively

charged lipids, myelin debris, apolipoprotein E, and amy-

loid.87–92 TREM2 is a versatile receptor that initiates not only



Figure 4. Disease-associated glia
Microglia (green) and possibly also astrocytes (blue) and oligodendrocytes (orange) are able to sense AD-associated pathology consisting of cellular debris
(neurodegeneration) and aggregated species of tau and Ab. As a response to AD pathology, microglia, astrocytes, and oligodendrocytes are converted into their
disease-associated states, that is, DAA, DAM, and DAO, which execute effector programswith distinct but to some extent overlapping transcriptional responses.
The primary goal of these responses is to counteract pathology and restore homeostasis.
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phagocytosis but also a signaling cascade that ultimately culmi-

nates in the DAM state. DAM proliferate in the vicinity of amyloid

plaques, where they participate in Ab phagocytosis and plaque

compaction, thereby reducing amyloid burden and limiting the

spread of toxic species.53,93,94 Even if there are conditions in

which TREM2 can mediate maladaptive and detrimental micro-

glia functions, it appears that the main function of DAM is to

sense tissue damage and execute a defense program required

for the protection of neurons from Ab- or tau-related injury.

PET imaging has shown that increased translocator protein

(TSPO) signal correlates with improved cognitive function and

slower disease progression in AD patients,95 supporting the

notion that microglial activation can be beneficial in the context

of AD pathology. TREM2 is not the only microglial surface recep-

tor that has been genetically linked to AD. CD33 (Siglec-3), a

member of the sialic acid-binding immunoglobulin-like lectin (Si-

glec) family of receptors, is another example.96 CD33 harbors an

immune-receptor tyrosine-based inhibitory motif (ITIM), which

upon ligand binding, mostly extracellular sialylated glycans, trig-

gers an inhibitory signaling cascade leading to reduced cellular

functions such as phagocytosis. Some of the CD33-mediated

functions appear to control and occur upstream of TREM2. Dele-

tion of CD33 increases TREM2-mediated activity, thereby pro-

moting neuroprotection in mouse models of AD.97

Considering that one of the main functions of microglia is to

sense changes in the brain environment and that more than

100 genes encoding for the microglial ‘‘sensome’’ have been

identified,98 it is likely that the microglial response to AD-related

pathology requires the integration of signals from several

additional receptors. Moreover, the transition to DAM implies a

reorganization in themicroglial sensome, such as the downregu-

lation of purinergic and the upregulation of phagocytic receptors,

so that disease-related tasks are prioritized at the expense of ho-

meostatic functions. One question that arises is how long micro-

glia canmaintain the capacity to respond to themounting pathol-
ogy. There are two potential scenarios for how microglia may

respond to exhaustion. One possibility is that they transition to

a different activation state and exhibit heightened pro-inflamma-

tory characteristics. Notably, specific subsets of activated reac-

tive microglia have been identified that coexist with DAM and are

characterized by the upregulation of interferon response

genes.55,60,99 Some of these subsets express high levels of

MHC class II99 or neurotoxic complement components.100

When microglia enter such an overactivated state, they can

cause damage by releasing cytotoxic factors such as reactive

oxygen species (ROS), nitric oxide, and various cytokines.

Another possible reaction to excessive pathology is microglia

regression. Autopsy studies in people with AD have shown that

microglia are unable to maintain their activated state into

advanced disease stages and instead become dystrophic.101

Microglia dystrophy is characterized by cytoplasmic fragmenta-

tion, lipofuscin accumulation, and de-ramified beaded or even

fragmented processes.102,103 One hypothesis is that increasing

exposure to oxidative damage, toxic proteins, and lipid species

that accumulate during disease progression leads to microglia

exhaustion, eventually leading to a transition from DAM to a

dystrophic or an interferon-responsive state. Loss of DAM could

mark a tipping point at which key components of the defense

system erode and dementia begins to unfold. Data from the

Dominantly Inherited Alzheimer Network (DIAN) observational

study, which includes families with a history of autosomal-domi-

nant Alzheimer’s disease, suggest that this could indeed be the

case. Cross-sectional and longitudinal measurements of soluble

TREM2 (sTREM2) in the CSF show that the levels are lowest in

early preclinical AD, peak at the transition of dementia onset,

and then decline in AD dementia.104,105 Assuming that sTREM2

is a proxy for DAM, these data indicate that a partial loss of DAM

activity marks the onset of clinical disease. Novel PET ligands

that are able to discriminate the different microglia states would

be necessary to substantiate these findings.
Neuron 111, October 4, 2023 2959
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Much like microglia, astrocytes are critically involved in the

response to AD-related pathology. A substantial number of risk

genes associated with AD are highly expressed in astrocytes,

including APOE,CLU, SORL1, and FERMT2. Although astrocytes

arenotconsideredacellularcomponentof theCNS innate immune

system, they are able to sense tissue damage through Toll-like re-

ceptors or other types of pattern recognition receptors and to

attract and instruct immune cells by the secreting immunemedia-

tors.106–108 Reactive astrocyte subtypes include newly prolifer-

ated, border-forming astrocytes that arise from various progenitor

cells and proliferating local astrocytes.107,108 In addition, there are

non-proliferative reactive astrocytes characterized by hypertro-

phy, that is, increased volume, thicker processes, and increased

expression of glial fibrillary acidic protein (GFAP). A major over-

arching function of reactive astrocytes is their border-forming

function, which is key for isolating pathology and limiting the

spreadof toxicmolecules by their hypertrophic dense cellular pro-

cesses and by the deposition of a network of extracellular matrix

molecules. Not surprisingly, reactive astrocytes are found around

plaques, where they participate in amyloid clearance by secreting

apolipoproteins,a1-chymotrypsin, and a2-macroglobuline to pro-

mote transport across the blood-brain barrier (BBB).109–111 In

addition, reactive astrocytes function as phagocytes and are

able to clear cellular debris and protein aggregates.112,113 Astro-

cytes regulate neuronal network activity114,115 and are also known

to secrete neurotrophic or growth factors promoting survival of

stressed neurons. One such factor is transforming growth factor

b1, which protects synapses against Ab oligomer-mediated

toxicity.116Attempts toblockastrocyte reactivity through inhibition

of intracellular signaling cascades show inconsistent effects on

pathological outcomes, pointing also to maladaptive functions in

the disease.117–119 Similar to microglia, astrocytes can adopt

many different states in AD, including reactive neurotoxic astro-

cytes and atrophic astrocytes.120–122 Reactive neurotoxic astro-

cytes lose several typical astrocytic functions, such as supporting

neuronal survival, facilitating synapse formation and function, and

phagocytosing synapses and myelin debris, and instead secrete

neurotoxic molecules that promote oligodendrocyte and neuron

death.120 Astroglial atrophy is defined as a loss of surface area

withade-ramificationofprocesses, including the reductionofperi-

synaptic processes resulting in diminished synaptic homeostatic

support. Whether astroglial atrophy is the result of disease-

induced exhaustion is unknown, but the consequence might be

detrimental, as lossofbothdisease-associated reactiveandphys-

iological homeostatic functions likely exacerbates neuropa-

thology.

Much less is known about oligodendrocytes, but recent

single-cell transcriptomic analyses of AD brains have shown

that oligodendrocytes exhibit pathology-responsive transcrip-

tional signatures.61,75,123,124 Oligodendrocyte signatures and

myelin-related processes suggest impaired axonal myelination

and metabolic adaptation to neuronal degeneration in AD. Inter-

estingly, a spatial transcriptomic study analyzing the transcrip-

tional changes occurring around amyloid plaques revealed early

alterations in gene co-expression network enriched for myelin

and oligodendrocyte genes, suggesting that the plaque micro-

environment leads to oligodendrocyte reactivity.124 Indeed,

Serpina3n+C4b+ reactive oligodendrocytes have been identified
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in AD,58–61 but the function of these cells remains to be estab-

lished. Future work will need to address whether this cell state

has a specific function in protecting the brain from pathology.

Of note, in later stages of disease with high amyloid accumula-

tion, the plaque-associated oligodendrocyte-specific signature

is lost. A reduction in oligodendrocytes and myelin in AD is

consistent with several studies in both mouse models and post-

mortem AD brains.125–128

IMMUNE RESPONSES

Activation of the immune system is another factor that can trigger

a self-reinforcing disease process.129,130 Glial reactivity repre-

sents an essential adaptive defense mechanism, and when this

becomes overwhelmed or insufficient, alternative defense

mechanisms are needed.15,110,131 That is, inflammation, which

represents the second layer of adaptation. Inflammation is, in

general, a response aimed at restoring homeostasis after infec-

tion or injury. However, it can also be the result of failed homeo-

stasis, where the purpose of inflammation is to assist and correct

tissue malfunction.51 Several different inducers of inflammation

have been described in the context of AD. Aggregated extracel-

lular Ab may represent an initial trigger for the activation of local

microglia, which may be followed by secretion of signals from

stressed neurons and release of intracellular proteins from

damaged neurons containing neurofibrillary tangles. They all

have in common that they send signals to the immune system

that indicate neuronal dysfunction or homeostatic imbalance.

The immune system’s response to these perturbations occurs

in a graded manner. Microglia are the first responders; however,

when they and other glial cells are overwhelmed and the perturb-

ing noxious molecules or signals cannot be turned down or elim-

inated, an inflammatory process may unfold.130 This immune

activation involves the recruitment of peripheral cells of the

innate immune system, among which are neutrophils and circu-

lating monocytes.

Such systemic chronic inflammation is often triggered when or-

gan-intrinsic homeostatic responses become insufficient. Indeed,

monocyte-derived macrophages that migrate into the brain can

assist reactive glia in reducing Ab amyloid burden,132,133 and

blocking infiltration of monocytes into the brain has shown to be

detrimental in models of AD.134,135 In vivo real-time imaging

studies have revealed that monocytes crawl along the luminal

walls of blood vessels where they remove vascular Ab before

re-entering the bloodstream.136 Nevertheless, the inflammation

that builds up in such a condition can take a detrimental course

in which self-reinforcing inflammatory loops contributing to tissue

destruction. For example, infiltrating neutrophils can induce

neurotoxicity by releasing cytotoxic cytokines, promoting BBB

breakdown, or by inducing oxidative damage.137,138 Part of

such maladaptive activation of the immune system is the stimula-

tion ofmicroglia and astrocytes into new pro-inflammatory states.

The transformation could result in the induction of neurotoxic phe-

notypes. This can occur by the secretion of various inflammatory

mediators including complement, cytokines, chemokines, and

proteolytic enzymes that are released with the aim to revert the

pathological condition; however, when accumulating at uncon-

strained levels, they cause collateral neuronal damage, which in
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turn sustains the chronic, inflammatory reaction. For example,

microglia have been shown to secrete complement that mediates

synaptic loss in models of AD.139 C1q is aberrantly elevated and

deposited at synapses, triggering activation of the downstream

classical complement pathway and its phagocytic removal.

Chronic inflammatory activation of microglia can lead to py-

roptosis, which results in the release of apoptosis-associated

speck-like proteins, which can act as seeds for Ab deposition

and thereby causing spread of pathology.140 Inflammasome-

activated microglia can also influence neuronal tau pathology.

Genetic silencing of an essential inflammasome component,

the NACHT, LRR, and PYD domains-containing protein (NLRP)

3, prevents Ab-induced spread of tau pathology.141 Activated

microglia, in turn, are able to induce astrocyte activation by

secreting interleukin (IL)-1a, tumor necrosis factor (TNF), and

complement component 1q (C1q). Such astrocytes lose the abil-

ity to support neuronal viability and instead induce the death of

neurons and oligodendrocytes.120

Increasing evidence suggest that in addition to innate re-

sponses, the adaptive part of the immune system also responds

to AD neuropathology. Several studies have demonstrated infil-

trations of CD4+ and CD8+ T cells in brains from patients and an-

imal models of AD.142,143 Single-cell T cell receptor sequencing

and repertoire analyses have revealed clonal expansion of cyto-

toxic pro-inflammatory CD8+ cells in the CSF of patients with

mild cognitive impairment (MCI) or AD, some of which were spe-

cific to Epstein-Barr virus antigens.144 CD8+ T cells were also

found adjacent to Ab plaques and neuronal processes, but the

functions of these cells remain unknown. Moreover, activated

antigen-specific CD8+ T cells have been detected in patients

and mouse models of amyotrophic lateral sclerosis.145 Although

the source of the antigen remains unknown, these studies raise

the intriguing possibility of lymphocyte-mediated auto-inflam-

matory responses directed against non-self or self-antigens

within the CNS of patients with neurodegenerative diseases. Ag-

ing is another condition in which clonally expanded CD8+ T cells

have been found; they drive detrimental neuroinflammatory pro-

cesses, mostly in white matter tracts.60,146,147

Taken together, these studies suggest that exhaustion of brain

intrinsic glial defense mechanisms can give rise to peripheral

innate and adaptive immune system activation. This additional

layer of immune activation requires precise titration. If the

response is set too high, the engagement of the peripheral axis

comes at the price of collateral tissue damage. Thus, failure of

resilience mechanism together with the self-magnifying inflam-

matory response could be another reason for how neurons shift

from a healthy to a stressed state and eventually degenerate.

Such cell death decisions occur in a switch-like binary manner

and are executed only when all attempts to stay alive have

been exhausted.

VASCULAR RESPONSES

The neurovascular unit, with its function of regulating CBF, pro-

moting blood-barrier exchange of oxygen, metabolites, and nu-

trients and removing noxious substances from the brain, plays

an important role in AD pathology. Vascular impairment is one

of the earliest changes in late-onset AD as shown by the early
reduction in CBF148,149 and the early breakdown of BBB integrity

in AD patients.150 Thus, dysfunctional brain vessels actively

contribute to the tipping point by limiting the delivery of substrate

to the brain, impairing BBB function, reducing vascular clear-

ance of Ab and tau, and promoting cerebral amyloid angiopathy

(CAA).62 Notably, loss of BBB integrity contributes to APOE4-

associated cognitive decline independent of AD pathology.150

The importance of vascular factors in AD is supported by human

genetic data and recent single-cell RNA sequencing data,

showing that many of the major risk genes for AD are expressed

in the human brain vasculature including brain endothelial,

mural, and perivascular cells.151

There are various self-propelling mechanisms by which cross-

talk between vascular dysfunction and neurodegenerative pa-

thology could contribute to disease progression. Ab induces

endothelial dysfunction via ROS152,153 and subsequent intracel-

lular Ca2+ overload154 that can be reversed by ROS scaven-

gers.153 Endothelial dysfunction may in turn lead to impaired

Ab clearance155 and thus could further contribute to AD pathol-

ogy, although this has not been convincingly demonstrated.

Recent work further suggests that perivascular macrophages

are another source of ROS and effector of the damaging neuro-

vascular actions of Ab.156,157 Interestingly, GWAS genes associ-

ated with AD are enriched in protein endo- and trans-cytosis

components of brain endothelial cells.151,158 ROS production

induced by Ab oligomers further causes capillary constriction

via endothelin-1 signaling to pericytes.159 Pericytes regulate

numerous vascular functions including BBB permeability, clear-

ance of toxic metabolites, and blood flow. Patients with AD

showed an early loss of pericytes160,161 and genetic ablation of

pericytes in mice leads to BBB breakdown, CBF reduction,

and neuronal loss.162 Moreover, pericyte loss in mice overex-

pressing APP has been shown to increase brain Ab40 and

Ab42 levels and accelerate vascular and parenchymal amyloid-

osis by diminishing clearance of soluble Ab40 and Ab42 from

brain interstitial fluid.163 Another factor contributing to ROS pro-

duction in the brain is hypertension. Recent work has shown a

critical role of ROS-producing perivascular macrophages in

mediating the neurovascular and cognitive dysfunction associ-

ated with hypertension.164 ROS and oxidative stress in brain

endothelial cells, pericytes, and perivascular macrophages

may therefore be one convergence point where vascular and

neurodegenerative processes overlap in a self-propelled mech-

anism. Another point of convergence could be the hemostatic

system and the procoagulant state of Ab.165,166 For instance,

Ab binds to fibrinogen167 and fibrin168 and induces structural

changes in fibrin clots that affect thrombosis and fibrinolysis.169

Because of the leakiness of the BBB in AD, fibrinogen enters the

brain parenchyma. Studies in mice have shown that fibrin(ogen)

extravasation results in pericyte degeneration, amyloid accumu-

lation, microglial activation, and neuronal dysfunction or

loss.169–171 Blocking the interaction between Ab and fibrinogen

has been shown to normalize thrombosis, reduce CAA, and

improve cognition.172 Some of the above vascular effects

seem to depend on the presence of APOE4,150,161,173 the stron-

gest genetic risk factor for AD. APOE4 is also a risk factor for

CAA,174 and APOE immunotherapy reduces CAA and amyloid

plaques while improving cerebrovascular function.175 Overall,
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these observations underscore the importance of vascular re-

sponses in AD.

AGING

Of all the risk factors for AD, age is not only the most potent

but also the most elusive. Age may simply increase the time

that is necessary for the pathology to build up, but there are

observations that point to additional mechanisms. Several

neuroimaging studies show an initial slow linear decline in

brain volume; however, after the 6th decade of life, age-

related atrophy accelerates and increases exponentially.19

Curiously, the incidence of AD shows the same pattern, with

an exponential rise after 65 years of age, when the number

of cases starts to double every 5 years. The natural aging pro-

cess is also linked to declines in specific cognitive abilities

such as processing speed, memory, language, visuospatial

skills, and executive functions. These age-related cognitive

changes are accompanied by structural and functional modi-

fications in the brain, which include alterations in neuronal

structure, loss of synapses, and dysfunction in the neuronal

network. Thus, aging may provide a fertile field for neurode-

generation by self-propelling positive feedback loops, in

which erosion of resilience causes greater injury, and the

next loop causes even more damage. This is made possible

by the reciprocal interference of age-related neurodegenera-

tion with glia, vascular, and immune responses. It is now

well known that the glial responses described in AD models

occur to some extent in normal aging of the healthy brain.

For example, microglia in healthy, aged, white matter exhibit

a DAM transcriptional profile, which is reminiscent of the reac-

tivity observed in AD models.91 DAAs and oligodendrocyte re-

sponses have also been described in both aging and in AD

being surprisingly similar.58–61 When these responses and

those that arise in the vasculature or immune system

converge in the aged AD brain, critical transitions may be

triggered.

Conclusions
There is a substantial proportion of people that remain non-

demented despite having amyloid plaques. Half of the amyloid

and tau biomarker-positive individuals remain cognitively intact

after �15 years of follow, indicating a long and highly variable

preclinical phase of AD neuropathology. We use the concept

of tipping points to illustrate how self-propelled accelerating

changes drive the disease from a preclinical to a clinical state

and highlight the critical role of resilience and resistance factors,

which we extend beyond the concept of brain and cognitive

reserve to the glial, immune, and vascular system. We propose

that loss of glial, immune, and vascular function initiates self-re-

inforcing pathological processes—such as tau spreading and

inflammation that lead to neurodegeneration and dementia.

The model we allude to is based on different stages of glial

and immune reactivities that change over the course of the dis-

ease. We hypothesize that the process begins with an adaptive

phase of reactivity, in which an effector program is initiated to

defend and preserve neuronal function and viability. When these

compensatory mechanisms become overwhelmed and mal-
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adaptive loss and gain of toxic pathological processes take

over, neuronal function declines. Because different cells and re-

gions in the brain are interconnected at multiple levels, it is likely

that tipping points are also interconnected. Thus, crossing the

threshold in one part of the brain may drive another system in

another location closer to the tipping point. Such domino effects,

or cascading tipping points, could be the basis of the known

pattern of propagation along the Braak stages. An additional

aspect to take into account is the spatial and temporal evolution

of the cellular alteration. The pathology affects the brain in a

staged manner, resulting in the simultaneous presence of early

and late stages of the response in different brain regions at any

givenmoment. Consequently, the glial, immune, and vascular re-

sponses described in this review are likely to coexist with diverse

cellular compositions across brain regions. As a result, tipping

points will be reached at varying time points across brain re-

gions, providing one possible explanation for the gradual and

relatively slow progression of clinical symptoms into the different

cognitive domains. However, once the system has tipped and

reorganized into this new and irreversible state, it becomes rela-

tively independent of the pathological process that initiated the

transition. This may explain why therapies targeting Ab have so

far proved ineffective or had relatively little effect in the symp-

tomatic phase of AD.176–178 Likewise, disease-modifying immu-

nomodulatory therapies for the treatment of MS that are highly

effective in the initial relapsing-remitting phase do not result in

relevant clinical benefit when used in the secondary chronic pro-

gressive phase.179 Thus, we might have to reconsider how we

design disease-modifying treatments for AD and related demen-

tia. Pharmaceutical intervention that targets the disease-causing

pathological accumulation of amyloid must be used very early,

possibly decades before the onset of clinical symptoms. Such

therapies must be inexpensive and safe because they are

administered to clinically healthy individuals, some of whom

will never develop the disease. Because such therapies are not

easy to implement, treatment of risk factors should not be over-

looked. For the field of dementia prevention, it will be critical to

understand the underlying biology of how risk factors influence

disease development and progression and whether they do

this by influencing resilience factors. Risk factor management

is an established and successful approach to cardiovascular dis-

ease prevention but has not been adequately implemented for

dementia prevention. One challenge is the accurate risk profiling

of individuals at risk for dementia. Risk scores such as the Car-

diovascular Risk Factors, Aging and Dementia (CAIDE) score

have been established and, at least to some extent, allow predic-

tion of subsequent dementia risk based on midlife assess-

ment.180 Such risk assessment could be combined with genetic

testing for APOE alleles to determine the ε4 status, which is

found in �15% of the population but in �70% of patients with

AD.181 In addition, risk stratification must include biomarker an-

alyses for early assessment of amyloid, tau, and neurodegener-

ation. Despite the progress made in monitoring amyloid and tau

deposition by biomarkers, these are still insufficient to predict

the onset of dementia. Thus, additional biomarkers are needed

to monitor vascular, immune, and metabolic functions and

spot early warning signs for disease progression and conversion.

In conclusion, we emphasize here the preclinical stage of AD,
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which offers so-far untapped opportunities for intervention,

which are lost once the disease has tilted into its irreversible clin-

ical phase.

ACKNOWLEDGMENTS

The work was supported by grants from the German Research Foundation
(408885537-TRR 274, SyNergy Excellence Cluster, EXC2145, Projekt ID
390857198), the European Research Council (ERC advanced grant), the Dr.
Miriam and Sheldon G. Adelson Medical Research Foundation, and the
Chan-Zuckerberg Initiative. We thank Antonia Weingart for preparing
the figures.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Alwan, A., Maclean, D.R., Riley, L.M., d’Espaignet, E.T., Mathers, C.D.,
Stevens, G.A., and Bettcher, D. (2010). Monitoring and surveillance of
chronic non-communicable diseases: progress and capacity in high-
burden countries. Lancet 376, 1861–1868. https://doi.org/10.1016/
S0140-6736(10)61853-3.

2. Beaglehole, R., Bonita, R., Horton, R., Adams, C., Alleyne, G., Asaria, P.,
Baugh, V., Bekedam, H., Billo, N., Casswell, S., et al. (2011). Priority ac-
tions for the non-communicable disease crisis. Lancet 377, 1438–1447.
https://doi.org/10.1016/S0140-6736(11)60393-0.

3. Jack, C.R., Jr., Knopman, D.S., Jagust, W.J., Petersen, R.C., Weiner,
M.W., Aisen, P.S., Shaw, L.M., Vemuri, P., Wiste, H.J., Weigand, S.D.,
et al. (2013). Tracking pathophysiological processes in Alzheimer’s dis-
ease: an updated hypothetical model of dynamic biomarkers. Lancet
Neurol. 12, 207–216. https://doi.org/10.1016/S1474-4422(12)70291-0.

4. Fagan, A.M., Xiong, C., Jasielec, M.S., Bateman, R.J., Goate, A.M., Ben-
zinger, T.L., Ghetti, B., Martins, R.N., Masters, C.L., Mayeux, R., et al.
(2014). Longitudinal change in CSF biomarkers in autosomal-dominant
Alzheimer’s disease. Sci. Transl. Med. 6, 226ra30. https://doi.org/10.
1126/scitranslmed.3007901.

5. Oxtoby, N.P., Young, A.L., Cash, D.M., Benzinger, T.L.S., Fagan, A.M.,
Morris, J.C., Bateman, R.J., Fox, N.C., Schott, J.M., and Alexander,
D.C. (2018). Data-driven models of dominantly-inherited Alzheimer’s dis-
ease progression. Brain 141, 1529–1544. https://doi.org/10.1093/brain/
awy050.

6. Jack, C.R., Jr., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Hae-
berlein, S.B., Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., et al.
(2018). NIA-AA Research Framework: toward a biological definition of
Alzheimer’s disease. Alzheimers Dement. 14, 535–562. https://doi.org/
10.1016/j.jalz.2018.02.018.

7. Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chételat, G.,
Teunissen, C.E., Cummings, J., and van der Flier, W.M. (2021). Alz-
heimer’s disease. Lancet 397, 1577–1590. https://doi.org/10.1016/
S0140-6736(20)32205-4.

8. Bateman, R.J., Xiong, C., Benzinger, T.L., Fagan, A.M., Goate, A., Fox,
N.C., Marcus, D.S., Cairns, N.J., Xie, X., Blazey, T.M., et al. (2012). Clinical
and biomarker changes in dominantly inherited Alzheimer’s disease.
N. Engl. J. Med. 367, 795–804. https://doi.org/10.1056/NEJMoa1202753.

9. Fleisher, A.S., Chen, K., Quiroz, Y.T., Jakimovich, L.J., Gomez, M.G.,
Langois, C.M., Langbaum, J.B., Ayutyanont, N., Roontiva, A., Thiyya-
gura, P., et al. (2012). Florbetapir PET analysis of amyloid-beta deposi-
tion in the presenilin 1 E280A autosomal dominant Alzheimer’s disease
kindred: a cross-sectional study. Lancet Neurol. 11, 1057–1065.
https://doi.org/10.1016/S1474-4422(12)70227-2.

10. Villemagne, V.L., Burnham, S., Bourgeat, P., Brown,B., Ellis, K.A., Salvado,
O., Szoeke, C., Macaulay, S.L., Martins, R., Maruff, P., et al. (2013). Amy-
loid beta deposition, neurodegeneration, and cognitive decline in sporadic
Alzheimer’s disease: a prospective cohort study. Lancet Neurol. 12,
357–367. https://doi.org/10.1016/S1474-4422(13)70044-9.
11. Lo, R.Y., Hubbard, A.E., Shaw, L.M., Trojanowski, J.Q., Petersen, R.C.,
Aisen, P.S., Weiner, M.W., and Jagust, W.J.; Alzheimer’s Disease Neuro-
imaging Initiative (2011). Longitudinal change of biomarkers in cognitive
decline. Arch. Neurol. 68, 1257–1266. https://doi.org/10.1001/arch-
neurol.2011.123.

12. Buchhave, P., Minthon, L., Zetterberg, H., Wallin, A.K., Blennow, K., and
Hansson, O. (2012). Cerebrospinal fluid levels of beta-amyloid 1–42, but
not of tau, are fully changed already 5 to 10 years before the onset of Alz-
heimer dementia. Arch. Gen. Psychiatry 69, 98–106. https://doi.org/10.
1001/archgenpsychiatry.2011.155.

13. Yau,W.W., Tudorascu, D.L., McDade, E.M., Ikonomovic, S., James, J.A.,
Minhas, D., Mowrey, W., Sheu, L.K., Snitz, B.E., Weissfeld, L., et al.
(2015). Longitudinal assessment of neuroimaging and clinical markers
in autosomal dominant Alzheimer’s disease: a prospective cohort study.
Lancet Neurol. 14, 804–813. https://doi.org/10.1016/S1474-4422(15)
00135-0.

14. Selkoe, D.J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol. Med. 8, 595–608. https://doi.org/10.
15252/emmm.201606210.

15. De Strooper, B., and Karran, E. (2016). The cellular phase of Alzheimer’s
disease. Cell 164, 603–615. https://doi.org/10.1016/j.cell.2015.12.056.

16. Rollo, J., Crawford, J., and Hardy, J. (2023). A dynamical systems
approach for multiscale synthesis of Alzheimer’s pathogenesis. Neuron.
https://doi.org/10.1016/j.neuron.2023.04.018.

17. Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S.,
and Schellnhuber, H.J. (2008). Tipping elements in the Earth’s climate
system. Proc. Natl. Acad. Sci. USA 105, 1786–1793. https://doi.org/10.
1073/pnas.0705414105.

18. Alley, R.B., Marotzke, J., Nordhaus, W.D., Overpeck, J.T., Peteet, D.M.,
Pielke, R.A., Jr., Pierrehumbert, R.T., Rhines, P.B., Stocker, T.F., Talley,
L.D., et al. (2003). Abrupt climate change. Science 299, 2005–2010.
https://doi.org/10.1126/science.1081056.

19. Bethlehem, R.A.I., Seidlitz, J., White, S.R., Vogel, J.W., Anderson, K.M.,
Adamson, C., Adler, S., Alexopoulos, G.S., Anagnostou, E., Areces-Gon-
zalez, A., et al. (2022). Brain charts for the human lifespan. Nature 604,
525–533. https://doi.org/10.1038/s41586-022-04554-y.

20. Jagust, W. (2018). Imaging the evolution and pathophysiology of Alz-
heimer disease. Nat. Rev. Neurosci. 19, 687–700. https://doi.org/10.
1038/s41583-018-0067-3.

21. Ridha, B.H., Barnes, J., Bartlett, J.W., Godbolt, A., Pepple, T., Rossor,
M.N., and Fox, N.C. (2006). Tracking atrophy progression in familial Alz-
heimer’s disease: a serial MRI study. Lancet Neurol. 5, 828–834. https://
doi.org/10.1016/S1474-4422(06)70550-6.

22. Knight, W.D., Kim, L.G., Douiri, A., Frost, C., Rossor, M.N., and Fox, N.C.
(2011). Acceleration of cortical thinning in familial Alzheimer’s disease.
Neurobiol. Aging 32, 1765–1773. https://doi.org/10.1016/j.neurobiolag-
ing.2009.11.013.

23. Benzinger, T.L., Blazey, T., Jack, C.R., Jr., Koeppe, R.A., Su, Y., Xiong,
C., Raichle, M.E., Snyder, A.Z., Ances, B.M., Bateman, R.J., et al.
(2013). Regional variability of imaging biomarkers in autosomal dominant
Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 110, E4502–E4509.
https://doi.org/10.1073/pnas.1317918110.

24. Kinnunen, K.M., Cash, D.M., Poole, T., Frost, C., Benzinger, T.L.S., Ah-
san, R.L., Leung, K.K., Cardoso, M.J., Modat, M., Malone, I.B., et al.
(2018). Presymptomatic atrophy in autosomal dominant Alzheimer’s dis-
ease: A serial magnetic resonance imaging study. Alzheimers Dement.
14, 43–53. https://doi.org/10.1016/j.jalz.2017.06.2268.

25. Carlson, N.E., Moore, M.M., Dame, A., Howieson, D., Silbert, L.C., Quinn,
J.F., and Kaye, J.A. (2008). Trajectories of brain loss in aging and the
development of cognitive impairment. Neurology 70, 828–833. https://
doi.org/10.1212/01.wnl.0000280577.43413.d9.

26. Hall, C.B., Lipton, R.B., Sliwinski, M., and Stewart, W.F. (2000). A change
point model for estimating the onset of cognitive decline in preclinical Alz-
heimer’s disease. Stat. Med. 19, 1555–1566. https://doi.org/10.1002/
(SICI)1097-0258(20000615/30)19:11/12<1555::AID-SIM445>3.0.
CO;2-3.
Neuron 111, October 4, 2023 2963

https://doi.org/10.1016/S0140-6736(10)61853-3
https://doi.org/10.1016/S0140-6736(10)61853-3
https://doi.org/10.1016/S0140-6736(11)60393-0
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1126/scitranslmed.3007901
https://doi.org/10.1126/scitranslmed.3007901
https://doi.org/10.1093/brain/awy050
https://doi.org/10.1093/brain/awy050
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1016/S0140-6736(20)32205-4
https://doi.org/10.1056/NEJMoa1202753
https://doi.org/10.1016/S1474-4422(12)70227-2
https://doi.org/10.1016/S1474-4422(13)70044-9
https://doi.org/10.1001/archneurol.2011.123
https://doi.org/10.1001/archneurol.2011.123
https://doi.org/10.1001/archgenpsychiatry.2011.155
https://doi.org/10.1001/archgenpsychiatry.2011.155
https://doi.org/10.1016/S1474-4422(15)00135-0
https://doi.org/10.1016/S1474-4422(15)00135-0
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1016/j.cell.2015.12.056
https://doi.org/10.1016/j.neuron.2023.04.018
https://doi.org/10.1073/pnas.0705414105
https://doi.org/10.1073/pnas.0705414105
https://doi.org/10.1126/science.1081056
https://doi.org/10.1038/s41586-022-04554-y
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.1016/S1474-4422(06)70550-6
https://doi.org/10.1016/S1474-4422(06)70550-6
https://doi.org/10.1016/j.neurobiolaging.2009.11.013
https://doi.org/10.1016/j.neurobiolaging.2009.11.013
https://doi.org/10.1073/pnas.1317918110
https://doi.org/10.1016/j.jalz.2017.06.2268
https://doi.org/10.1212/01.wnl.0000280577.43413.d9
https://doi.org/10.1212/01.wnl.0000280577.43413.d9
https://doi.org/10.1002/(SICI)1097-0258(20000615/30)19:11/12&lt;1555::AID-SIM445&gt;3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-0258(20000615/30)19:11/12&lt;1555::AID-SIM445&gt;3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-0258(20000615/30)19:11/12&lt;1555::AID-SIM445&gt;3.0.CO;2-3


ll
OPEN ACCESS Perspective
27. Carrillo, M.C., Dean, R.A., Nicolas, F., Miller, D.S., Berman, R., Khacha-
turian, Z., Bain, L.J., Schindler, R., and Knopman, D.; Alzheimer’s Asso-
ciation Research Roundtable (2013). Revisiting the framework of the Na-
tional Institute on Aging-Alzheimer’s Association diagnostic criteria.
Alzheimers Dement. 9, 594–601. https://doi.org/10.1016/j.jalz.2013.
05.1762.

28. Dubois, B., Feldman, H.H., Jacova, C., Hampel, H., Molinuevo, J.L.,
Blennow, K., DeKosky, S.T., Gauthier, S., Selkoe, D., Bateman, R.,
et al. (2014). Advancing research diagnostic criteria for Alzheimer’s dis-
ease: the IWG-2 criteria. Lancet Neurol. 13, 614–629. https://doi.org/
10.1016/S1474-4422(14)70090-0.

29. Chiti, F., and Dobson, C.M. (2006). Protein misfolding, functional amy-
loid, and human disease. Annu. Rev. Biochem. 75, 333–366. https://
doi.org/10.1146/annurev.biochem.75.101304.123901.

30. Walker, L.C., and Jucker, M. (2015). Neurodegenerative diseases: ex-
panding the prion concept. Annu. Rev. Neurosci. 38, 87–103. https://
doi.org/10.1146/annurev-neuro-071714-033828.

31. Meisl, G., Knowles, T.P., and Klenerman, D. (2020). The molecular pro-
cesses underpinning prion-like spreading and seed amplification in pro-
tein aggregation. Curr. Opin. Neurobiol. 61, 58–64. https://doi.org/10.
1016/j.conb.2020.01.010.

32. Frisoni, G.B., Altomare, D., Thal, D.R., Ribaldi, F., van der Kant, R., Os-
senkoppele, R., Blennow, K., Cummings, J., van Duijn, C., Nilsson,
P.M., et al. (2022). The probabilistic model of Alzheimer disease: the am-
yloid hypothesis revised. Nat. Rev. Neurosci. 23, 53–66. https://doi.org/
10.1038/s41583-021-00533-w.

33. Benilova, I., Karran, E., and De Strooper, B. (2012). The toxic Abeta olig-
omer and Alzheimer’s disease: an emperor in need of clothes. Nat. Neu-
rosci. 15, 349–357. https://doi.org/10.1038/nn.3028.

34. Balusu, S., Praschberger, R., Lauwers, E., De Strooper, B., and Ver-
streken, P. (2023). Neurodegeneration cell per cell. Neuron 111,
767–786. https://doi.org/10.1016/j.neuron.2023.01.016.

35. Nelson, P.T., Alafuzoff, I., Bigio, E.H., Bouras, C., Braak, H., Cairns, N.J.,
Castellani, R.J., Crain, B.J., Davies, P., Del Tredici, K., et al. (2012). Cor-
relation of Alzheimer disease neuropathologic changes with cognitive
status: a review of the literature. J. Neuropathol. Exp. Neurol. 71,
362–381. https://doi.org/10.1097/NEN.0b013e31825018f7.

36. Stern, Y. (2012). Cognitive reserve in ageing and Alzheimer’s disease.
Lancet Neurol. 11, 1006–1012. https://doi.org/10.1016/S1474-4422(12)
70191-6.

37. Stern, Y. (2006). Cognitive reserve and Alzheimer disease. Alzheimer Dis.
Assoc. Disord. 20, 112–117. https://doi.org/10.1097/01.wad.0000213815.
20177.19.

38. Cabeza, R., Albert, M., Belleville, S., Craik, F.I.M., Duarte, A., Grady, C.L.,
Lindenberger, U., Nyberg, L., Park, D.C., Reuter-Lorenz, P.A., et al.
(2018). Maintenance, reserve and compensation: the cognitive neurosci-
ence of healthy ageing. Nat. Rev. Neurosci. 19, 701–710. https://doi.org/
10.1038/s41583-018-0068-2.

39. Laughlin, S.B., de Ruyter van Steveninck, R.R., and Anderson, J.C.
(1998). Themetabolic cost of neural information. Nat. Neurosci. 1, 36–41.

40. Attwell, D., and Laughlin, S.B. (2001). An energy budget for signaling in
the grey matter of the brain. J. Cereb. Blood Flow Metab. 21, 1133–
1145. https://doi.org/10.1097/00004647-200110000-00001.

41. Allen, N.J., and Barres, B.A. (2009). Neuroscience: glia - more than just
brain glue. Nature 457, 675–677. https://doi.org/10.1038/457675a.

42. Allen, N.J., and Lyons, D.A. (2018). Glia as architects of central nervous
system formation and function. Science 362, 181–185. https://doi.org/
10.1126/science.aat0473.

43. Stadelmann, C., Timmler, S., Barrantes-Freer, A., and Simons, M.
(2019). Myelin in the central nervous system: structure, function, and
pathology. Physiol. Rev. 99, 1381–1431. https://doi.org/10.1152/phys-
rev.00031.2018.
2964 Neuron 111, October 4, 2023
44. Nave, K.A., and Werner, H.B. (2014). Myelination of the nervous system:
mechanisms and functions. Annu. Rev. Cell Dev. Biol. 30, 503–533.
https://doi.org/10.1146/annurev-cellbio-100913-013101.

45. Sofroniew,M.V., and Vinters, H.V. (2010). Astrocytes: biology and pathol-
ogy. Acta Neuropathol. 119, 7–35. https://doi.org/10.1007/s00401-009-
0619-8.

46. Escartin, C., Galea, E., Lakatos, A., O’Callaghan, J.P., Petzold, G.C.,
Serrano-Pozo, A., Steinh€auser, C., Volterra, A., Carmignoto, G., Agarwal,
A., et al. (2021). Reactive astrocyte nomenclature, definitions, and future
directions. Nat. Neurosci. 24, 312–325. https://doi.org/10.1038/s41593-
020-00783-4.

47. Giovannoni, F., and Quintana, F.J. (2020). The role of astrocytes in CNS
inflammation. Trends Immunol. 41, 805–819. https://doi.org/10.1016/j.it.
2020.07.007.

48. Vainchtein, I.D., and Molofsky, A.V. (2020). Astrocytes and microglia: in
sickness and in health. Trends Neurosci. 43, 144–154. https://doi.org/
10.1016/j.tins.2020.01.003.

49. Paolicelli, R.C., Sierra, A., Stevens, B., Tremblay, M.E., Aguzzi, A., Ajami,
B., Amit, I., Audinat, E., Bechmann, I., Bennett, M., et al. (2022). Microglia
states and nomenclature: A field at its crossroads. Neuron 110, 3458–
3483. https://doi.org/10.1016/j.neuron.2022.10.020.

50. Prinz, M., Jung, S., and Priller, J. (2019). Microglia biology: one century of
evolving concepts. Cell 179, 292–311. https://doi.org/10.1016/j.cell.
2019.08.053.

51. Kotas, M.E., and Medzhitov, R. (2015). Homeostasis, inflammation, and
disease susceptibility. Cell 160, 816–827. https://doi.org/10.1016/j.cell.
2015.02.010.

52. Okabe, Y., andMedzhitov, R. (2016). Tissue biology perspective onmac-
rophages. Nat. Immunol. 17, 9–17. https://doi.org/10.1038/ni.3320.

53. Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-
Szternfeld, R., Ulland, T.K., David, E., Baruch, K., Lara-Astaiso, D.,
Toth, B., et al. (2017). A unique microglia type associated with restricting
development of Alzheimer’s disease. Cell 169, 1276–1290.e17. https://
doi.org/10.1016/j.cell.2017.05.018.

54. Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fa-
timy, R., Beckers, L., O’Loughlin, E., Xu, Y., Fanek, Z., et al. (2017). The
TREM2-APOE pathway drives the transcriptional phenotype of dysfunc-
tional microglia in neurodegenerative diseases. Immunity 47, 566–
581.e9. e569. https://doi.org/10.1016/j.immuni.2017.08.008.

55. Sala Frigerio, C., Wolfs, L., Fattorelli, N., Thrupp, N., Voytyuk, I., Schmidt,
I., Mancuso, R., Chen, W.T., Woodbury, M.E., Srivastava, G., et al.
(2019). The major risk factors for Alzheimer’s disease: age, sex, and
genes modulate the microglia response to Abeta plaques. Cell Rep. 27,
1293–1306.e6. https://doi.org/10.1016/j.celrep.2019.03.099.

56. Ulrich, J.D., Ulland, T.K., Colonna, M., and Holtzman, D.M. (2017). Eluci-
dating the role of TREM2 in Alzheimer’s disease. Neuron 94, 237–248.
https://doi.org/10.1016/j.neuron.2017.02.042.

57. Habib, N., McCabe, C., Medina, S., Varshavsky, M., Kitsberg, D., Dvir-
Szternfeld, R., Green, G., Dionne, D., Nguyen, L., Marshall, J.L., et al.
(2020). Disease-associated astrocytes in Alzheimer’s disease and ag-
ing. Nat. Neurosci. 23, 701–706. https://doi.org/10.1038/s41593-020-
0624-8.

58. Kenigsbuch, M., Bost, P., Halevi, S., Chang, Y., Chen, S., Ma, Q., Hajbi,
R., Schwikowski, B., Bodenmiller, B., Fu, H., et al. (2022). A shared dis-
ease-associated oligodendrocyte signature among multiple CNS pathol-
ogies. Nat. Neurosci. 25, 876–886. https://doi.org/10.1038/s41593-022-
01104-7.

59. Pandey, S., Shen, K., Lee, S.H., Shen, Y.A., Wang, Y., Otero-Garcı́a, M.,
Kotova, N., Vito, S.T., Laufer, B.I., Newton, D.F., et al. (2022). Disease-
associated oligodendrocyte responses across neurodegenerative dis-
eases. Cell Rep. 40, 111189. https://doi.org/10.1016/j.celrep.2022.
111189.

60. Kaya, T., Mattugini, N., Liu, L., Ji, H., Cantuti-Castelvetri, L., Wu, J., Schif-
ferer, M., Groh, J., Martini, R., Besson-Girard, S., et al. (2022). CD8(+)
T cells induce interferon-responsive oligodendrocytes and microglia in

https://doi.org/10.1016/j.jalz.2013.05.1762
https://doi.org/10.1016/j.jalz.2013.05.1762
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1146/annurev.biochem.75.101304.123901
https://doi.org/10.1146/annurev.biochem.75.101304.123901
https://doi.org/10.1146/annurev-neuro-071714-033828
https://doi.org/10.1146/annurev-neuro-071714-033828
https://doi.org/10.1016/j.conb.2020.01.010
https://doi.org/10.1016/j.conb.2020.01.010
https://doi.org/10.1038/s41583-021-00533-w
https://doi.org/10.1038/s41583-021-00533-w
https://doi.org/10.1038/nn.3028
https://doi.org/10.1016/j.neuron.2023.01.016
https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1097/01.wad.0000213815.<?show [?tjl=20mm]&tjlpc;[?tjl]?>20177.19
https://doi.org/10.1097/01.wad.0000213815.<?show [?tjl=20mm]&tjlpc;[?tjl]?>20177.19
https://doi.org/10.1038/s41583-018-0068-2
https://doi.org/10.1038/s41583-018-0068-2
http://refhub.elsevier.com/S0896-6273(23)00433-6/sref39
http://refhub.elsevier.com/S0896-6273(23)00433-6/sref39
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1038/457675a
https://doi.org/10.1126/science.aat0473
https://doi.org/10.1126/science.aat0473
https://doi.org/10.1152/physrev.00031.2018
https://doi.org/10.1152/physrev.00031.2018
https://doi.org/10.1146/annurev-cellbio-100913-013101
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1016/j.cell.2015.02.010
https://doi.org/10.1016/j.cell.2015.02.010
https://doi.org/10.1038/ni.3320
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1016/j.neuron.2017.02.042
https://doi.org/10.1038/s41593-020-0624-8
https://doi.org/10.1038/s41593-020-0624-8
https://doi.org/10.1038/s41593-022-01104-7
https://doi.org/10.1038/s41593-022-01104-7
https://doi.org/10.1016/j.celrep.2022.111189
https://doi.org/10.1016/j.celrep.2022.111189


ll
OPEN ACCESSPerspective
white matter aging. Nat. Neurosci. 25, 1446–1457. https://doi.org/10.
1038/s41593-022-01183-6.

61. Zhou, Y., Song, W.M., Andhey, P.S., Swain, A., Levy, T., Miller, K.R., Po-
liani, P.L., Cominelli, M., Grover, S., Gilfillan, S., et al. (2020). Human and
mouse single-nucleus transcriptomics reveal TREM2-dependent and
TREM2-independent cellular responses in Alzheimer’s disease. Nat.
Med. 26, 131–142. https://doi.org/10.1038/s41591-019-0695-9.

62. Iadecola, C. (2017). The neurovascular unit coming of age: A journey
through neurovascular coupling in health and disease. Neuron 96,
17–42. https://doi.org/10.1016/j.neuron.2017.07.030.

63. Zlokovic, B.V. (2011). Neurovascular pathways to neurodegeneration in
Alzheimer’s disease and other disorders. Nat. Rev. Neurosci. 12,
723–738. https://doi.org/10.1038/nrn3114.

64. Harold, D., Abraham, R., Hollingworth, P., Sims, R., Gerrish, A., Ham-
shere, M.L., Pahwa, J.S., Moskvina, V., Dowzell, K., Williams, A., et al.
(2009). Genome-wide association study identifies variants at CLU and
PICALM associated with Alzheimer’s disease. Nat. Genet. 41, 1088–
1093. https://doi.org/10.1038/ng.440.

65. Lambert, J.C., Ibrahim-Verbaas, C.A., Harold, D., Naj, A.C., Sims, R.,
Bellenguez, C., DeStafano, A.L., Bis, J.C., Beecham, G.W., Grenier-Bo-
ley, B., et al. (2013). Meta-analysis of 74,046 individuals identifies 11 new
susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–1458.
https://doi.org/10.1038/ng.2802.

66. Naj, A.C., Jun, G., Beecham, G.W., Wang, L.S., Vardarajan, B.N., Buros,
J., Gallins, P.J., Buxbaum, J.D., Jarvik, G.P., Crane, P.K., et al. (2011).
Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are
associated with late-onset Alzheimer’s disease. Nat. Genet. 43,
436–441. https://doi.org/10.1038/ng.801.

67. Seshadri, S., Fitzpatrick, A.L., Ikram, M.A., DeStefano, A.L., Gudnason,
V., Boada, M., Bis, J.C., Smith, A.V., Carassquillo, M.M., Lambert, J.C.,
et al. (2010). Genome-wide analysis of genetic loci associated with Alz-
heimer disease. JAMA 303, 1832–1840. https://doi.org/10.1001/jama.
2010.574.

68. Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J.C., Carra-
squillo, M.M., Abraham, R., Hamshere, M.L., Pahwa, J.S., Moskvina,
V., et al. (2011). Common variants at ABCA7, MS4A6A/MS4A4E,
EPHA1, CD33 and CD2AP are associated with Alzheimer’s disease.
Nat. Genet. 43, 429–435. https://doi.org/10.1038/ng.803.

69. Wightman, D.P., Jansen, I.E., Savage, J.E., Shadrin, A.A., Bahrami, S.,
Holland, D., Rongve, A., Børte, S., Winsvold, B.S., Drange, O.K., et al.
(2021). A genome-wide association study with 1,126,563 individuals
identifies new risk loci for Alzheimer’s disease. Nat. Genet. 53, 1276–
1282. https://doi.org/10.1038/s41588-021-00921-z.

70. Jansen, I.E., Savage, J.E., Watanabe, K., Bryois, J., Williams, D.M.,
Steinberg, S., Sealock, J., Karlsson, I.K., H€agg, S., Athanasiu, L., et al.
(2019). Genome-wide meta-analysis identifies new loci and functional
pathways influencing Alzheimer’s disease risk. Nat. Genet. 51,
404–413. https://doi.org/10.1038/s41588-018-0311-9.

71. Kunkle, B.W., Grenier-Boley, B., Sims, R., Bis, J.C., Damotte, V., Naj,
A.C., Boland, A., Vronskaya, M., van der Lee, S.J., Amlie-Wolf, A.,
et al. (2019). Genetic meta-analysis of diagnosed Alzheimer’s disease
identifies new risk loci and implicates Abeta, tau, immunity and lipid pro-
cessing. Nat. Genet. 51, 414–430. https://doi.org/10.1038/s41588-019-
0358-2.

72. Guerreiro, R.J., Lohmann, E., Brás, J.M., Gibbs, J.R., Rohrer, J.D., Gu-
runlian, N., Dursun, B., Bilgic, B., Hanagasi, H., Gurvit, H., et al. (2013).
Using exome sequencing to reveal mutations in TREM2 presenting as
a frontotemporal dementia-like syndrome without bone involvement.
JAMA Neurol. 70, 78–84. https://doi.org/10.1001/jamaneurol.2013.579.

73. Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I., Jonsson, P.V.,
Snaedal, J., Bjornsson, S., Huttenlocher, J., Levey, A.I., Lah, J.J., et al.
(2013). Variant of TREM2 associated with the risk of Alzheimer’s disease.
N. Engl. J. Med. 368, 107–116. https://doi.org/10.1056/NEJMoa1211103.

74. Lewcock, J.W., Schlepckow, K., Di Paolo, G., Tahirovic, S., Monroe,
K.M., and Haass, C. (2020). Emerging microglia biology defines novel
therapeutic approaches for Alzheimer’s disease. Neuron 108, 801–821.
https://doi.org/10.1016/j.neuron.2020.09.029.
75. Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S.,
Young, J.Z., Menon, M., He, L., Abdurrob, F., Jiang, X., et al. (2019). Sin-
gle-cell transcriptomic analysis of Alzheimer’s disease. Nature 570,
332–337. https://doi.org/10.1038/s41586-019-1195-2.

76. Nott, A., Holtman, I.R., Coufal, N.G., Schlachetzki, J.C.M., Yu, M., Hu, R.,
Han, C.Z., Pena, M., Xiao, J., Wu, Y., et al. (2019). Brain cell type-specific
enhancer-promoter interactomemaps and disease-risk association. Sci-
ence 366, 1134–1139. https://doi.org/10.1126/science.aay0793.

77. Jack, C.R., Jr., Knopman, D.S., Jagust, W.J., Shaw, L.M., Aisen, P.S.,
Weiner, M.W., Petersen, R.C., and Trojanowski, J.Q. (2010). Hypothetical
model of dynamic biomarkers of the Alzheimer’s pathological cascade.
Lancet Neurol. 9, 119–128. https://doi.org/10.1016/S1474-4422(09)
70299-6.

78. Small, S.A., and Duff, K. (2008). Linking Abeta and tau in late-onset Alz-
heimer’s disease: a dual pathway hypothesis. Neuron 60, 534–542.
https://doi.org/10.1016/j.neuron.2008.11.007.

79. Braak, H., and Braak, E. (1991). Neuropathological stageing of Alz-
heimer-related changes. Acta Neuropathol. 82, 239–259. https://doi.
org/10.1007/BF00308809.

80. Thal, D.R., R€ub, U., Orantes, M., and Braak, H. (2002). Phases of A beta-
deposition in the human brain and its relevance for the development of
AD. Neurology 58, 1791–1800. https://doi.org/10.1212/wnl.58.12.1791.

81. Lee, S.H., Meilandt, W.J., Xie, L., Gandham, V.D., Ngu, H., Barck, K.H.,
Rezzonico, M.G., Imperio, J., Lalehzadeh, G., Huntley, M.A., et al.
(2021). Trem2 restrains the enhancement of tau accumulation and neuro-
degeneration by beta-amyloid pathology. Neuron 109, 1283–1301.e6.
https://doi.org/10.1016/j.neuron.2021.02.010.

82. Gratuze, M., Chen, Y., Parhizkar, S., Jain, N., Strickland, M.R., Serrano,
J.R., Colonna, M., Ulrich, J.D., and Holtzman, D.M. (2021). Activated mi-
croglia mitigate Abeta-associated tau seeding and spreading. J. Exp.
Med. 218. https://doi.org/10.1084/jem.20210542.

83. Sims, R., van der Lee, S.J., Naj, A.C., Bellenguez, C., Badarinarayan, N.,
Jakobsdottir, J., Kunkle, B.W., Boland, A., Raybould, R., Bis, J.C., et al.
(2017). Rare coding variants in PLCG2, ABI3, and TREM2 implicate mi-
croglial-mediated innate immunity in Alzheimer’s disease. Nat. Genet.
49, 1373–1384. https://doi.org/10.1038/ng.3916.

84. Song, W., Hooli, B., Mullin, K., Jin, S.C., Cella, M., Ulland, T.K., Wang, Y.,
Tanzi, R.E., and Colonna, M. (2017). Alzheimer’s disease-associated
TREM2 variants exhibit either decreased or increased ligand-dependent
activation. Alzheimers Dement. 13, 381–387. https://doi.org/10.1016/j.
jalz.2016.07.004.

85. Wang, Y., Cella, M., Mallinson, K., Ulrich, J.D., Young, K.L., Robinette,
M.L., Gilfillan, S., Krishnan, G.M., Sudhakar, S., Zinselmeyer, B.H.,
et al. (2015). TREM2 lipid sensing sustains the microglial response in
an Alzheimer’s disease model. Cell 160, 1061–1071. https://doi.org/10.
1016/j.cell.2015.01.049.

86. Kleinberger, G., Yamanishi, Y., Suárez-Calvet, M., Czirr, E., Lohmann, E.,
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