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Abstract

Sporadic Alzheimer’s disease (AD) is associated with numerous risk factors, yet its

precise cause remains unclear. Here, we describe a novel framework for AD pathogen-

esis, whereby diverse risk factors converge on neuromodulatory subcortical systems

to confer AD risk or resilience. Neuromodulatory projection neurons are uniquely

fragile due to their large size, sparse myelination, and high basal metabolic demands.

We propose that the increased prevalence of AD in older adult populations likely

reflects a universal weakness within these projection systems, which is increasingly

exposed as cellular transport and maintenance mechanisms deteriorate with age. The

key insight of this “neuromodulatory fragility hypothesis” is that neuromodulatory sys-

tem dysfunction is sufficient to explain both tau hyperphosphorylation and amyloid

beta plaque formation, the two pathological hallmarks of AD. We therefore predict

that strengthening or preserving the endogenous functions of these systems inmidlife

represents themost effective strategy for preventing AD.
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Highlights

∙ We describe a neuromodulatory fragility hypothesis for Alzheimer’s disease (AD)

pathogenesis.

∙ Neuromodulatory neurons are extremely fragile due to highmetabolic demands.

∙ Their early dysfunction leads to downstream tau misfolding and amyloid beta (Aβ)
pathology.

∙ Eventual Aβ–tau interactions cause rapid spreading of pathology and dementia

onset.
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∙ Improving neuromodulatory resilience presents the best dementia-prevention

strategy.

1 INTRODUCTION: WHAT CAUSES
ALZHEIMER’S DISEASE?

Identifying the cause of Alzheimer’s disease (AD) remains one of the

most urgent challenges in modern medicine, yet its complexity contin-

ues to preclude a single parsimonious explanation of pathogenesis.1

Many risk factors have been identified, which combine and inter-

act to confer relative risk or resilience.2 These include age, genetics,

traumatic brain injury, comorbidities, physical inactivity, sleep dis-

ruption, and viral or bacterial infection, among others.1,2 The diver-

sity of these “causes” contrasts sharply with the relatively uniform

sequence of pathological events that define AD. While individual pro-

gression patterns and clinical presentations can vary3,4 (discussed

in section 8), AD typically unfolds in the brain as follows: tau neu-

rofibrillary tangles and pre-tangles spread according to Braak stages,5

amyloid beta (Aβ) plaques emerge according to Thal stages,6 and

subsequent tau-associated neurodegeneration drives canonical pat-

terns of cognitive decline, ultimately leading to dementia.7 A system

whereby varied causes lead to relatively uniform outcomes implies

the existence of a single upstream vulnerability: a common break-

point upon which diverse insults converge to initiate a pathological

cascade (Postulate 1, Box 1). Furthermore, by Occam’s razor, a sin-

gle breakpoint is much more likely an explanation of pathogenesis

thanmultiple simultaneously dysfunctioning systems (Postulate 2, Box

1). This is especially true in a disorder as common as AD, which

affects one third of people over the age of 85.8 There is, therefore,

a need for explanations of AD pathogenesis that unify the emer-

gence of both Aβ and tau pathology under a single cause. Finally,

given the high prevalence of AD, the single breakpoint is likely a fea-

ture of normal brain architecture rather than an obscure abnormality

(Postulate 3, Box 1). Identification of this breakpoint is critical, as

its protection would provide the most effective option for disease

prevention.9

We argue that neuromodulatory subcortical projection neurons

represent a prime candidate for this vulnerable breakpoint. These

neurons are uniquely fragile: their large, sparsely myelinated, tau-

rich axons have extraordinary energy demands, making them highly

dependent on a steady supply of resources and fully functional repair

mechanisms.10,11 We propose that the heightened prevalence of AD

among older adults therefore reflects a universal weakness within

these projection systems, which is increasingly exposed in older age

when cellular transport and maintenance mechanisms falter.12,13 In

a sentence: we believe that it is no coincidence that the hardest-

to-maintain parts of the most fragile neurons are enriched for a

pre-pathogenic component (tau) of themost common cause of demen-

tia.

We propose the following mechanistic framework whereby AD,

from its initial pathogenesis to clinical dementia, can be understood

as a downstream consequence of neuromodulatory fragility (Figure 1).

Declining metabolic efficiency and impaired cellular transport and

clearancemechanisms in advancing age disproportionately affect neu-

romodulatory neurons, particularly in tau-rich axons extremely distal

from the cell nucleus. Accumulated oxidative stress drives tau hyper-

phosphorylation and misfolding, leading to axonal instability and

reduced neuromodulatory tone at cortical endpoints. This loss of neu-

romodulatory input disrupts microglial homeostasis and impairs the

clearance of early Aβ species, eventually leading to plaque formation.

Misfolded, hyperphosphorylated tau spreads slowly and transneu-

ronally through highly active networks, while Aβ plaques continue

to form across the cortex. Eventual local interactions of Aβ and tau

pathology accelerate the activity-dependent transneuronal spread of

tau due to Aβ-induced hyperexcitability, culminating in widespread

neurodegeneration and dementia onset.

In this perspective paper we describe this “neuromodulatory

fragility hypothesis” of AD pathogenesis in more detail, describing a

broad view of the entire AD process from pathogenesis to dementia

onset. The framework this hypothesis provides shifts the focus from

late-stage cortical hallmarks to vulnerable subcortical origins which

become dysfunctional long before the clinical manifestation of the dis-

ease. The framework situates sporadic AD as a disorder of statistical

vulnerability rather than a singular initiating insult per se. In lieu of

refuting the amyloid hypothesis, which has dominated thinking and

research on AD for > 30 years,14 we suggest a reframing, whereby

Aβ accumulation may be a downstream consequence of a fundamen-

tal dysfunction of neuromodulatory subcortical projection neurons,

rather than the initiating trigger of sporadic ADpathogenesis. By view-

ing AD through the lens of neuromodulatory fragility, we can integrate

disparate findings on tau seeding, the neuroinflammatory response,

andnebulousprodromal behavioral changes into aunified theoryofAD

pathogenesis.

2 NEUROMODULATORY PROJECTION
NEURONS ARE A SYSTEM-WIDE WEAK POINT

Neuromodulatory subcortical systems can be analogized as the con-

ductors to the orchestra of the brain. Where glutamatergic and

GABA-ergic neurons facilitate the bulk of the brain’s activity (the

orchestra), dramatically smaller populations of neuromodulatory neu-

rons (the conductors) shape the dynamics and characteristics of

their combined activity.15,16 These systems release neurotransmit-

ters such as noradrenaline, acetylcholine, dopamine, serotonin, and
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F IGURE 1 Flowchart of the proposed neuromodulatory fragility hypothesis of AD pathogenesis. Risk factors confer vulnerability or resilience
to NSSs either directly or indirectly through disproportionate consequences in whole brain health. Due to disruptions in cell maintenance in distal
axons, tau becomes hyperphosphorylated andmisfolded, causing axonal instability and reduced cortical neuromodulatory tone. This causes
nebulous early symptoms (sleep disruption, mood instability, attention deficits) and disrupts microglial homeostasis, impairing amyloid clearance.
Misfolded tau spreads transneuronally fromNSS cells, while Aβ appears in increasingly widespread cognitive regions.When Aβ and tau interact
(typically in inferior temporal cortex), tau spread, and associated neurodegeneration are exacerbated, and cognition declines rapidly, eventually
leading to dementia. Aβ, amyloid beta; AD, Alzheimer’s disease; NSS, neuromodulatory subcortical system.

BOX 1: Postulates of the neuromodulatory fragility

hypothesis of Alzheimer’s disease pathogenesis

Postulate 1: Diverse causes leading to (relatively) uniform

outcomes suggests a single upstream vulnerability.

Postulate 2: A single breakpoint is a simpler explanation

of pathogenesis than multiple breakpoints, especially in an

extremely common disorder (Occam’s razor).

Postulate 3: In an extremely prevalent disorder (like

Alzheimer’s disease [AD]), the breakpoint is more likely

a feature of normal brain architecture than an obscure

abnormality.

Neuromodulatory subcortical projection neurons, specifi-

cally their tau-rich axonal terminals, are a prime candidate

for this single vulnerablebreakpoint.Multiple risk factors can

converge on this system to confer risk ofAD.Variation across

individuals in neuromodulatory resilience is a likely predictor

of relative risk for AD.

orexin. Given their pivotal role in modulating brain activity, these

neuromodulators are implicated in many fundamental cognitive and

behavioral processes including regulating sleep–wake cycles, mood

stability, attention, appetite control, even interacting with the brain’s

immune system.17–22

A key distinction between neuromodulatory neurons and other pro-

jection neurons is their use of “volume transmission”: they can release

neurotransmitters from varicosities along the axon into the extracel-

lular space without a specific postsynaptic target, in addition to clas-

sical synaptic release.23 Several anatomical and physiological features

simultaneously enable this mode of signaling while simultaneously

heightening their fragility:

1. Extremeaxonal length andarborization: The projection neurons of

neuromodulatory systems originate from small clusters of cell bod-

ies (e.g., locus coeruleus, nucleus basalis of Meynert, dorsal raphe,

ventral tegmental area, lateral hypothalamus), yet send vast, highly

arborized projections across the entire neocortex. The extreme

length and breadth of these combined arborizations allows each

neuron to modulate large areas.24–26 However, maintaining such

long, branched projections is metabolically expensive. These sys-

tems require continuous transport of proteins, mitochondria, and

other cellular components, rendering them chronically dependent

on reliable access to nutrients, growth factors, and oxygen, as well

as effective waste clearance and repair mechanisms.27,28

2. High tonic firing rates: To sustain basal neuromodulatory tone

over large target areas, neuromodulatoryneuronsexhibit high tonic

firing rates, with regular transient bursts during behaviorally rele-

vant events.29–32 This firing pattern is well suited to facilitate slow,

diffuse modulation via volume transmission, but further amplifies

metabolic demand, increasing susceptibility to any disruption in

oxidative balance, calcium homeostasis, or energy production.

3. Poor myelination. Neuromodulatory axons are typically thin and

only sparsely myelinated. This facilitates “leakiness” of neurotrans-

mitter along the axon’s length—the definitive feature of “volume

transmission.” However, the lack of myelination and thin cal-

iber of these neurons offers little protection against oxidative or

mechanical injury.33,34 Cortical regions with higher myelination
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are relatively resistant to pathology and neurodegeneration, sug-

gesting that myelin may represent a substrate of “brain reserve”

that these projection systems largely lack.34,35 The constant axonal

remodeling that may be required to maintain these delicate pro-

jections could further exacerbate the metabolic demands of these

systems.

Taken together, the features that allow neuromodulatory systems

to modulate large-scale brain states (extreme arborization, high tonic

activity, poor myelination) also impose high energetic demands, low

tolerance for metabolic and oxidative stress, and a strong propensity

to accumulate damage over the lifespan. The fact that these same

features are essential for their function helps explain the apparent

evolutionary maladaptiveness of these features: typical evolutionary

routes to increase resilience, such as increasingmyelination or pruning

excess branches, would directly impair their modulatory capacity and

are therefore unlikely to be favored by natural selection.

Aging, the primary risk factor for sporadic AD, is poised to dispro-

portionately affect these low-tolerance systems through changes such

as mitochondrial dysfunction, oxidative stress, and disrupted calcium

homeostasis.11,12,36 Monoaminergic neurons areparticularly at risk for

oxidative stress. By-products of noradrenaline and dopamine synthe-

sis generate reactive oxygen species throughout life, particularly in

axons and terminals where these neurotransmitters are produced.37

Neuromelanin, a compound found in monoaminergic neurons, nor-

mally sequesters these toxic metabolites, but when its capacity is

reached in older age, intracellular toxicity rises sharply, possibly mark-

ing a transition from resilience to degeneration.38 In cholinergic

neurons, age-related reductions in calcium-binding proteins increase

their susceptibility to calcium-induced excitotoxicity and pathological

processes.39 Aging therefore imposes a critical bottleneck on these

inherently fragile neuronal systems.

Other risk factors for AD likelymodulate the vulnerability of neuro-

modulatory projection neurons, either through specific direct mecha-

nisms or through systemic changes to brain health. Take as an example

the apolipoprotein E (APOE) ε4 gene, the single largest genetic risk fac-
tor for sporadic AD. Carriers of one or two APOE ε4 alleles face up to

3- or 15-fold greater risk, respectively, than APOE ε3 homozygotes.40

APOE ε4 is thought to impair myelin regulation.41 It is feasible that

myelin dysregulation would disproportionately increase the vulner-

ability of neuromodulatory projection neurons which already lack

robustmyelination and thereforehave little to no redundancyonwhich

to fall back. In effect, we suggest that what little protection these

neurons have under an APOE ε3 genotype is weakened or lost with

an APOE ε4 genotype, further destabilizing an already fragile system.

The inverse may well be true of the neuroprotective APOE ε2 allele.

This framework alignswith evidenceof selective neuromodulatory sys-

tem damage in demyelinating conditions such as multiple sclerosis and

encephalomyelitis.42

We have so far explained how upstream risk factors converge upon

neuromodulatory systems to cause disproportionate dysfunction. The

next sections will explain how this dysfunction is sufficient to explain

the downstream emergence of the Aβ and tau pathology which define
AD.

3 TAU HYPERPHOSPHORYLATION IS A DIRECT
OUTCOME OF NEUROMODULATORY SYSTEM
DISRUPTION

Tau is a protein that binds and stabilizes microtubules, supporting

axonal structure.43 In the highly arborized projection neurons of

neuromodulatory systems, axons are extremely distal from the cell

nucleus.24–26 This makes their axonal machinery, of which physiolog-

ical tau is a key component, particularly susceptible to disruptions in

transport, repair, and clearance processes.44–46 In other words, these

axons, especially distal, tau-rich regions, are the most vulnerable part

of an already fragile system (Figure 2).

Reliable clearance of reactive oxygen species from these dis-

tal structures is particularly critical. When reactive oxygen species

accumulate (e.g., as by-products of the monoaminergic synthesis

pathway38,47), oxidative stress triggers tau hyperphosphorylation, pro-

ducing misfolded forms of tau that can no longer bind and stabilise

microtubules.48 The result is axonal instability, disrupted intracellular

transport, and impaired neurotransmission.44,45

Misfolded oligomers of hyperphosphorylated tau cluster together

to form neurofibrillary tangles (and pre-tangles), which are first

detectable in neuromodulatory nuclei in presymptomatic AD.10,49 Tau

pre-tangles are reported as early as the second decade of life in

the locus coeruleus,18,50 and the third decade of life in the nucleus

basalis of Meynert.51 Tangles have also been found in orexiner-

gic neurons of the lateral hypothalamus52 and serotonergic dorsal

raphe neurons53,54 in presymptomatic AD. In the locus coeruleus and

basal forebrain, hyperphosphorylated tau species have been shown

to lead to decreased fiber density and reduced neuromodulatory

tone.48,55

A growing body of evidence supports the idea that tau pathology

spreads transneuronally in an activity-dependent manner, progressing

most rapidly along densely connected pathways.56,57 Early propaga-

tion likely occurs between neuromodulatory nuclei themselves, given

their extensive inter-connectivity, which, incidentally, may complicate

efforts to identify the precise initial locus of pathology in population-

based studies. Knowledge of strong connections between these nuclei

and cortical sites of early tau pathology in AD, together with evidence

that taupathologyandatrophy inneuromodulatorynuclei precedecor-

responding changes in medial temporal regions,58–62 have led to the

proposal that tau advances from subcortical hubs to the medial tem-

poral lobe and beyond, following canonical Braak staging.5 Under the

neuromodulatory fragility hypothesis, neuromodulatory nuclei act as

seed points, propagating tau pathology to densely connected efferents

to initiate cortical pathology. While tau accumulation in these early

stages causes local neurodegeneration, the extent of spread and, by

extension, overt clinical symptoms, remain limited until the process is

amplified by Aβ pathology (described in section 5).63
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F IGURE 2 Schematic depiction of the emergence of Aβ plaques and tau tangles due to neuromodulatory dysfunction. The left image depicts a
healthy neuromodulatory projection systemwith good neuromodulatory tone across the entire neocortex. Themiddle panel depicts the
emergence of tau dysfunction due to the convergence of lifetime-accumulated risk factors. This dysfunction (shown in red) occurs first in themost
distal, and thereforemost vulnerable, branches of the axonal tree. The image also depicts the emergence of tau tangles in the cell bodies. The right
panel shows how regions where tau was disrupted become destabilized and dysfunctional (depicted by thin gray lines in the place of red areas in
themiddle panel). This instability gives rise to reduced neuromodulatory tone, microglial dysregulation, and impaired clearance of Aβ oligomers,
resulting in the emergence of Aβ plaques. At this stage, tau tangles are abundant in the neuromodulatory neuron cell bodies. Aβ, amyloid beta; AD,
Alzheimer’s disease.

4 NEUROMODULATORY SYSTEM
DEGRADATION DISRUPTS Aβ CLEARANCE
THROUGH NEUROINFLAMMATORY PATHWAYS

Interactions between neuromodulatory systems and Aβ are less

well characterized than those with tau. The link is perhaps less

obvious as Aβ plaques rarely accumulate around neuromodulatory

cell bodies until relatively late stages of AD, typically Thal stage

5.6 Nevertheless, several mechanisms suggest that neuromodulatory

system dysfunction could underlie the emergence of Aβ pathol-

ogy.

As tau hyperphosphorylation destabilizes the axons of neuromodu-

latory projections (as described in section 3), distal axons degenerate,

and cortical neuromodulatory tone declines64 (Figure 2). Reduced

neuromodulatory tone leads to the release of pro-inflammatory

cytokines and microglial dysregulation, which, in turn, impairs Aβ
clearance.65–68 Experimentally induced degeneration of cholin-

ergic and noradrenergic subcortical systems in animal models

leads to Aβ plaque accumulation.65,69 Conversely, replacement

or receptor-agonist treatment can reverse these downstream

effects, supporting a causal role for neuromodulatory dysfunction

in promoting Aβ deposition.70,71 While most direct evidence for

the neuroinflammation-mediated dysregulation of Aβ clearance

concerns the noradrenergic and cholinergic systems, similar anti-

inflammatory and neuroprotective properties have been observed for

orexin.72

Neuromodulatory neurons may also contribute directly to early

Aβ seeding. Both noradrenergic and cholinergic subcortical neurons

have been shown to accumulate intracellular Aβ oligomer species

in neurites and axon terminals.73,74 Furthermore, noradrenaline may

directly facilitate amyloidogenic processing of the amyloid precursor

protein.75,76 When clearance mechanisms are performing optimally,

early Aβ species have little chance to cluster into plaques. However,

once microglial dysfunction arises, Aβ fails to be cleared, and may

therefore act as an initial seed that facilitates Aβ plaque formation,

as described above. Aβ species may also induce or exacerbate hyper-

excitability of neuromodulatory systems,77 which is likely to cause

further metabolic strain and oxidative stress, augmenting downstream

pathological processes.

In contrast to the transneuronal spread of tau, Aβ plaque forma-

tion appears wherever distal neuromodulatory tone is depleted. As

with leaves falling from an autumn tree, the exact branch to lose

foliage first may differ between individuals of even similar trees, but

loss is inevitable once environmental conditions shift, and the tree

restricts nutrients to more proximal regions. This analogy aligns with

the observed interindividual variability in Aβ plaque localization in

early Thal stages,6 despite the high prevalence of Aβ among even

cognitively unimpaired older adult populations.78
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Neuroinflammation is a critical but poorly understood element of

AD, often debated as either a cause, effect, or epiphenomenon of

the disease process. The neuromodulatory fragility hypothesis high-

lights a specific role for neuroinflammation in triggering and amplifying

spread of Aβ pathology. The positive feedback loops by which neuroin-
flammation shifts from neuroprotection to neurotoxicity amplify the

difficulty of studying the exact causative role of neuroinflammation in

AD. Our model clarifies the sequence of events, which will aid genera-

tion of specific testable hypotheses to better understand this complex

relationship.

5 TAU MISFOLDING PRECEDES PLAQUE
ACCUMULATION BUT IS SLOW IN THE ABSENCE
OF Aβ

Neurodegeneration and symptom onset correlate more strongly with

tau neurofibrillary tangles than with Aβ pathology.79 However, in the

absence of Aβ, tau-associated toxicity, behavioral impairments, and the

spatial extent of tau are greatly attenuated in AD.80 This latter detail

likely reflects the interaction of two key mechanisms driven by the

AD hallmarks: Aβ causes neuronal hyperexcitability, and tau spreads

transneuronally in an activity-dependent manner.63,81

In our neuromodulatory fragility hypothesis of AD pathogenesis,

tau misfolding originates in neuromodulatory projection neurons and

spreads slowly along dense, highly active pathways, most notably pro-

jecting from neuromodulatory nuclei to the medial temporal lobe. In

the absence of Aβ, as in primary age-related tauopathy, tau remains

spatially restricted but still colocalizes with neurodegeneration.82 In

AD, as both tau and Aβ pathologies spread, they eventually converge.
At this convergence point, significant Aβ-driven neuronal hyperex-

citability amplifies transneuronal tau propagation, driving rapid global

distribution of tau. Graph theory and network modeling studies sup-

port this model, identifying the inferior temporal lobe as the most

common site of Aβ–tau colocalization.83,84 This colocalization and sub-
sequent increasing rate of tau propogation is likely the tipping point

between presymptomatic and symptomatic disease.

Because tau spread and symptom severity depend on Aβ pathology,
Aβ is sometimes regarded as an “upstream” disease feature relative

to altered tau proteostasis.80 However, our model positions tau dys-

regulation as the earliest molecular consequence of neuromodulatory

system failure, preceding Aβ pathology. These seemingly contradic-

tory views are reconcilable when considered across scales. With a

traditional systems-level view of disease, focusing on clinical symp-

tom onset, Aβmoderates the spread and severity of tau pathology, and

hence is considered “upstream”.80,81 However, as we have described in

the previous sections, at the cellular level, resource disruption in fragile

neuromodulatory systems provides the initiating conditions that trig-

ger tau misprocessing, which is sufficient to explain Aβ accumulation

through microglial dysregulation.45,48,64,65 It is clear that these views

are not in fact contradictory; rather, they prioritize different scales

at which the term “upstream” is defined. The idea that tau misfolding

precedes that of Aβ is not new, but the two processes are typically

regarded as independent inciting events.85,86 In contrast, our frame-

work positions neuromodulatory fragility as a single upstream cause

for both.

In humans, Aβ and tau interact continuously throughout AD.

Pathogenic tau species can promote Aβ deposition (as discussed

above), while Aβ may directly augment tau hyperphosphorylation for

example throughGSK-3β signaling.37 Direct injection of Aβ can initiate
taupathology in rodentmodels expressingmutanthuman tau,87 butwe

argue that this injection “skips ahead” in theusual pathological progres-

sion, bypassing the neuromodulatory dysfunction-associated altered

tau proteostasis and triggering the positive feedback loop from an

alternative entry point. In other words, this rodent model, while useful

for studying downstream stages of the disease, does not recapitulate

natural pathogenesis of sporadic AD.

This mechanism may, however, align with pathogenesis in autoso-

mal dominant AD. Autosomal dominant AD is a rare genetic form of

AD characterized by early symptom onset, and is caused by muta-

tions in three genes which directly affect the Aβ pathway.88 While the

clinical presentation and late-stage pathology of sporadic AD versus

autosomal dominant AD are very similar, it remains unclear to what

extent their upstream mechanisms of pathogenesis differ. We specu-

late that the intrinsic fragility of neuromodulatory projection neurons

is a shared feature of pathogenesis in both cases, with differences

arising in the balance and timing of misfolded Aβ and tau species.

Indeed, early vulnerability of noradrenergic,89,90 cholinergic91 (but see

Teipel et al.92), and serotonergic93 systems has been demonstrated

in individuals carrying autosomal dominant AD mutations. We pro-

pose that whereas in sporadic late-onset AD, toxic Aβ oligomers are

efficiently cleared until older age (e.g., by proteases and microglia),

autosomal dominant AD mutations create conditions of chronic Aβ
overproduction or impaired clearance that overwhelm these mecha-

nismsmuch earlier in life, effectively ensuring earlier onset of the same

neuromodulatory fragility-driven cascade.

In our neuromodulatory fragility hypothesis, we highlight how a sin-

gle point of fragility can trigger a self-perpetuating state of pathology.

Closely interacting factors can rapidly obscure the direction of cause–

effect relationships in experimental settings.Mechanistic explanations

such as those presented here by the neuromodulatory fragility hypoth-

esis are therefore crucial for forming effective research questions and

hypotheses aimed at disentangling these relationships.

6 EARLY BEHAVIORAL SYMPTOMS ARE
CONSISTENT WITH EARLY NEUROMODULATORY
DYSFUNCTION

We acknowledge that compensatory mechanisms (potentially within

these neuromodulatory systems) maintain near-normal cognitive

functioning for many years, despite concurrent pathophysiological

processes.94 Thus, clinically detectable symptoms most likely emerge

as these mechanisms reach their limits and begin to fail. In AD, an

episodic memory deficit is themost definitive and clinically recognized

early symptom; however, patients often report symptoms months or

years before measurable memory impairment.95 These subtle per-

turbations in cognition and behavior align closely with a model of
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early neuromodulatory systemdysfunction, including: dysregulation of

sleep–wake cycles (orexin, noradrenaline), attention deficits (acetyl-

choline, noradrenaline), and mood instability (serotonin).10,95 The

emergence of neuropsychiatric symptoms in later disease stages likely

reflects a more substantial breakdown of global neuromodulatory

control.96

7 PREDICTIONS OF THE NEUROMODULATORY
FRAGILITY HYPOTHESIS

The proposed frameworkmakes several testable predictions about AD

that could guide future research. A key prediction of the hypothesis

is that enhancing the resilience of neuromodulatory systems should

significantly delay or prevent the onset of AD. Strengthening these sys-

tems, through interventions that reduce oxidative stress or support

intracellular transport and repair, could slow or halt early pathogen-

esis if applied early enough. Rather than proposing a single “cure-all”

mechanism, this framework alignswith existing evidence on the impor-

tance of modifiable risk factors such as cardiovascular health, sleep

regulation, and protection from head injury as effective preventive

strategies inmidlife.2 That said, a theoretical pharmacological augmen-

tation of neuromodulatory resilience would provide effective targeted

AD protection.9

The neuromodulatory fragility hypothesis also predicts that accu-

rate tracking of neuromodulatory system health could improve early

detection and monitoring of disease progression. Recent advances

in neuroimaging, including quantitative and neuromelanin-sensitive

magnetic resonance imaging, ultra-high-field diffusion imaging, and

positron emission tomography, have improved in vivo assessment

of these systems.97–99 As these tools mature and become more

widely available, clinical monitoring of neuromodulatory integrity may

become feasible for early diagnosis and therapeutic evaluation.

An additional implication of the model concerns the limited efficacy

of anti-Aβ treatments, especially if applied late in thediseaseprocess.85

Once cortical Aβ burden is high, positive feedback loops characteris-

tic of AD are already established, and the spreading of tau pathology is

already well underway. Removing Aβ at this stage may modestly slow

disease progression but is unlikely to halt it. While even incremental

slowing of disease remains valuable (if side effects can be minimized)

we argue that therapies targeting patients who are already Aβ positive
may miss the critical early window of intervention. According to the

neuromodulatory fragility hypothesis, Aβ is positioned as an important

but downstream element of AD pathology, while preventing or miti-

gating neuromodulatory dysfunction offers amore promisingmeans of

arresting AD progression.

8 UNANSWERED QUESTIONS

While the neuromodulatory fragility hypothesis ties together many

known features of the AD trajectory, several questions remain open

andwarrant further investigation.

One such question concerns atypical subtypes of AD. It is becom-

ing increasingly apparent that although progression patterns of tau are

often categorized into canonical Braak stages, there is evidence for

multiple subtypesof tauprogressionpattern, eachwith subtlydifferent

characteristics in terms of severity, topography, speed of progression,

and behavioral presentation.3,4 It remains unclear whether all AD

subtypes share the same underlying etiology. Tau transmission along

neuromodulatory projection pathways may follow probabilistic routes

that vary across individuals leading to different clinical and anatom-

ical presentations. Alternatively, different subtypes might arise from

dysfunction in distinct neuromodulatory systems or through entirely

separatemechanisms.

A related question is whether all neuromodulatory systems are

equally vulnerable or whether specific nuclei are consistently affected

first. If the latter is true, targeted strategies to augment resilience of a

given, particularly vulnerable, neuromodulatory systemcouldbehighly

effective. Alternatively, neuromodulatory systems may be strongly

interdependent, and dysfunction in any one of a few candidate sys-

tems may be swiftly transmitted to others, necessitating a broader

therapeutic strategy.

Additionally,whilewehaveproposed that environmental anddemo-

graphic factors confer risk of AD through their impact on neuromod-

ulatory systems, the specific underlying mechanisms remain poorly

understood. For example, AD is more prevalent in women, possibly

reflecting menopause-related neuroendocrine changes that increase

neuromodulatory fragility.100 Likewise, differences in disease inci-

dence and clinical presentation across ethnic groups highlight the need

to clarify how genetic and sociocultural factors interact with brain

resilience and neuromodulatory system health.101

Finally, the proposed neuromodulatory fragility hypothesis must

address the question of why AD appears so human specific, despite

neuromodulatory systems being relatively well conserved across

species. Non-human primates do develop Aβ pathology, but tau bur-

den diminishes rapidly with increasing phylogenetic distance from

humans.102 Viewed through the lens of the neuromodulatory fragility

hypothesis, this pattern suggests we should look closely at species

differences in neuromodulatory systems. Many mammals express

neuromelanin in monoaminergic nuclei (e.g., locus coeruleus, sub-

stantia nigra) but typically at much lower levels than humans.103

Even across primates, neuromelanin content is greater in species

more closely related to us.103 A striking exception, in terms of

both the expression of AD-like pathology and neuromelanin, can

be seen in certain toothed whales (odontocetes).104,105 In contrast

to even our closest evolutionary cousins, odontocetes have been

observed exhibiting human-like co-occurrence of Aβ plaques and tau

pathology104 as well as neuromelanin in the locus coeruleus with

ultrastructural features remarkably similar to that of humans.105

Although direct quantitative comparisons across primates and odon-

tocetes are still lacking, this apparent qualitative correlation between

neuromelanin and AD-like pathology raises the hypothesis that neu-

romelanin burden may serve as a cross-species marker of cumu-

lative neuromodulatory strain, which facilitates the emergence of

AD.
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The origin of this putative species-specific neuromodulatory strain

remains unclear. One possibility is that a dramatically expanded neo-

cortex provides unusually large target fields that must be modulated

by relatively small populations of neuromodulatory cells. Indeed,

human locus coeruleus and nucleus basalis of Meynert contain far

fewer neurons relative to neocortical volume compared to non-human

primates,106,107 a pattern that may hypothetically extend to odonto-

cetes which have among the largest brain-to-body size ratios of any

mammals (second only to humans).108 A second plausible contribu-

tor is our unusually long post-reproductive lifespan, a feature shared

almost exclusively by humans and toothed whales.109 Consistent with

this, odontocetes are also among the few non-human animals known

to undergomenopause.110 This convergence raises the possibility that

menopause-related hormonal shifts may interact with neuromodula-

tory vulnerability, potentially helping to explain the higher incidence

of AD in women111 and fitting established links between estrogen and

cholinergic function.112

Together, these observations hint that AD may emerge where evo-

lutionarily conserved neuromodulatory systems are pushed beyond

originally selected limits to modulate much broader regions across sig-

nificantly longer lifetimes. Comparative studies of neuromodulatory

systems across humans, non-human primates, and odontocetes could

provide powerful opportunities to test the proposed framework.

9 CONCLUSIONS

We have proposed a neuromodulatory fragility hypothesis for AD

pathogenesis. The proposed model offers a parsimonious account of

how a single point of vulnerability (neuromodulatory projection neu-

rons) can give rise to downstream hallmarks of AD, including the

emergence of tau neurofibrillary tangles, Aβ plaques, neuroinflamma-

tion, cognitive–behavioral symptoms, and dementia onset. The key

insight of this model is that neuromodulatory system dysfunction is

inherently tied to, and sufficient to explain, both tau hyperphosphory-

lation and increases in neocortical Aβ, the two hallmarks of AD. Given

the inherent fragility of these volume transmission projection neurons

in humans, it is no surprise through the lens of this framework that AD

has such high global prevalence.

In this framework, genetic and environmental risk factors mod-

ulate AD risk through their cumulative effects on neuromodulatory

resilience. Themodel predicts that strengthening these systems there-

fore represents the most effective strategy for preventing AD. Con-

versely, treatments that target downstream pathology are expected

to offer only modest benefit once neuromodulatory dysfunction is

established.

Our ideas and conclusions complement and expand upon recently

proposed priorities for AD research from the Neuromodulatory Sub-

cortical Systems Professional Interest Area of the Alzheimer’s Asso-

ciation International Society to Advance Alzheimer’s Research and

Treatment.17 By describing this hypothesis, we hope to further raise

awareness of the importance of neuromodulatory subcortical sys-

tems in early AD, while providing a testable mechanistic explanation

of pathogenesis that can help guide future research questions and

the development of a new generation of effective disease-modifying

therapies.
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