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Abstract
Neurodevelopmental, psychiatric, and neurodegenerative disorders are traditionally studied as distinct disease categories, yet 
they show overlapping disturbances in systems that regulate neural function and resilience. This article proposes maladaptive 
brain-state locking (MBSL) as a lifespan framework for examining whether otherwise distinct disorders may converge, in 
some contexts, on impaired biological-state reversibility. MBSL is defined as a failure of adaptive state-transition or recovery 
dynamics in which a maladaptive state becomes insufficiently reversible and the nervous system loses its normal capacity to 
terminate, recalibrate, or transition away from that state. Locking is therefore distinguished from persistence alone: an 
abnormal state maintained solely by a continuing pathological driver does not, by itself, constitute MBSL. Candidate 
operational features include abnormal persistence, impaired transition toward an adaptive state, delayed or incomplete 
recovery after perturbation reduction or removal, and history-dependent loss of flexibility. Lifespan timing, regional context, 
disease stage, severity, duration, and resilience are proposed to modify phenotypic consequences rather than assign disorder 
classes exclusively to specific age periods. Existing evidence is compatible with components of the hypothesis, but direct 
demonstration of MBSL will require longitudinal or perturbational evidence of impaired recovery or state-transition 
dynamics. Major limitations include etiological and pathological heterogeneity, nonspecific biomarkers, unresolved causality, 
and challenges in operationalizing multiscale state dynamics. If validated, the framework could support research focused on 
measurable reversibility, longitudinal monitoring, and interventions designed to restore adaptive state regulation rather than 
symptom improvement alone.
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Introduction

Neurodevelopmental, psychiatric, and neurodegenerative disorders 
are commonly separated by age of onset, symptom profile, clinical 
specialty, and diagnostic framework. Neurodevelopmental 
disorders are usually linked to altered brain maturation, psychiatric 
disorders to disturbances in mood, cognition, perception, stress 
regulation, and behavior, and neurodegenerative disorders to 
progressive neural dysfunction and declining resilience.1-3

Despite these distinctions, these disorder groups show overlap-
ping disturbances across several biological systems, including syn-
aptic regulation, glial function, neuroimmune signaling, metabolic 
resilience, plasticity, repair, and circuit stability.4,5 However, 
identifying shared mechanisms is not sufficient. It does not ex-
plain why some biological disturbances remain transient and re-
coverable, whereas others become persistent or self-reinforcing.

The central gap is therefore not only mechanistic overlap, but 
impaired state reversibility. The brain normally moves through 
changing biological states in response to development, learning, 
stress, injury, inflammation, adaptation, and aging.2,6-10 These 
states can be beneficial when they are properly timed, regulated, 
and reversible. They become pathological when adaptive 
programs are stabilized in maladaptive forms that resist return to 
regulatory baselines.

This article introduces maladaptive brain-state locking (MBSL) 
as a lifespan hypothesis for understanding how distinct brain 
disorders may arise from failures in biological state regulation. In 
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this framework, disease expression is shaped by the timing, 
duration, regional context, severity, and reversibility of locked 
brain states. Developmental timing is proposed to modify the 
consequences of MBSL rather than to assign specific disorder 
classes exclusively to particular age periods. Locking during early 
developmental windows may disproportionately affect circuit 
formation and maturation; during adolescence or adulthood, it 
may alter systems supporting emotion, cognition, perception, and 
stress regulation; and in later life, declining resilience and repair 
capacity may increase the consequences of persistent state 
dysregulation. These associations are illustrative rather than 
exclusive, because neurodevelopmental conditions persist across 
the lifespan, psychiatric disorders can emerge across multiple 
developmental periods, and neurodegenerative processes may 
begin years or decades before their clinical presentation. The 
hypothesis therefore shifts attention from the presence or 
persistence of shared biological abnormalities alone to the 
dynamic question of whether the brain has lost the capacity to 
transition efficiently away from a maladaptive state. In this 
framework, persistence is not synonymous with locking: a 
biological abnormality may remain present because its initiating 
driver persists, whereas MBSL specifically refers to impaired 
capacity for adaptive state transition, recovery, or recalibration. 
Accordingly, the objective of this article is to propose and 
critically evaluate MBSL as a testable lifespan hypothesis for 
understanding how impaired biological-state reversibility may 
contribute to divergent neurodevelopmental, psychiatric, and 
neurodegenerative phenotypes.

Hypothesis

MBSL is defined here as a failure of adaptive state-transition or 
recovery dynamics in which a maladaptive brain state becomes 
insufficiently reversible and the nervous system loses its normal 
capacity to efficiently terminate, recalibrate, or transition away 
from that state. The concept therefore extends beyond persistence 
or chronicity alone. Persistence describes how long an abnormal 
state remains present, whereas locking refers to impaired capacity 
for transition or recovery from that state. A persistent state 
maintained in proportion to an ongoing pathological driver is 
therefore not, by itself, evidence of MBSL. Likewise, a static 
biomarker abnormality, fixed structural lesion, progressive 
pathology, or persistent clinical symptom does not constitute 
locking unless accompanied by evidence of impaired biological 
state-transition or recovery dynamics. Normal brain-state 
transitions support plasticity, defense, repair, and functional 
remodeling; in disease, adaptive or compensatory programs may 
instead become mistimed, excessive, prolonged, or insufficiently 
reversible.

MBSL may overlap phenomenologically with concepts such as 
attractor-like dynamics, impaired homeostatic regulation, altered 
state transitions, and reduced network flexibility, but it is proposed 
here as a cross-scale framework centered specifically on 
maladaptive loss of state reversibility rather than on any single 
dynamical, homeostatic, or network-level mechanism.

Throughout this article, “maladaptive state” refers to a biologic-
ally dysregulated state that may remain reversible, whereas 
“locked state” or “MBSL” is reserved for a maladaptive state that 
meets the proposed criteria for impaired state-transition or 

recovery dynamics.
Operationally, MBSL should be identified through abnormal-

ities in state-transition or recovery dynamics rather than through 
persistence alone. Candidate signatures include prolonged or 
abnormal dwell time within a maladaptive state, reduced probab-
ility of transition toward an adaptive state, delayed or incomplete 
recovery after reduction or removal of the initiating perturbation, 
hysteresis in which recovery depends on the system’s prior tra-
jectory, persistence that is disproportionate to the remaining patho-
logical driver, and reduced flexibility across repeated perturba-
tion–recovery cycles. By the same logic, evidence of successful 
“unlocking” should require measurable restoration of at least one 
predefined state-dynamic property that was abnormal before inter-
vention, such as normalization of dwell time, increased transition 
probability toward an adaptive state, faster or more complete 
recovery, reduced hysteresis, or restored state flexibility. Sympto-
matic improvement alone would not be sufficient to establish that 
a locked biological state has been reversed.

Conversely, an MBSL interpretation would be weakened if an 
abnormal state resolves with expected kinetics once the initiating 
perturbation is reduced or removed, if transition probabilities and 
recovery dynamics remain comparable to an appropriate reference 
state, or if persistence can be adequately explained by continued 
exposure to the pathological driver. Similarly, cross-sectional or 
static biomarker abnormalities without evidence of impaired 
reversibility, abnormal state persistence, or altered transition 
dynamics should not be considered sufficient evidence of locking. 
These criteria make the hypothesis falsifiable by requiring 
evidence not merely that an abnormal state exists, but that the 
capacity to exit or recover from that state is measurably impaired.

A schematic comparison of adaptive recovery and maladaptive 
state locking is shown in Figure 1.

Within this framework, “brain state” does not refer to a single 
molecular, cellular, or network variable. Rather, it denotes an 
integrated, time-dependent configuration of interacting biological 
processes across multiple levels of organization. At the molecular 
level, relevant states may involve signaling, transcriptional, 
metabolic, inflammatory, and stress-response programs; at the 
cellular level, they may involve neuronal, astrocytic, microglial, 
and other cell-state responses; at the local tissue and circuit levels, 
they may be expressed through synaptic balance, excitability, 
plasticity, repair, and regional cellular interactions; and at the 
organ or whole-brain network level, they may involve 
connectivity, oscillatory dynamics, network stability, and state-
transition flexibility. Clinical and behavioral manifestations 
represent the human functional expression of these interacting 
biological states rather than a separate biological scale equivalent 
to the molecular or cellular levels. These levels are not assumed to 
form a rigid unidirectional cascade; instead, they can interact 
bidirectionally through feedback, such that circuit activity can 
influence cellular state regulation and cellular responses can in 
turn modify circuit activity.11-13 MBSL therefore refers to impaired 
reversibility within this multiscale state-regulatory configuration, 
rather than persistence of any isolated molecular signal, cell state, 
biomarker, or network abnormality. The central hypothesis is 
therefore not that neurodevelopmental, psychiatric, and 
neurodegenerative disorders are biologically equivalent, but that 
otherwise distinct etiologies and pathological substrates may share 
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Fig. 1. The maladaptive brain-state locking model. This hypothesis-generating conceptual model illustrates the proposed divergence between adaptive 
recovery and maladaptive brain-state locking (MBSL) following brain-state activation. Adaptive responses may undergo appropriately timed regulation and 
resolution, return toward an adaptive baseline, and support recovery and resilience. In contrast, persistent, mistimed, excessive, or poorly resolved 
responses may become associated with impaired state-transition or recovery capacity and, in some contexts, progress toward MBSL. MBSL is defined here 
by impaired state-transition or recovery dynamics rather than persistence alone. Interacting synaptic, glial, neuroimmune, metabolic, circuit, and 
plasticity/repair systems may contribute to or reinforce these dynamics. Potential disease vulnerability and clinical expression are proposed to vary 
according to timing, regional context, disease stage, duration, severity, and resilience. Conceptual schematic diagram; no original experimental data.

vulnerability to failures of state regulation while differing in 
clinical expression according to timing, regional context, severity, 
duration, and reversibility.14-16

Candidate biological abnormalities relevant to the MBSL 
hypothesis may include persistent synaptic imbalance, altered 
excitatory-inhibitory regulation, prolonged glial reactivity, 
unresolved neuroimmune activation, metabolic stress, impaired 
plasticity, circuit instability, and maladaptive repair.17-19 Synaptic 
remodeling, glial activation, inflammatory signaling, metabolic 
adaptation, and repair responses are protective when properly 
timed and resolved. Dysfunction may emerge when these 
programs fail to resolve, become self-reinforcing, or occur during 
vulnerable developmental or aging-related windows. These 
mechanistic layers and their proposed progression from adaptive 
regulation through potentially reversible maladaptation to 
candidate evidence of impaired state-transition or recovery 
dynamics are summarized in Table 1.18-29

Within the MBSL framework, lifespan timing is proposed as a 
modifier of phenotypic expression rather than as a categorical 
assignment of disorder type. Different developmental periods are 
characterized by distinct patterns of brain maturation, circuit 
organization, plasticity, and psychosocial functioning,30-36 whereas 
aging is accompanied by cellular, immune, stress-response, and 
network changes that can alter resilience and recovery.29,37-39 A 

comparable biological perturbation may therefore have different 
consequences depending on when it occurs. Experimental evid-
ence supports this timing dependence: in mice, exposure to the 
same maternal immune stimulus during early versus late gestation 
produces distinct longitudinal neuroanatomical, transcriptional, 
and behavioral trajectories, demonstrating that the developmental 
window can modify the consequences of a common 
perturbation.40 Age can similarly alter recovery from a comparable 
challenge; following experimental stroke, young and aged mice 
show markedly different pro-repair cellular responses, with aging 
associated with impaired angiogenic, oligodendrogenic, and 
myeloid-cell programs and poorer recovery.41

Regional and disease-stage contexts provide additional modi-
fiers. Multiregion single-cell analysis of Alzheimer’s disease has 
identified region- and cell-type-specific patterns of vulnerability 
and response despite shared underlying pathology, demonstrating 
that the biological consequences of disease processes depend 
strongly on anatomical context.18 Disease stage can likewise 
change the functional expression of related pathology: in cognit-
ively unimpaired older adults, amyloid-β deposition was associ-
ated with accelerated cortical neurophysiological activity, whereas 
the presence of medial temporal tau together with amyloid-β was 
associated with a shift toward slower activity and subsequent cog-
nitive decline.42 These observations do not establish MBSL itself, 
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Table 1. Mechanistic layers and candidate dynamic features relevant to maladaptive brain-state locking

Mechanistic 
layer

Adaptive state Maladaptive but potentially 
reversible state

Candidate evidence of locking Relevance across lifespan disorders Example measurable 
features

Synaptic 
regulation

Synaptic remodeling 
supports learning, 
maturation, pruning, 
and experience-
dependent plasticity

Synaptic balance becomes 
mistimed, excessive, 
deficient, or persistently 
altered but retains capacity 
for recalibration when the 
relevant perturbation is 
reduced or appropriate 
intervention is applied

Abnormally prolonged synaptic-state 
dwell time, reduced transition toward an 
adaptive synaptic configuration, or 
delayed or incomplete recalibration after 
reduction or removal of the initiating 
perturbation

May contribute to altered circuit maturation 
in neurodevelopmental disorders, cognitive 
and emotional dysregulation in psychiatric 
disorders, and synaptic vulnerability in 
neurodegenerative disorders

Excitatory–inhibitory balance, 
synaptic density, pruning 
markers, dendritic spine 
changes, synaptic protein 
expression19,20

Glial regulation Microglia and 
astrocytes support 
synaptic refinement, 
metabolic coupling, 
tissue surveillance, 
and repair

Glial reactivity becomes 
prolonged or poorly 
resolved and may reinforce 
inflammatory or 
dysfunctional circuit states 
while remaining responsive 
to changes in biological 
context or intervention

Persistent glial-state abnormalities after 
attenuation of the initiating driver, 
delayed return toward homeostatic glial 
states, reduced transition probability 
between reactive and resolving states, or 
impaired recovery across repeated 
perturbation–resolution cycles

Is implicated in developmental pruning, 
stress-related circuit dysfunction, and aging-
related neuroinflammatory vulnerability

Microglial activation states, 
astrocyte reactivity markers, 
complement signaling, 
cytokine profiles, glial 
transcriptomic signatures21,22

Neuroimmune 
signaling

Immune signaling 
supports defense, 
repair, synaptic 
homeostasis, and 
responses to injury

Inflammatory signaling 
becomes prolonged, 
mistimed, or self-reinforcing 
but may still resolve when 
the initiating perturbation is 
reduced or regulatory 
mechanisms recover

Failure of inflammatory resolution 
despite attenuation of the initiating 
driver, abnormal persistence of 
neuroimmune states, delayed recovery 
kinetics, or hysteresis across repeated 
inflammatory challenge–recovery cycles

Could influence neurodevelopmental 
vulnerability, psychiatric symptom 
fluctuation, and neurodegenerative 
progression

Cytokines, chemokines, 
complement proteins, 
immune-cell signatures, and 
CSF or blood inflammatory 
biomarkers22,23

Metabolic stress, oxidative 
burden, or mitochondrial 
dysfunction reduces 
resilience but may improve 
when energetic demand, 
inflammation, or other 

Metabolic and 
mitochondrial 
regulation

Energy production, 
redox balance, and 
mitochondrial 
adaptation support 
neural resilience and 
recovery

Persistently impaired metabolic recovery, 
reduced metabolic flexibility, delayed 
restoration of energetic homeostasis 
after perturbation, or repeated failure to 
return toward an adaptive metabolic 
state

Is relevant to synaptic maturation, stress 
sensitivity, cognitive function, and aging-
related loss of resilience

Mitochondrial function, 
oxidative-stress markers, 
metabolic profiling, 
lactate/glucose dynamics, 
cellular stress pathways24,25
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Table 1. Mechanistic layers and candidate dynamic features relevant to maladaptive brain-state locking (continued)

Mechanistic 
layer

Adaptive state Maladaptive but potentially 
reversible state

Candidate evidence of locking Relevance across lifespan disorders Example measurable 
features

perturbations are corrected

Circuit and 
network 
regulation

Circuits flexibly shift 
among states required 
for perception, 
cognition, emotion, 
sleep, and behavior

Network states become 
unstable, rigid, hyperactive, 
hypoactive, or poorly 
adaptable but retain 
measurable capacity for 
spontaneous or 
intervention-associated 
normalization

Abnormally prolonged network-state 
dwell time, reduced transition probability 
toward adaptive network configurations, 
impaired recovery after perturbation, 
reduced state flexibility, or hysteretic 
network dynamics

May contribute to sensory and cognitive 
alterations in development, mood and 
perception disturbances in psychiatric 
disorders, and network failure in 
neurodegeneration

Functional connectivity, 
EEG/MEG patterns, 
oscillatory activity, network 
excitability, neuroimaging-
based state transitions18,26

Plasticity and 
repair*

Adaptive plasticity and 
repair restore function 
after stress, injury, 
inflammation, or 
developmental 
perturbation

Repair responses become 
incomplete, excessive, or 
chronically activated but 
retain some capacity for 
restoration or redirection

Persistent failure of repair or 
recalibration after the initiating challenge 
has subsided, delayed or incomplete 
functional recovery, or reduced 
responsiveness across repeated 
repair–recovery cycles

Shapes whether disrupted states remain 
reversible or progress toward persistent 
dysfunction

Plasticity markers, recovery 
trajectories, repair-associated 
transcriptional states, and 
responses to rehabilitation or 
neuromodulation27,28

Lifespan timing* State transitions occur 
within age-
appropriate 
developmental, adult, 
or aging-related 
contexts

A comparable disturbance 
produces context-
dependent dysfunction 
whose expression varies 
with developmental timing, 
regional context, resilience, 
and disease stage

Timing-dependent differences in recovery 
kinetics, reversibility, transition 
probability, or state flexibility after 
comparable perturbations, rather than 
age-associated abnormality alone

Timing modifies the phenotypic 
consequences of state dysregulation rather 
than defining diagnostic category. 
Developmental-period disturbances may 
preferentially affect circuit formation and 
maturation, whereas later-life disturbances 
may interact with declining resilience and 
repair; these associations are illustrative and 
may overlap across the lifespan

Longitudinal biomarkers, 
disease-stage signatures, age-
dependent omics profiles, 
and developmental or aging-
related trajectory models26,29

Maladaptive abnormalities listed in this table should not be interpreted as evidence of MBSL by themselves. Candidate evidence of locking requires measurable impairment of state-transition or recovery dynamics 
interpreted within the relevant biological and temporal context. *Plasticity/repair and lifespan timing are cross-cutting dimensions rather than discrete biological systems. CSF, cerebrospinal fluid; EEG, 
electroencephalography; MEG, magnetoencephalography; MBSL, maladaptive brain-state locking.
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but they directly support the narrower proposition that the con
sequences of biological disturbance are conditional on develop-
mental timing, age-related resilience, regional context, and disease 
stage. Neurodevelopmental, psychiatric, and neurodegenerative 
manifestations should therefore be regarded as overlapping illus-
trative outcomes within the lifespan framework, not mutually 
exclusive age-defined categories. The lifespan timing logic of the 
hypothesis is summarized in Figure 2.

Unlike conventional shared-mechanism models, which identify 
biological features that appear across disorders, MBSL asks why 
states persist or resist recovery and how developmental timing, 
regional context, disease stage, and other modifiers alter their 
biological and clinical consequences.

Evaluation of the hypothesis

Existing evidence does not yet establish MBSL as a shared causal 
mechanism across neurodevelopmental, psychiatric, and 
neurodegenerative disorders. Rather, current findings identify 
biological abnormalities and dynamic disturbances that are 
compatible to varying degrees with components of the hypothesis 
and provide a basis for testing whether impaired state reversibility 
occurs in specific disease contexts.

For evaluation purposes, these processes are considered as 
interacting levels rather than as independent or equivalent forms of 
evidence. Molecular signaling, metabolic, inflammatory, and 
stress-response programs can shape neuronal and glial states; 
changes in those cellular states can influence synaptic balance, 
plasticity, excitability, and tissue repair; and these local effects can 
contribute to regional circuit and whole-brain network dynamics 
that are expressed clinically through changes in cognition, emo-
tion, perception, behavior, and neurological function. Importantly, 
this sequence is conceptual rather than strictly linear: network 
activity, behavior, environmental exposure, and physiological state 
can also feed back onto cellular, metabolic, and immune regula-
tion. The evaluation below therefore considers MBSL across 
linked molecular, cellular, tissue/circuit, network, and clinical 
levels while asking whether disturbances at any level exhibit the 
defining feature of impaired reversibility or state-transition failure.

The evidence can therefore be considered at three distinct 
levels. First, shared disease-associated features such as synaptic 
dysfunction, glial reactivity, neuroimmune activation, metabolic 
disturbance, or network abnormalities demonstrate biological 
overlap across disorders but do not by themselves establish a 
shared causal mechanism or MBSL. Second, findings of 
prolonged activation, failed resolution, reduced resilience, 
impaired plasticity, or altered state dynamics are more directly 
compatible with impaired state regulation, but still do not 
demonstrate locking unless reduced reversibility is shown. Third, 
direct evidence for MBSL would require longitudinal or 
perturbational demonstration of abnormal recovery or transition 
dynamics, such as delayed or incomplete recovery, reduced 
transition probability, abnormal dwell time, hysteresis, persistence 
after attenuation of the initiating driver, or restoration of 
predefined state dynamics after intervention. This hierarchy 
distinguishes shared biological features from shared causal 
mechanisms and from the more specific dynamic state-transition 
failure proposed by MBSL.

Synaptic and circuit-level findings are central to this frame-

work. Excitatory-inhibitory imbalance, altered synaptic remod-
eling, disrupted pruning, impaired plasticity, and network 
instability have been implicated across neurodevelopmental, psy-
chiatric, and neurodegenerative disorders.43-45 During normal 
development and learning, synaptic remodeling and circuit adapta-
tion refine neural function. When mistimed, excessive, deficient, 
or persistent, these processes may contribute to long-term 
instability in sensory processing, cognition, mood regulation, and 
neural resilience.44,46 These findings establish disease-associated 
abnormalities in synaptic and circuit regulation and are compatible 
with impaired recalibration in some contexts; however, they do 
not by themselves demonstrate MBSL without longitudinal or per-
turbational evidence that recovery or state-transition dynamics are 
impaired.

Glial and neuroimmune findings provide an additional set of 
disease-associated observations relevant to the hypothesis. 
Microglia, astrocytes, complement signaling, cytokines, and 
inflammatory mediators shape synaptic pruning, tissue surveil-
lance, metabolic support, injury responses, and repair.23,47,48 These 
functions are essential during development and remain important 
throughout adulthood and aging. Prolonged glial reactivity or 
unresolved neuroimmune activation may sustain inflammatory 
tone, alter synaptic function, disrupt metabolic support, or impair 
circuit homeostasis.28,49-52 Such persistence is compatible with 
impaired state regulation, particularly when protective responses 
fail to resolve within an appropriate temporal window, but per-
sistent glial or inflammatory activity alone does not establish a 
locked state or a common causal mechanism across disorders.

Metabolic and mitochondrial findings represent another 
biological domain potentially relevant to impaired state regulation. 
Neural function depends on energy regulation, mitochondrial 
performance, redox balance, and cellular stress adaptation.53,54 
Energy imbalance, oxidative stress, mitochondrial dysfunction, 
and impaired metabolic flexibility can reduce the brain’s capacity 
to recover from inflammatory, excitotoxic, developmental, or 
aging-related challenges.54,55 These observations are compatible 
with reduced biological resilience and recovery capacity, 
particularly in neurodegenerative contexts, and may also influence 
developmental and psychiatric trajectories through effects on 
synaptic maturation, stress sensitivity, and circuit function.43,53 
However, metabolic dysfunction itself should not be interpreted as 
evidence of MBSL unless accompanied by demonstrable 
abnormalities in reversibility or state-transition dynamics.

Plasticity and repair mechanisms help determine whether a dis-
rupted state remains reversible. Adaptive recovery requires syn-
aptic modification, glial regulation, metabolic restoration, and cir-
cuit recalibration after stress, injury, or developmental 
perturbation.27,28 When repair responses are incomplete, excessive, 
or chronically activated, they may contribute to persistent dysfunc-
tion or failed recalibration; however, direct evidence of MBSL 
would additionally require demonstration that recovery or trans-
ition away from that state is measurably impaired.

Taken together, the current literature establishes substantial 
biological overlap across disorder categories and identifies several 
phenomena compatible with impaired state regulation, including 
persistence, failed resolution, reduced resilience, and altered 
recovery. These observations provide a rationale for testing MBSL 
but should not be interpreted as direct evidence of a shared state-
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Fig. 2. Lifespan context of maladaptive brain-state locking. This hypothesis-generating conceptual model illustrates how lifespan context may modify the 
phenotypic consequences of MBSL. Early-life, adolescent/adult, and later-life contexts are shown as illustrative examples rather than exclusive age-to-
diagnosis mappings. Early-life MBSL may disproportionately affect circuit formation, synaptic refinement, and other developmental processes; 
adolescent/adult MBSL may alter systems involved in emotional regulation, motivation, perception, sleep, stress adaptation, and cognitive flexibility; and 
later-life MBSL may interact with declining resilience, repair capacity, glial or inflammatory persistence, metabolic vulnerability, and progressive 
dysfunction. Neurodevelopmental, psychiatric, and neurodegenerative manifestations are therefore presented as illustrative and potentially overlapping 
outcomes rather than mutually exclusive categories. Clinical expression is proposed to vary with timing, regional context, disease stage, duration, severity, 
resilience, and reversibility. The model should not be interpreted as an empirically established sequential lifespan disease trajectory or as implying fixed 
progression from one disorder category to another. Conceptual schematic diagram; no original experimental data. MBSL, maladaptive brain-state locking.

locking mechanism. Direct support will require longitudinal or 
perturbational studies showing predefined abnormalities of 
reversibility or transition dynamics and determining whether those 
abnormalities can be modified experimentally or therapeutically.

Future directions

Future research should test MBSL as a measurable, dynamic, and 
potentially reversible biological process. This requires determining 
whether specific brain states become persistent before, during, or 
after clinical worsening.

Key operational predictions, falsification criteria, and 
experimental tests of the MBSL hypothesis are summarized in 
Table 2.3,14,56-70

Longitudinal studies will be essential. Rather than measuring 
disease at a single endpoint, researchers should track how 
biological state signatures change over time and whether specific 
patterns become stabilized before functional decline, symptom 
worsening, or treatment resistance.35,71-73 Such studies could help 
distinguish transient adaptive responses and persistent but still 
reversible maladaptive states from states showing measurable 
impairment of recovery or transition dynamics.

Multimodal biomarkers will be necessary. Neuroimaging, 
electrophysiology, blood and cerebrospinal fluid biomarkers, 
single-cell and spatial omics, metabolic profiling, and digital 
behavioral measures could help identify candidate state-dynamic 
signatures relevant to MBSL across biological levels.66,72,74,75 The 
goal is to define patterns of state persistence, reversibility, and 
transition failure that differ across disease stage and lifespan 
context.

Experimental models should directly test reversibility. 
Organoids, assembloids, animal models, and patient-derived cel-
lular systems can be used to test whether predefined abnormalities 
of state-transition or recovery dynamics can be shifted toward 
adaptive regulation.62,75-77 These models may help determine 
whether candidate abnormalities of state-transition or recovery 
dynamics emerge in response to genetic risk, environmental stress, 
injury, inflammation, aging-related vulnerability, or interactions 
among these factors.

Artificial intelligence-based modeling may help integrate 
complex data across biological scales. Multimodal models could 
identify state-transition patterns that are difficult to detect through 
isolated measurements or cross-sectional analysis.66,67,78,79 These 
models could also help predict loss of reversibility and identify 
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Table 2. Operational predictions, falsification criteria, and future tests of maladaptive brain-state locking

Prediction Experimental or clinical approach Expected finding if prediction 
is supported

Key limitation Translational 
implication

Candidate MBSL-
associated dynamic 
abnormalities 
precede or 
accompany clinical 
worsening

Longitudinal cohorts with 
repeated neuroimaging, 
electrophysiology, fluid 
biomarkers, digital behavioral 
measures, and clinical 
assessments

Predefined abnormalities of 
recovery or transition 
dynamics emerge before or 
alongside functional decline, 
symptom worsening, 
treatment resistance, or 
progression

Longitudinal studies 
are expensive, slow, 
and vulnerable to 
cohort heterogeneity, 
missing data, and 
uncertainty regarding 
causal direction

Earlier identification 
of transition failure 
or declining 
reversibility before 
more persistent 
dysfunction 
develops56,57

MBSL is 
characterized by 
abnormal temporal 
dynamics rather 
than by a static 
abnormality alone

Repeated multimodal 
measurements across disease 
stages, perturbation–recovery 
intervals, and treatment windows

Candidate state signatures 
show abnormal dwell time, 
delayed recovery, reduced 
transition probability, 
hysteresis, or progressive loss 
of reversibility over time

Static biomarkers or 
cross-sectional 
differences may be 
misinterpreted as 
evidence of locking 
without temporal 
validation

More precise 
disease staging and 
longitudinal 
monitoring of 
reversibility58-60

MBSL should not be 
inferred when 
persistence is fully 
explained by an 
ongoing driver and 
normal recovery 
occurs after that 
driver is removed

Controlled 
perturbation–withdrawal studies 
or natural experiments measuring 
recovery kinetics and state 
transitions before, during, and 
after attenuation of the initiating 
perturbation

States interpreted as MBSL 
show delayed, incomplete, or 
history-dependent recovery 
after driver attenuation; 
expected recovery after driver 
removal would argue against 
a locking interpretation

The initiating driver 
may be incompletely 
measurable or 
impossible to remove 
cleanly in human 
disease

Prevents chronicity 
or biomarker 
persistence from 
being misclassified 
as MBSL and 
provides an explicit 
falsification criterion

Distinct disorder 
groups may show 
partially overlapping 
state-regulatory 
abnormalities 
without sharing an 
identical causal 
mechanism

Cross-disorder comparison of 
neurodevelopmental, psychiatric, 
and neurodegenerative cohorts 
using harmonized longitudinal 
biomarkers and state-dynamic 
measures

Some abnormalities of 
recovery, flexibility, or 
transition dynamics overlap 
across diagnoses, while their 
timing, magnitude, regional 
distribution, and causal role 
differ

Shared biomarkers 
may be nonspecific 
and may reflect 
downstream 
consequences rather 
than a shared 
mechanism

A biology-based 
complement to 
diagnostic labels 
without collapsing 
etiologically distinct 
disorders3,14,61

Predefined MBSL-
associated dynamic 
abnormalities can 
be modified under 
targeted 
perturbation or 
intervention

Organoid, assembloid, animal, 
and patient-derived cellular 
models exposed to defined 
genetic, inflammatory, metabolic, 
environmental, or aging-related 
perturbations, followed by 
perturbation withdrawal or 
targeted intervention

At least one predefined 
abnormal dynamic 
feature—such as dwell time, 
recovery kinetics, transition 
probability, hysteresis, or 
state flexibility—moves 
measurably toward an 
adaptive range after 
intervention

Model systems may 
not reproduce the 
multiscale and 
lifespan complexity of 
human disease, and 
improvement in one 
state feature may not 
indicate system-wide 
recovery

Experimental 
development of 
state-redirection 
strategies and 
objective measures 
of reversibility62

Treatment response is 
influenced by 
adherence, 
comorbidity, 
environment, 
treatment exposure, 
socioeconomic 
factors, and baseline 

Greater impairment 
of reversibility is 
associated with 
treatment 
resistance or 
progression

Clinical studies comparing 
responders, nonresponders, 
remitting cases, and progressive 
cases using repeated biological, 
functional, and clinical 
measurements

Treatment-resistant or 
progressive cases show longer 
maladaptive-state dwell 
times, slower recovery, lower 
transition probability toward 
adaptive states, or reduced 
flexibility compared with 
reversible or remitting cases

Improved 
stratification by 
dynamic reversibility 
rather than 
symptom severity 
alone63-65
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Table 2. Operational predictions, falsification criteria, and future tests of maladaptive brain-state locking (continued)

Prediction Experimental or clinical approach Expected finding if prediction 
is supported

Key limitation Translational 
implication

disease severity

Computational 
models can identify 
candidate state-
transition and 
reversibility 
patterns not evident 
from isolated 
measurements

Multimodal machine-learning 
models integrating imaging, 
omics, electrophysiology, 
biomarkers, and behavioral data

Models reproducibly identify 
transition patterns, recovery 
trajectories, reversibility 
windows, or progression-
associated dynamic signatures 
that generalize across 
independent datasets

Risk of overfitting, 
poor generalizability, 
data leakage, limited 
interpretability, and 
dependence on 
heterogeneous 
training data

Prediction of 
intervention 
windows and 
individualized 
longitudinal 
monitoring66,67

Lifespan timing and 
biological context 
modify the 
consequences of 
comparable state-
regulatory 
disturbances

Lifespan studies comparing 
developmental, adult, and aging-
related trajectories, ideally using 
comparable perturbations or 
harmonized dynamic measures 
across age groups

Comparable disturbances are 
associated with different 
recovery trajectories, regional 
effects, or phenotypic 
consequences according to 
developmental timing, age-
related resilience, regional 
context, and disease stage

Age, diagnosis, 
medication exposure, 
comorbidity, 
environmental history, 
and cohort effects 
may confound 
interpretation

Context-sensitive 
risk stratification and 
timing of 
intervention rather 
than fixed age-to-
diagnosis mapping68

Successful biological 
state unlocking 
restores a 
predefined 
abnormal state-
dynamic feature 
rather than clinical 
symptoms alone

Prospective intervention studies 
measuring biological state 
dynamics before, during, and 
after treatment, rehabilitation, 
neuromodulation, or behavioral 
intervention, with the relevant 
dynamic endpoint predefined 
before analysis

Clinical improvement is 
accompanied by measurable 
normalization of at least one 
previously abnormal feature, 
such as shorter maladaptive-
state dwell time, increased 
transition probability toward 
an adaptive state, faster or 
more complete recovery, 
reduced hysteresis, or 
restored state flexibility

Clinical symptoms and 
biological state 
dynamics may 
improve 
independently or on 
different timescales, 
complicating causal 
interpretation

Development of 
outcome measures 
that distinguish 
symptomatic 
response from 
biological state 
unlocking and track 
restoration of 
adaptive 
regulation69,70

MBSL, maladaptive brain-state locking.

windows in which intervention may be most effective.

Implications for intervention timing and modality

Within the MBSL framework, intervention timing would depend 
on the degree to which a maladaptive state remains reversible 
rather than on diagnosis alone. During an early or still-reversible 
phase, the primary goal would be to reduce or remove the initi-
ating perturbation where possible and support normal adaptive res-
olution before state-transition dynamics become persistently 
impaired. During emerging stabilization, intervention would aim 
to prevent further consolidation by targeting the biological pro-
cesses sustaining abnormal state persistence. Once a locked state 
is established but remains partially reversible, treatment would 
need to restore the specific impaired dynamic property, such as 
recovery capacity, transition probability, or state flexibility. More 
strongly stabilized or multisystem states may require sequential or 
combination approaches because dysregulation at molecular, cel-
lular, circuit, and network levels may reinforce one another. These 
stages are conceptual rather than validated clinical categories and 

should be tested prospectively rather than used as current treat-
ment classifications.

Intervention modality would likewise depend on the dominant 
biological processes contributing to the impaired state dynamics in 
a particular context. Candidate approaches could include inflam-
matory-resolution strategies when unresolved neuroimmune activ-
ation is prominent, glial-state modulation when persistent astro-
cytic or microglial responses contribute to dysregulation, meta-
bolic support when impaired energetic or mitochondrial recovery 
constrains resilience, synaptic rebalancing when excitatory-inhib-
itory or plasticity abnormalities predominate, neuromodulation 
when maladaptive circuit or network dynamics are measurable, 
and behavioral or environmental interventions when experience-
dependent regulation remains modifiable.80-83 These modalities 
should not be interpreted as MBSL-specific therapies; rather, the 
framework predicts that their relevance would depend on whether 
they measurably restore the predefined state-dynamic abnormality 
associated with a given case or model.

A therapeutic test of MBSL should therefore distinguish symp-
tomatic improvement from biological state unlocking. The rel-
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evant state-dynamic abnormality should be defined before inter-
vention and measured longitudinally alongside clinical outcomes. 
Evidence of unlocking would require restoration of the impaired 
dynamic property, such as shorter maladaptive-state dwell time, 
increased transition probability toward an adaptive state, improved 
recovery kinetics, reduced hysteresis, or greater state flexibility, 
rather than symptom improvement alone. Clinical improvement 
without corresponding normalization of the predefined dynamic 
abnormality would indicate therapeutic benefit but would not, by 
itself, demonstrate reversal of MBSL. Conversely, concordant 
improvement in clinical function and state dynamics would 
provide stronger evidence that an intervention has modified the 
proposed locking process. Importantly, no biomarker, therapeutic 
target, intervention window, or treatment strategy has yet been 
validated specifically for MBSL; these implications therefore rep-
resent hypotheses for future experimental and clinical testing 
rather than recommendations for current clinical practice.

Together, these approaches provide a roadmap for testing the 
state-locking hypothesis across experimental, computational, and 
clinical settings (Table 2).

Limitations

A principal limitation of the MBSL framework is the substantial 
etiological and pathological heterogeneity within and across 
neurodevelopmental, psychiatric, and neurodegenerative disorders. 
Neurodevelopmental disorders may arise from highly penetrant 
genetic variants, altered developmental programs, or structural 
abnormalities, whereas neurodegenerative disorders can involve 
progressive cellular loss, protein aggregation, region-specific 
degeneration, and other established neuropathological 
changes.84-88 Psychiatric disorders also have biological substrates, 
including molecular, cellular, circuit, and network abnormalities, 
but these do not necessarily correspond to the same degree or type 
of fixed macroscopic structural or degenerative pathology. MBSL 
therefore does not imply biological equivalence among these dis-
order groups or propose that they arise from a single shared lesion 
or causal mechanism. The proposed commonality is narrower: 
otherwise distinct etiologies and pathological substrates may, in 
some contexts, converge on impaired state regulation or reduced 
reversibility. Fixed structural lesions, genetic abnormalities, pro-
teinopathy, or neurodegeneration may initiate, constrain, or rein-
force dynamic state dysregulation, but these pathologies are not 
themselves synonymous with MBSL unless impaired state-trans-
ition or recovery dynamics can also be demonstrated.

A second limitation is the nonspecificity of many candidate 
biological markers. Inflammation, synaptic dysfunction, glial 
activation, oxidative stress, and metabolic disturbance occur 
across numerous conditions and may reflect causes, consequences, 
compensatory responses, or amplifiers of disease rather than 
MBSL itself.89,90 Their presence alone therefore cannot establish 
that a locked state exists. Even when similar abnormalities recur 
across diagnostic categories, shared or static biomarkers do not 
demonstrate a shared causal mechanism or impaired reversibility. 
MBSL must instead be evaluated through dynamic evidence 
showing abnormal recovery, persistence, or state-transition 
behavior over time.

Measurement presents a further limitation. MBSL is not 
represented by a single validated biomarker, pathway, lesion, or 

measurement platform. Its proposed operationalization requires 
distinguishing transient adaptive activation, persistence driven by 
a continuing perturbation, and genuine impairment of state-
transition or recovery dynamics. This will likely require 
longitudinal designs, multimodal biomarkers, repeated functional 
measurements, and disease-stage-specific analysis. Cross-sectional 
studies can identify associations but generally cannot determine 
whether a biological state is locked, reversible, or causally 
involved. In addition, candidate measures may operate at different 
spatial and temporal scales, making harmonization across 
molecular, cellular, circuit, network, and clinical levels 
challenging.

Causality remains another major limitation. A persistent 
inflammatory, glial, metabolic, synaptic, or network state may 
contribute causally to disease progression in one context but 
represent a downstream consequence or compensatory response in 
another. In neurodevelopmental disorders, altered state regulation 
may influence circuit formation early in life; in psychiatric 
disorders, state dynamics may fluctuate with stress, sleep, 
hormonal state, environment, treatment, or experience91; and in 
neurodegenerative disorders, impaired state regulation may 
emerge after cumulative cellular injury or proteinopathic burden is 
already established.59,92 Current evidence therefore does not 
establish MBSL as a universal upstream cause. Longitudinal and 
perturbational studies will be required to determine whether 
impaired reversibility precedes pathology, emerges as a secondary 
consequence, or participates in feedback loops that subsequently 
sustain disease.

These limitations define the current boundary of the hypothesis. 
MBSL should therefore be regarded as a testable framework rather 
than an established cross-disorder mechanism, and its validity will 
depend on demonstrating reproducible abnormalities of 
reversibility or state-transition dynamics that cannot be explained 
solely by persistent external drivers, fixed pathology, nonspecific 
biomarkers, or cross-sectional disease associations.

Conclusions

MBSL is proposed as a testable lifespan hypothesis for examining 
whether clinically and biologically distinct brain disorders may, in 
some contexts, converge on impaired state-transition or recovery 
dynamics. Its central concept is that persistence becomes mechan-
istically meaningful when the capacity to leave, recalibrate, or 
recover from a maladaptive state is measurably impaired. MBSL 
therefore does not equate chronicity with locking or imply that 
neurodevelopmental, psychiatric, and neurodegenerative disorders 
share a single pathology or causal mechanism.

Current evidence is compatible with components of this 
framework but does not yet establish MBSL as a general cross-
disorder mechanism. Direct validation will require longitudinal or 
perturbational evidence demonstrating impaired reversibility or 
altered state-transition dynamics. If validated, MBSL could 
provide a complementary framework for studying disease in terms 
of measurable reversibility, recovery dynamics, and state-
transition control alongside existing diagnostic and mechanistic 
approaches.

https://doi.org/10.14218/ERHM.2026.00045


Naffaa M.M.: Maladaptive brain-state locking Explor Res Hypothesis Med

DOI: 10.14218/ERHM.2026.00045  |  Volume 11 Issue 4, October 2026 11

Acknowledgments

ChatGPT and Google Gemini were used during preparation of the 
manuscript for grammar correction, language refinement, and 
improving sentence connectivity. They were not used to generate 
the scientific hypothesis, select or interpret evidence, or determine 
the conclusions. All scientific content, hypotheses, interpretations, 
and conclusions were developed and verified by the author, who 
takes full responsibility for the integrity and accuracy of the work.

Funding

No funding was received for this work.

Conflict of interest

The author declares no conflicts of interest.

Author contributions

MMN is the sole author of the manuscript.

References
Kampmann M. Molecular and cellular mechanisms of selective 
vulnerability in neurodegenerative diseases. Nat Rev Neurosci 2024;
25(5):351–371. DOI: 10.1038/s41583-024-00806-0, PMID: 
38575768.

[1]   

Kim E, Huh JR, Choi GB. Prenatal and postnatal neuroimmune 
interactions in neurodevelopmental disorders. Nat Immunol 2024;
25(4):598–606. DOI: 10.1038/s41590-024-01797-x, PMID: 
38565970.

[2]   

Xie C, Xiang S, Shen C, Peng X, Kang J, Li Y, et al. A shared neural 
basis underlying psychiatric comorbidity. Nat Med 2023;29(5):
1232–1242. DOI: 10.1038/s41591-023-02317-4, PMID: 37095248.

[3]   

Chen Y, Dai J, Tang L, Mikhailova T, Liang Q, Li M, et al. Neuroim-
mune transcriptome changes in patient brains of psychiatric and 
neurological disorders. Mol Psychiatry 2023;28(2):710–721. DOI: 10.
1038/s41380-022-01854-7, PMID: 36424395.

[4]   

Smeland OB, Kutrolli G, Bahrami S, Fominykh V, Parker N, Fuhrer J, 
et al. A genome-wide analysis of the shared genetic risk architecture 
of complex neurological and psychiatric disorders. Nat Neurosci 
2025;28(12):2439–2450. DOI: 10.1038/s41593-025-02090-2, PMID: 
41219506.

[5]   

Shichita T, Ooboshi H, Yoshimura A. Neuroimmune mechanisms and 
therapies mediating post-ischaemic brain injury and repair. Nat Rev 
Neurosci 2023;24(5):299–312. DOI: 10.1038/s41583-023-00690-0, 
PMID: 36973481.

[6]   

Traxler L, Lucciola R, Herdy JR, Jones JR, Mertens J, Gage FH. Neural 
cell state shifts and fate loss in ageing and age-related diseases. Nat 
Rev Neurol 2023;19(7):434–443. DOI: 10.1038/s41582-023-00815-0, 
PMID: 37268723.

[7]   

Luppi AI, Singleton SP, Hansen JY, Jamison KW, Bzdok D, Kuceyeski 
A, et al. Contributions of network structure, chemoarchitecture and 
diagnostic categories to transitions between cognitive topographies. 
Nat Biomed Eng 2024;8(9):1142–1161. DOI: 10.1038/s41551-024-
01242-2, PMID: 39103509.

[8]   

Gu S, Pasqualetti F, Cieslak M, Telesford QK, Yu AB, Kahn AE, et al. 
Controllability of structural brain networks. Nat Commun 2015;6:
8414. DOI: 10.1038/ncomms9414, PMID: 26423222.

[9]   

Betzel RF, Gu S, Medaglia JD, Pasqualetti F, Bassett DS. Optimally [10]   

controlling the human connectome: the role of network topology. 
Sci Rep 2016;6:30770. DOI: 10.1038/srep30770, PMID: 27468904.
Naffaa MM, Yin HH. A cholinergic signaling pathway underlying 
cortical circuit activation of quiescent neural stem cells in the lateral 
ventricle. Sci Signal 2024;17(855):eadk8810. DOI: 10.1126/scisignal.
adk8810, PMID: 39316665.

[11]   

Naffaa MM, Khan RR, Kuo CT, Yin HH. Cortical regulation of 
neurogenesis and cell proliferation in the ventral subventricular 
zone. Cell Rep 2023;42(7):112783. DOI: 10.1016/j.celrep.2023.
112783, PMID: 37422764.

[12]   

Naffaa MM, Yin HH. Lateral Ventricular Neural Stem Cells Provide 
Negative Feedback to Circuit Activation Through GABAergic 
Signaling. Cells 2025;14(6):426. DOI: 10.3390/cells14060426, PMID: 
40136675.

[13]   

Emani PS, Liu JJ, Clarke D, Jensen M, Warrell J, Gupta C, et al. Single-
cell genomics and regulatory networks for 388 human brains. 
Science 2024;384(6698):eadi5199. DOI: 10.1126/science.adi5199, 
PMID: 38781369.

[14]   

Huuki-Myers LA, Spangler A, Eagles NJ, Montgomery KD, Kwon SH, 
Guo B, et al. A data-driven single-cell and spatial transcriptomic map 
of the human prefrontal cortex. Science 2024;384(6698):eadh1938. 
DOI: 10.1126/science.adh1938, PMID: 38781370.

[15]   

Yao S, Harder A, Darki F, Chang YW, Li A, Nikouei K, et al. Connecting 
genomic results for psychiatric disorders to human brain cell types 
and regions reveals convergence with functional connectivity. Nat 
Commun 2025;16(1):395. DOI: 10.1038/s41467-024-55611-1, PMID: 
39755698.

[16]   

Ling E, Nemesh J, Goldman M, Kamitaki N, Reed N, Handsaker RE, et 
al. A concerted neuron-astrocyte program declines in ageing and 
schizophrenia. Nature 2024;627(8004):604–611. DOI: 10.1038/s41
586-024-07109-5, PMID: 38448582.

[17]   

Mathys H, Boix CA, Akay LA, Xia Z, Davila-Velderrain J, Ng AP, et al. 
Single-cell multiregion dissection of Alzheimer's disease. Nature 
2024;632(8026):858–868. DOI: 10.1038/s41586-024-07606-7, PMID: 
39048816.

[18]   

Wamsley B, Bicks L, Cheng Y, Kawaguchi R, Quintero D, Margolis M, 
et al. Molecular cascades and cell type-specific signatures in ASD 
revealed by single-cell genomics. Science 2024;384(6698):
eadh2602. DOI: 10.1126/science.adh2602, PMID: 38781372.

[19]   

Malwade S, Sellgren CM, Vasistha NA, Khodosevich K. Rare Copy 
Number Variants Reveal Critical Cell Types and Periods of Brain 
Development in Neurodevelopmental Disorders. Biol Psychiatry 
Glob Open Sci 2025;5(4):100495. DOI: 10.1016/j.bpsgos.2025.
100495, PMID: 40469813.

[20]   

Serrano-Pozo A, Li H, Li Z, Muñoz-Castro C, Jaisa-Aad M, Healey MA, 
et al. Astrocyte transcriptomic changes along the spatiotemporal 
progression of Alzheimer's disease. Nat Neurosci 2024;27(12):
2384–2400. DOI: 10.1038/s41593-024-01791-4, PMID: 39528672.

[21]   

Wu J, Zhang J, Chen X, Wettschurack K, Que Z, Deming BA, et al. 
Microglial over-pruning of synapses during development in autism-
associated SCN2A-deficient mice and human cerebral organoids. 
Mol Psychiatry 2024;29(8):2424–2437. DOI: 10.1038/s41380-024-
02518-4, PMID: 38499656.

[22]   

Baum ML, Wilton DK, Fox RG, Carey A, Hsu YH, Hu R, et al. CSMD1 
regulates brain complement activity and circuit development. Brain 
Behav Immun 2024;119:317–332. DOI: 10.1016/j.bbi.2024.03.041, 
PMID: 38552925.

[23]   

Minhas PS, Jones JR, Latif-Hernandez A, Sugiura Y, Durairaj AS, 
Wang Q, et al. Restoring hippocampal glucose metabolism rescues 

[24]   

https://doi.org/10.14218/ERHM.2026.00045
https://dx.doi.org/10.1038/s41583-024-00806-0
https://dx.doi.org/10.1038/s41583-024-00806-0
https://dx.doi.org/10.1038/s41583-024-00806-0
https://dx.doi.org/10.1038/s41583-024-00806-0
https://dx.doi.org/10.1038/s41583-024-00806-0
https://dx.doi.org/10.1038/s41583-024-00806-0
http://www.ncbi.nlm.nih.gov/pubmed/38575768
https://dx.doi.org/10.1038/s41590-024-01797-x
https://dx.doi.org/10.1038/s41590-024-01797-x
https://dx.doi.org/10.1038/s41590-024-01797-x
https://dx.doi.org/10.1038/s41590-024-01797-x
https://dx.doi.org/10.1038/s41590-024-01797-x
https://dx.doi.org/10.1038/s41590-024-01797-x
http://www.ncbi.nlm.nih.gov/pubmed/38565970
https://dx.doi.org/10.1038/s41591-023-02317-4
https://dx.doi.org/10.1038/s41591-023-02317-4
https://dx.doi.org/10.1038/s41591-023-02317-4
https://dx.doi.org/10.1038/s41591-023-02317-4
https://dx.doi.org/10.1038/s41591-023-02317-4
https://dx.doi.org/10.1038/s41591-023-02317-4
http://www.ncbi.nlm.nih.gov/pubmed/37095248
https://dx.doi.org/10.1038/s41380-022-01854-7
https://dx.doi.org/10.1038/s41380-022-01854-7
https://dx.doi.org/10.1038/s41380-022-01854-7
https://dx.doi.org/10.1038/s41380-022-01854-7
https://dx.doi.org/10.1038/s41380-022-01854-7
https://dx.doi.org/10.1038/s41380-022-01854-7
https://dx.doi.org/10.1038/s41380-022-01854-7
http://www.ncbi.nlm.nih.gov/pubmed/36424395
https://dx.doi.org/10.1038/s41593-025-02090-2
https://dx.doi.org/10.1038/s41593-025-02090-2
https://dx.doi.org/10.1038/s41593-025-02090-2
https://dx.doi.org/10.1038/s41593-025-02090-2
https://dx.doi.org/10.1038/s41593-025-02090-2
https://dx.doi.org/10.1038/s41593-025-02090-2
http://www.ncbi.nlm.nih.gov/pubmed/41219506
https://dx.doi.org/10.1038/s41583-023-00690-0
https://dx.doi.org/10.1038/s41583-023-00690-0
https://dx.doi.org/10.1038/s41583-023-00690-0
https://dx.doi.org/10.1038/s41583-023-00690-0
https://dx.doi.org/10.1038/s41583-023-00690-0
https://dx.doi.org/10.1038/s41583-023-00690-0
http://www.ncbi.nlm.nih.gov/pubmed/36973481
https://dx.doi.org/10.1038/s41582-023-00815-0
https://dx.doi.org/10.1038/s41582-023-00815-0
https://dx.doi.org/10.1038/s41582-023-00815-0
https://dx.doi.org/10.1038/s41582-023-00815-0
https://dx.doi.org/10.1038/s41582-023-00815-0
https://dx.doi.org/10.1038/s41582-023-00815-0
http://www.ncbi.nlm.nih.gov/pubmed/37268723
https://dx.doi.org/10.1038/s41551-024-01242-2
https://dx.doi.org/10.1038/s41551-024-01242-2
https://dx.doi.org/10.1038/s41551-024-01242-2
https://dx.doi.org/10.1038/s41551-024-01242-2
https://dx.doi.org/10.1038/s41551-024-01242-2
https://dx.doi.org/10.1038/s41551-024-01242-2
http://www.ncbi.nlm.nih.gov/pubmed/39103509
https://dx.doi.org/10.1038/ncomms9414
https://dx.doi.org/10.1038/ncomms9414
https://dx.doi.org/10.1038/ncomms9414
http://www.ncbi.nlm.nih.gov/pubmed/26423222
https://dx.doi.org/10.1038/srep30770
https://dx.doi.org/10.1038/srep30770
https://dx.doi.org/10.1038/srep30770
http://www.ncbi.nlm.nih.gov/pubmed/27468904
https://dx.doi.org/10.1126/scisignal.adk8810
https://dx.doi.org/10.1126/scisignal.adk8810
https://dx.doi.org/10.1126/scisignal.adk8810
https://dx.doi.org/10.1126/scisignal.adk8810
https://dx.doi.org/10.1126/scisignal.adk8810
http://www.ncbi.nlm.nih.gov/pubmed/39316665
https://dx.doi.org/10.1016/j.celrep.2023.112783
https://dx.doi.org/10.1016/j.celrep.2023.112783
https://dx.doi.org/10.1016/j.celrep.2023.112783
https://dx.doi.org/10.1016/j.celrep.2023.112783
https://dx.doi.org/10.1016/j.celrep.2023.112783
https://dx.doi.org/10.1016/j.celrep.2023.112783
http://www.ncbi.nlm.nih.gov/pubmed/37422764
https://dx.doi.org/10.3390/cells14060426
https://dx.doi.org/10.3390/cells14060426
https://dx.doi.org/10.3390/cells14060426
https://dx.doi.org/10.3390/cells14060426
http://www.ncbi.nlm.nih.gov/pubmed/40136675
https://dx.doi.org/10.1126/science.adi5199
https://dx.doi.org/10.1126/science.adi5199
https://dx.doi.org/10.1126/science.adi5199
https://dx.doi.org/10.1126/science.adi5199
https://dx.doi.org/10.1126/science.adi5199
http://www.ncbi.nlm.nih.gov/pubmed/38781369
https://dx.doi.org/10.1126/science.adh1938
https://dx.doi.org/10.1126/science.adh1938
https://dx.doi.org/10.1126/science.adh1938
https://dx.doi.org/10.1126/science.adh1938
https://dx.doi.org/10.1126/science.adh1938
http://www.ncbi.nlm.nih.gov/pubmed/38781370
https://dx.doi.org/10.1038/s41467-024-55611-1
https://dx.doi.org/10.1038/s41467-024-55611-1
https://dx.doi.org/10.1038/s41467-024-55611-1
https://dx.doi.org/10.1038/s41467-024-55611-1
https://dx.doi.org/10.1038/s41467-024-55611-1
https://dx.doi.org/10.1038/s41467-024-55611-1
http://www.ncbi.nlm.nih.gov/pubmed/39755698
https://dx.doi.org/10.1038/s41586-024-07109-5
https://dx.doi.org/10.1038/s41586-024-07109-5
https://dx.doi.org/10.1038/s41586-024-07109-5
https://dx.doi.org/10.1038/s41586-024-07109-5
https://dx.doi.org/10.1038/s41586-024-07109-5
https://dx.doi.org/10.1038/s41586-024-07109-5
http://www.ncbi.nlm.nih.gov/pubmed/38448582
https://dx.doi.org/10.1038/s41586-024-07606-7
https://dx.doi.org/10.1038/s41586-024-07606-7
https://dx.doi.org/10.1038/s41586-024-07606-7
https://dx.doi.org/10.1038/s41586-024-07606-7
https://dx.doi.org/10.1038/s41586-024-07606-7
https://dx.doi.org/10.1038/s41586-024-07606-7
http://www.ncbi.nlm.nih.gov/pubmed/39048816
https://dx.doi.org/10.1126/science.adh2602
https://dx.doi.org/10.1126/science.adh2602
https://dx.doi.org/10.1126/science.adh2602
https://dx.doi.org/10.1126/science.adh2602
https://dx.doi.org/10.1126/science.adh2602
http://www.ncbi.nlm.nih.gov/pubmed/38781372
https://dx.doi.org/10.1016/j.bpsgos.2025.100495
https://dx.doi.org/10.1016/j.bpsgos.2025.100495
https://dx.doi.org/10.1016/j.bpsgos.2025.100495
https://dx.doi.org/10.1016/j.bpsgos.2025.100495
https://dx.doi.org/10.1016/j.bpsgos.2025.100495
https://dx.doi.org/10.1016/j.bpsgos.2025.100495
http://www.ncbi.nlm.nih.gov/pubmed/40469813
https://dx.doi.org/10.1038/s41593-024-01791-4
https://dx.doi.org/10.1038/s41593-024-01791-4
https://dx.doi.org/10.1038/s41593-024-01791-4
https://dx.doi.org/10.1038/s41593-024-01791-4
https://dx.doi.org/10.1038/s41593-024-01791-4
https://dx.doi.org/10.1038/s41593-024-01791-4
http://www.ncbi.nlm.nih.gov/pubmed/39528672
https://dx.doi.org/10.1038/s41380-024-02518-4
https://dx.doi.org/10.1038/s41380-024-02518-4
https://dx.doi.org/10.1038/s41380-024-02518-4
https://dx.doi.org/10.1038/s41380-024-02518-4
https://dx.doi.org/10.1038/s41380-024-02518-4
https://dx.doi.org/10.1038/s41380-024-02518-4
http://www.ncbi.nlm.nih.gov/pubmed/38499656
https://dx.doi.org/10.1016/j.bbi.2024.03.041
https://dx.doi.org/10.1016/j.bbi.2024.03.041
https://dx.doi.org/10.1016/j.bbi.2024.03.041
https://dx.doi.org/10.1016/j.bbi.2024.03.041
https://dx.doi.org/10.1016/j.bbi.2024.03.041
https://dx.doi.org/10.1016/j.bbi.2024.03.041
http://www.ncbi.nlm.nih.gov/pubmed/38552925


Explor Res Hypothesis Med Naffaa M.M.: Maladaptive brain-state locking

12 DOI: 10.14218/ERHM.2026.00045  |  Volume 11 Issue 4, October 2026

cognition across Alzheimer's disease pathologies. Science 2024;
385(6711):eabm6131. DOI: 10.1126/science.abm6131, PMID: 
39172838.
Trumpff C, Monzel AS, Sandi C, Menon V, Klein HU, Fujita M, et al. 
Psychosocial experiences are associated with human brain 
mitochondrial biology. Proc Natl Acad Sci U S A 2024;121(27):
e2317673121. DOI: 10.1073/pnas.2317673121, PMID: 38889126.

[25]   

Sun L, Zhao T, Liang X, Xia M, Li Q, Liao X, et al. Human lifespan 
changes in the brain's functional connectome. Nat Neurosci 2025;
28(4):891–901. DOI: 10.1038/s41593-025-01907-4, PMID: 
40181189.

[26]   

Joy MT, Carmichael ST. Activity-dependent transcriptional programs 
in memory regulate motor recovery after stroke. Commun Biol 
2024;7(1):1048. DOI: 10.1038/s42003-024-06723-3, PMID: 
39183218.

[27]   

O'Shea TM, Ao Y, Wang S, Ren Y, Cheng AL, Kawaguchi R, et al. 
Derivation and transcriptional reprogramming of border-forming 
wound repair astrocytes after spinal cord injury or stroke in mice. 
Nat Neurosci 2024;27(8):1505–1521. DOI: 10.1038/s41593-024-
01684-6, PMID: 38907165.

[28]   

Jeffries AM, Yu T, Ziegenfuss JS, Tolles AK, Baer CE, Sotelo CB, et al. 
Single-cell transcriptomic and genomic changes in the ageing human 
brain. Nature 2025;646(8085):657–666. DOI: 10.1038/s41586-025-
09435-8, PMID: 40903571.

[29]   

Alex AM, Aguate F, Botteron K, Buss C, Chong YS, Dager SR, et al. A 
global multicohort study to map subcortical brain development and 
cognition in infancy and early childhood. Nat Neurosci 2024;27(1):
176–186. DOI: 10.1038/s41593-023-01501-6, PMID: 37996530.

[30]   

Dear R, Wagstyl K, Seidlitz J, Markello RD, Arnatkevičiūtė A, 
Anderson KM, et al. Cortical gene expression architecture links 
healthy neurodevelopment to the imaging, transcriptomics and 
genetics of autism and schizophrenia. Nat Neurosci 2024;27(6):
1075–1086. DOI: 10.1038/s41593-024-01624-4, PMID: 38649755.

[31]   

Dong HM, Zhang XH, Labache L, Zhang S, Ooi LQR, Yeo BTT, et al. 
Ventral attention network connectivity is linked to cortical 
maturation and cognitive ability in childhood. Nat Neurosci 2024;
27(10):2009–2020. DOI: 10.1038/s41593-024-01736-x, PMID: 
39179884.

[32]   

Duan K, Eyler L, Pierce K, Lombardo MV, Datko M, Hagler DJ, et al. 
Differences in regional brain structure in toddlers with autism are 
related to future language outcomes. Nat Commun 2024;15(1):
5075. DOI: 10.1038/s41467-024-48952-4, PMID: 38871689.

[33]   

Hettwer MD, Dorfschmidt L, Puhlmann LMC, Jacob LM, Paquola C, 
Bethlehem RAI, et al. Longitudinal variation in resilient psychosocial 
functioning is associated with ongoing cortical myelination and 
functional reorganization during adolescence. Nat Commun 2024;
15(1):6283. DOI: 10.1038/s41467-024-50292-2, PMID: 39075054.

[34]   

Lynch CJ, Elbau IG, Ng T, Ayaz A, Zhu S, Wolk D, et al. Frontostriatal 
salience network expansion in individuals in depression. Nature 
2024;633(8030):624–633. DOI: 10.1038/s41586-024-07805-2, PMID: 
39232159.

[35]   

Toenders YJ, van der Cruijsen R, Runze J, van de Groep S, Wierenga 
L, Crone EA. Mood variability during adolescent development and its 
relation to sleep and brain development. Sci Rep 2024;14(1):8537. 
DOI: 10.1038/s41598-024-59227-9, PMID: 38609481.

[36]   

Berglund R, Cheng Y, Piket E, Adzemovic MZ, Zeitelhofer M, Olsson 
T, et al. The aging mouse CNS is protected by an autophagy-
dependent microglia population promoted by IL-34. Nat Commun 
2024;15(1):383. DOI: 10.1038/s41467-023-44556-6, PMID: 
38195627.

[37]   

Flury A, Aljayousi L, Park HJ, Khakpour M, Mechler J, Aziz S, et al. A 
neurodegenerative cellular stress response linked to dark microglia 
and toxic lipid secretion. Neuron 2025;113(4):554–571.e14. DOI: 10.
1016/j.neuron.2024.11.018, PMID: 39719704.

[38]   

Javed E, Suárez-Méndez I, Susi G, Román JV, Palva JM, Maestú F, et 
al. A Shift Toward Supercritical Brain Dynamics Predicts Alzheimer's 
Disease Progression. J Neurosci 2025;45(9):e0688242024. DOI: 10.
1523/JNEUROSCI.0688-24.2024, PMID: 40011070.

[39]   

Guma E, Bordignon PDC, Devenyi GA, Gallino D, Anastassiadis C, 
Cvetkovska V, et al. Early or Late Gestational Exposure to Maternal 
Immune Activation Alters Neurodevelopmental Trajectories in Mice: 
An Integrated Neuroimaging, Behavioral, and Transcriptional Study. 
Biol Psychiatry 2021;90(5):328–341. DOI: 10.1016/j.biopsych.2021.
03.017, PMID: 34053674.

[40]   

Jin C, Shi Y, Shi L, Leak RK, Zhang W, Chen K, et al. Leveraging single-
cell RNA sequencing to unravel the impact of aging on stroke 
recovery mechanisms in mice. Proc Natl Acad Sci U S A 2023;
120(25):e2300012120. DOI: 10.1073/pnas.2300012120, PMID: 
37307473.

[41]   

Gallego-Rudolf J, Wiesman AI, Pichet Binette A, Villeneuve S, Baillet 
S; PREVENT-AD Research Group. Synergistic association of Aβ and 
tau pathology with cortical neurophysiology and cognitive decline in 
asymptomatic older adults. Nat Neurosci 2024;27(11):2130–2137. 
DOI: 10.1038/s41593-024-01763-8, PMID: 39294489.

[42]   

Fröhlich AS, Gerstner N, Gagliardi M, Ködel M, Yusupov N, Matosin 
N, et al. Single-nucleus transcriptomic profiling of human orbito-
frontal cortex reveals convergent effects of aging and psychiatric 
disease. Nat Neurosci 2024;27(10):2021–2032. DOI: 10.1038/s41
593-024-01742-z, PMID: 39227716.

[43]   

Okur Z, Schlauri N, Bitsikas V, Panopoulou M, Ortiz R, Schwaiger M, 
et al. Control of neuronal excitation-inhibition balance by BMP-
SMAD1 signalling. Nature 2024;629(8011):402–409. DOI: 10.1038/
s41586-024-07317-z, PMID: 38632412.

[44]   

Sastry NC, Banerjee A. Dynamicity of brain network organization & 
their community architecture as characterizing features for 
classification of common mental disorders from whole-brain 
connectome. Transl Psychiatry 2024;14(1):268. DOI: 10.1038/s41
398-024-02929-5, PMID: 38951513.

[45]   

Horton S, Mastrolia V, Jackson RE, Kemlo S, Pereira Machado PM, 
Carbajal MA, et al. Excitatory and inhibitory synapses show a tight 
subcellular correlation that weakens over development. Cell Rep 
2024;43(7):114361. DOI: 10.1016/j.celrep.2024.114361, PMID: 
38900634.

[46]   

Faust TE, Lee YH, O'Connor CD, Boyle MA, Gunner G, Durán-Laforet 
V, et al. Microglia-astrocyte crosstalk regulates synapse remodeling 
via Wnt signaling. Cell 2025;188(19):5212–5230.e21. DOI: 10.1016/j.
cell.2025.08.023, PMID: 40934914.

[47]   

Naffaa MM. Mechanisms of astrocytic and microglial purinergic 
signaling in homeostatic regulation and implications for neurological 
disease. Explor Neurosci 2025;4:100676. DOI: 10.37349/en.2025.
100676.

[48]   

Green GS, Fujita M, Yang HS, Taga M, Cain A, McCabe C, et al. 
Cellular communities reveal trajectories of brain ageing and 
Alzheimer's disease. Nature 2024;633(8030):634–645. DOI: 10.
1038/s41586-024-07871-6, PMID: 39198642.

[49]   

Naffaa MM. Monoamine Oxidase B in Astrocytic Gaba Synthesis: A 
Central Mechanism in Neurodegeneration and Neuroinflammation. 
J Cell Signal. 2025; 6(2):53-70 DOI: 10.33696/Signaling.6.134.

[50]   

Tuddenham JF, Taga M, Haage V, Marshe VS, Roostaei T, White C, et [51]   

https://doi.org/10.14218/ERHM.2026.00045
https://dx.doi.org/10.1126/science.abm6131
https://dx.doi.org/10.1126/science.abm6131
https://dx.doi.org/10.1126/science.abm6131
https://dx.doi.org/10.1126/science.abm6131
https://dx.doi.org/10.1126/science.abm6131
http://www.ncbi.nlm.nih.gov/pubmed/39172838
https://dx.doi.org/10.1073/pnas.2317673121
https://dx.doi.org/10.1073/pnas.2317673121
https://dx.doi.org/10.1073/pnas.2317673121
https://dx.doi.org/10.1073/pnas.2317673121
http://www.ncbi.nlm.nih.gov/pubmed/38889126
https://dx.doi.org/10.1038/s41593-025-01907-4
https://dx.doi.org/10.1038/s41593-025-01907-4
https://dx.doi.org/10.1038/s41593-025-01907-4
https://dx.doi.org/10.1038/s41593-025-01907-4
https://dx.doi.org/10.1038/s41593-025-01907-4
https://dx.doi.org/10.1038/s41593-025-01907-4
http://www.ncbi.nlm.nih.gov/pubmed/40181189
https://dx.doi.org/10.1038/s42003-024-06723-3
https://dx.doi.org/10.1038/s42003-024-06723-3
https://dx.doi.org/10.1038/s42003-024-06723-3
https://dx.doi.org/10.1038/s42003-024-06723-3
https://dx.doi.org/10.1038/s42003-024-06723-3
https://dx.doi.org/10.1038/s42003-024-06723-3
http://www.ncbi.nlm.nih.gov/pubmed/39183218
https://dx.doi.org/10.1038/s41593-024-01684-6
https://dx.doi.org/10.1038/s41593-024-01684-6
https://dx.doi.org/10.1038/s41593-024-01684-6
https://dx.doi.org/10.1038/s41593-024-01684-6
https://dx.doi.org/10.1038/s41593-024-01684-6
https://dx.doi.org/10.1038/s41593-024-01684-6
http://www.ncbi.nlm.nih.gov/pubmed/38907165
https://dx.doi.org/10.1038/s41586-025-09435-8
https://dx.doi.org/10.1038/s41586-025-09435-8
https://dx.doi.org/10.1038/s41586-025-09435-8
https://dx.doi.org/10.1038/s41586-025-09435-8
https://dx.doi.org/10.1038/s41586-025-09435-8
https://dx.doi.org/10.1038/s41586-025-09435-8
http://www.ncbi.nlm.nih.gov/pubmed/40903571
https://dx.doi.org/10.1038/s41593-023-01501-6
https://dx.doi.org/10.1038/s41593-023-01501-6
https://dx.doi.org/10.1038/s41593-023-01501-6
https://dx.doi.org/10.1038/s41593-023-01501-6
https://dx.doi.org/10.1038/s41593-023-01501-6
https://dx.doi.org/10.1038/s41593-023-01501-6
http://www.ncbi.nlm.nih.gov/pubmed/37996530
https://dx.doi.org/10.1038/s41593-024-01624-4
https://dx.doi.org/10.1038/s41593-024-01624-4
https://dx.doi.org/10.1038/s41593-024-01624-4
https://dx.doi.org/10.1038/s41593-024-01624-4
https://dx.doi.org/10.1038/s41593-024-01624-4
https://dx.doi.org/10.1038/s41593-024-01624-4
http://www.ncbi.nlm.nih.gov/pubmed/38649755
https://dx.doi.org/10.1038/s41593-024-01736-x
https://dx.doi.org/10.1038/s41593-024-01736-x
https://dx.doi.org/10.1038/s41593-024-01736-x
https://dx.doi.org/10.1038/s41593-024-01736-x
https://dx.doi.org/10.1038/s41593-024-01736-x
https://dx.doi.org/10.1038/s41593-024-01736-x
http://www.ncbi.nlm.nih.gov/pubmed/39179884
https://dx.doi.org/10.1038/s41467-024-48952-4
https://dx.doi.org/10.1038/s41467-024-48952-4
https://dx.doi.org/10.1038/s41467-024-48952-4
https://dx.doi.org/10.1038/s41467-024-48952-4
https://dx.doi.org/10.1038/s41467-024-48952-4
https://dx.doi.org/10.1038/s41467-024-48952-4
http://www.ncbi.nlm.nih.gov/pubmed/38871689
https://dx.doi.org/10.1038/s41467-024-50292-2
https://dx.doi.org/10.1038/s41467-024-50292-2
https://dx.doi.org/10.1038/s41467-024-50292-2
https://dx.doi.org/10.1038/s41467-024-50292-2
https://dx.doi.org/10.1038/s41467-024-50292-2
https://dx.doi.org/10.1038/s41467-024-50292-2
http://www.ncbi.nlm.nih.gov/pubmed/39075054
https://dx.doi.org/10.1038/s41586-024-07805-2
https://dx.doi.org/10.1038/s41586-024-07805-2
https://dx.doi.org/10.1038/s41586-024-07805-2
https://dx.doi.org/10.1038/s41586-024-07805-2
https://dx.doi.org/10.1038/s41586-024-07805-2
https://dx.doi.org/10.1038/s41586-024-07805-2
http://www.ncbi.nlm.nih.gov/pubmed/39232159
https://dx.doi.org/10.1038/s41598-024-59227-9
https://dx.doi.org/10.1038/s41598-024-59227-9
https://dx.doi.org/10.1038/s41598-024-59227-9
https://dx.doi.org/10.1038/s41598-024-59227-9
https://dx.doi.org/10.1038/s41598-024-59227-9
https://dx.doi.org/10.1038/s41598-024-59227-9
http://www.ncbi.nlm.nih.gov/pubmed/38609481
https://dx.doi.org/10.1038/s41467-023-44556-6
https://dx.doi.org/10.1038/s41467-023-44556-6
https://dx.doi.org/10.1038/s41467-023-44556-6
https://dx.doi.org/10.1038/s41467-023-44556-6
https://dx.doi.org/10.1038/s41467-023-44556-6
https://dx.doi.org/10.1038/s41467-023-44556-6
http://www.ncbi.nlm.nih.gov/pubmed/38195627
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
https://dx.doi.org/10.1016/j.neuron.2024.11.018
http://www.ncbi.nlm.nih.gov/pubmed/39719704
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
https://dx.doi.org/10.1523/JNEUROSCI.0688-24.2024
http://www.ncbi.nlm.nih.gov/pubmed/40011070
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
https://dx.doi.org/10.1016/j.biopsych.2021.03.017
http://www.ncbi.nlm.nih.gov/pubmed/34053674
https://dx.doi.org/10.1073/pnas.2300012120
https://dx.doi.org/10.1073/pnas.2300012120
https://dx.doi.org/10.1073/pnas.2300012120
https://dx.doi.org/10.1073/pnas.2300012120
http://www.ncbi.nlm.nih.gov/pubmed/37307473
https://dx.doi.org/10.1038/s41593-024-01763-8
https://dx.doi.org/10.1038/s41593-024-01763-8
https://dx.doi.org/10.1038/s41593-024-01763-8
https://dx.doi.org/10.1038/s41593-024-01763-8
https://dx.doi.org/10.1038/s41593-024-01763-8
https://dx.doi.org/10.1038/s41593-024-01763-8
http://www.ncbi.nlm.nih.gov/pubmed/39294489
https://dx.doi.org/10.1038/s41593-024-01742-z
https://dx.doi.org/10.1038/s41593-024-01742-z
https://dx.doi.org/10.1038/s41593-024-01742-z
https://dx.doi.org/10.1038/s41593-024-01742-z
https://dx.doi.org/10.1038/s41593-024-01742-z
https://dx.doi.org/10.1038/s41593-024-01742-z
http://www.ncbi.nlm.nih.gov/pubmed/39227716
https://dx.doi.org/10.1038/s41586-024-07317-z
https://dx.doi.org/10.1038/s41586-024-07317-z
https://dx.doi.org/10.1038/s41586-024-07317-z
https://dx.doi.org/10.1038/s41586-024-07317-z
https://dx.doi.org/10.1038/s41586-024-07317-z
https://dx.doi.org/10.1038/s41586-024-07317-z
http://www.ncbi.nlm.nih.gov/pubmed/38632412
https://dx.doi.org/10.1038/s41398-024-02929-5
https://dx.doi.org/10.1038/s41398-024-02929-5
https://dx.doi.org/10.1038/s41398-024-02929-5
https://dx.doi.org/10.1038/s41398-024-02929-5
https://dx.doi.org/10.1038/s41398-024-02929-5
https://dx.doi.org/10.1038/s41398-024-02929-5
http://www.ncbi.nlm.nih.gov/pubmed/38951513
https://dx.doi.org/10.1016/j.celrep.2024.114361
https://dx.doi.org/10.1016/j.celrep.2024.114361
https://dx.doi.org/10.1016/j.celrep.2024.114361
https://dx.doi.org/10.1016/j.celrep.2024.114361
https://dx.doi.org/10.1016/j.celrep.2024.114361
https://dx.doi.org/10.1016/j.celrep.2024.114361
http://www.ncbi.nlm.nih.gov/pubmed/38900634
https://dx.doi.org/10.1016/j.cell.2025.08.023
https://dx.doi.org/10.1016/j.cell.2025.08.023
https://dx.doi.org/10.1016/j.cell.2025.08.023
https://dx.doi.org/10.1016/j.cell.2025.08.023
https://dx.doi.org/10.1016/j.cell.2025.08.023
https://dx.doi.org/10.1016/j.cell.2025.08.023
http://www.ncbi.nlm.nih.gov/pubmed/40934914
https://dx.doi.org/10.37349/en.2025.100676
https://dx.doi.org/10.37349/en.2025.100676
https://dx.doi.org/10.37349/en.2025.100676
https://dx.doi.org/10.37349/en.2025.100676
https://dx.doi.org/10.1038/s41586-024-07871-6
https://dx.doi.org/10.1038/s41586-024-07871-6
https://dx.doi.org/10.1038/s41586-024-07871-6
https://dx.doi.org/10.1038/s41586-024-07871-6
https://dx.doi.org/10.1038/s41586-024-07871-6
https://dx.doi.org/10.1038/s41586-024-07871-6
https://dx.doi.org/10.1038/s41586-024-07871-6
http://www.ncbi.nlm.nih.gov/pubmed/39198642
https://dx.doi.org/10.33696/Signaling.6.134
https://dx.doi.org/10.33696/Signaling.6.134
https://dx.doi.org/10.33696/Signaling.6.134
https://dx.doi.org/10.33696/Signaling.6.134
https://dx.doi.org/10.33696/Signaling.6.134


Naffaa M.M.: Maladaptive brain-state locking Explor Res Hypothesis Med

DOI: 10.14218/ERHM.2026.00045  |  Volume 11 Issue 4, October 2026 13

al. A cross-disease resource of living human microglia identifies 
disease-enriched subsets and tool compounds recapitulating 
microglial states. Nat Neurosci 2024;27(12):2521–2537. DOI: 10.
1038/s41593-024-01764-7, PMID: 39406950.
Mancuso R, Fattorelli N, Martinez-Muriana A, Davis E, Wolfs L, Van 
Den Daele J, et al. Xenografted human microglia display diverse 
transcriptomic states in response to Alzheimer's disease-related 
amyloid-β pathology. Nat Neurosci 2024;27(5):886–900. DOI: 10.
1038/s41593-024-01600-y, PMID: 38539015.

[52]   

Haynes PR, Pyfrom ES, Li Y, Stein C, Cuddapah VA, Jacobs JA, et al. A 
neuron-glia l ipid metabolic cycle couples daily sleep to 
mitochondrial homeostasis. Nat Neurosci 2024;27(4):666–678. DOI: 
10.1038/s41593-023-01568-1, PMID: 38360946.

[53]   

Jimenez-Blasco D, Agulla J, Lapresa R, Garcia-Macia M, Bobo-
Jimenez V, Garcia-Rodriguez D, et al. Weak neuronal glycolysis 
sustains cognition and organismal fitness. Nat Metab 2024;6(7):
1253–1267. DOI: 10.1038/s42255-024-01049-0, PMID: 38789798.

[54]   

Chausse B, Malorny N, Lewen A, Poschet G, Berndt N, Kann O. 
Metabolic flexibility ensures proper neuronal network function in 
moderate neuroinflammation. Sci Rep 2024;14(1):14405. DOI: 10.
1038/s41598-024-64872-1, PMID: 38909138.

[55]   

Gallego-Rudolf J, Wiesman AI, Yakoub Y, Zetterberg H, Blennow K, 
Baillet S, et al. Prediction of mild cognitive impairment progression 
using time-sensitive multimodal biomarkers. Sci Adv 2026;12(33):
eaee2305. DOI: 10.1126/sciadv.aee2305, PMID: 42585316.

[56]   

Puig-Davi A, Martinez-Horta S, Pérez-Carasol L, Horta-Barba A, Ruiz-
Barrio I, Aracil-Bolaños I, et al. Prediction of Cognitive Heterogeneity 
in Parkinson's Disease: A 4-Year Longitudinal Study Using Clinical, 
Neuroimaging, Biological and Electrophysiological Biomarkers. Ann 
Neurol 2024;96(5):981–993. DOI: 10.1002/ana.27035, PMID: 
39099459.

[57]   

Burkhart MC, Lee LY, Vaghari D, Toh AQ, Chong E, Chen C, et al. 
Unsupervised multimodal modeling of cognitive and brain health 
trajectories for early dementia prediction. Sci Rep 2024;14(1):
10755. DOI: 10.1038/s41598-024-60914-w, PMID: 38729989.

[58]   

Salvadó G, Horie K, Barthélemy NR, Vogel JW, Pichet Binette A, Chen 
CD, et al. Disease staging of Alzheimer's disease using a CSF-based 
biomarker model. Nat Aging 2024;4(5):694–708. DOI: 10.1038/s43
587-024-00599-y, PMID: 38514824.

[59]   

Yang YL, Liu YX, Wei J, Guo QL, Hao ZP, Xue JY, et al. Alterations of 
resting-state network dynamics in Alzheimer's disease based on 
leading eigenvector dynamics analysis. J Neurophysiol 2024;132(3):
744–756. DOI: 10.1152/jn.00027.2024, PMID: 39015075.

[60]   

Cocuzza CV, Chopra S, Segal A, Labache L, Chin R, Joss K, et al. Brain 
network dynamics reflect psychiatric illness status and transdia-
gnostic symptom profiles across health and disease. Nat Commun 
2026;17(1):6678. DOI: 10.1038/s41467-026-75585-6, PMID: 
42481484.

[61]   

Chen X, Birey F, Li MY, Revah O, Levy R, Thete MV, et al. Antisense 
oligonucleotide therapeutic approach for Timothy syndrome. 
Nature 2024;628(8009):818–825. DOI: 10.1038/s41586-024-07310-
6, PMID: 38658687.

[62]   

Colombo F, Calesella F, Bravi B, Fortaner-Uyà L, Monopoli C, Tassi E, 
et al. Multimodal brain-derived subtypes of Major depressive 
disorder differentiate patients for anergic symptoms, immune-
inflammatory markers, history of childhood trauma and treatment-
resistance. Eur Neuropsychopharmacol 2024;85:45–57. DOI: 10.
1016/j.euroneuro.2024.05.015, PMID: 38936143.

[63]   

Fu CHY, Antoniades M, Erus G, Garcia JA, Fan Y, Arnone D, et al. [64]   

Neuroanatomical dimensions in medication-free individuals with 
major depressive disorder and treatment response to SSRI 
antidepressant medications or placebo. Nat Ment Health 2024;2(2):
164–176. DOI: 10.1038/s44220-023-00187-w, PMID: 38948238.
Tozzi L, Zhang X, Pines A, Olmsted AM, Zhai ES, Anene ET, et al. 
Personalized brain circuit scores identify clinically distinct biotypes 
in depression and anxiety. Nat Med 2024;30(7):2076–2087. DOI: 10.
1038/s41591-024-03057-9, PMID: 38886626.

[65]   

Amini S, Hao B, Yang J, Karjadi C, Kolachalama VB, Au R, et al. 
Prediction of Alzheimer's disease progression within 6 years using 
speech: A novel approach leveraging language models. Alzheimers 
Dement 2024;20(8):5262–5270. DOI: 10.1002/alz.13886, PMID: 
38924662.

[66]   

Wang C, Tachimori H, Yamaguchi H, Sekiguchi A, Li Y, Yamashita Y; 
for Alzheimer’s Disease Neuroimaging Initiative. A multimodal deep 
learning approach for the prediction of cognitive decline and its 
effectiveness in clinical trials for Alzheimer's disease. Transl 
Psychiatry 2024;14(1):105. DOI: 10.1038/s41398-024-02819-w, 
PMID: 38383536.

[67]   

Roe JM, Vidal-Piñeiro D, Sørensen Ø, Grydeland H, Leonardsen EH, 
Iakunchykova O, et al. Brain change trajectories in healthy adults 
correlate with Alzheimer's related genetic variation and memory 
decline across life. Nat Commun 2024;15(1):10651. DOI: 10.1038/
s41467-024-53548-z, PMID: 39690174.

[68]   

He H, Sun X, Doose J, Faller J, McIntosh JR, Saber GT, et al. TMS-
induced modulation of brain networks and its associations to rTMS 
treatment for depression: a concurrent fMRI-EEG-TMS study. Brain 
Stimul 2025;18(6):1955–1965. DOI: 10.1016/j.brs.2025.10.013, 
PMID: 41109521.

[69]   

Shanks HRC, Chen K, Reiman EM, Blennow K, Cummings JL, Massa 
SM, et al. p75 neurotrophin receptor modulation in mild to 
moderate Alzheimer disease: a randomized, placebo-controlled 
phase 2a trial. Nat Med 2024;30(6):1761–1770. DOI: 10.1038/s41
591-024-02977-w, PMID: 38760589.

[70]   

Cerebrospinal fluid biomarker predicts dementia onset and 
progression in Alzheimer's disease. Nat Med 2025;31(5):1416–1417. 
DOI: 10.1038/s41591-025-03700-z, PMID: 40295743.

[71]   

Horie K, Salvadó G, Koppisetti RK, Janelidze S, Barthélemy NR, He Y, 
et al. Plasma MTBR-tau243 biomarker identifies tau tangle 
pathology in Alzheimer's disease. Nat Med 2025;31(6):2044–2053. 
DOI: 10.1038/s41591-025-03617-7, PMID: 40164726.

[72]   

Hou XH, Zhang W, Kang K, Jin Y, Ren P, Wang L, et al. Proteomics 
reveals three molecular subtypes of Alzheimer's disease with 
distinct progression patterns. Alzheimers Dement 2026;22(2):
e71106. DOI: 10.1002/alz.71106, PMID: 41650025.

[73]   

Oka T, Matsuzawa Y, Tsuneyoshi M, Nakamura Y, Aoshima K, 
Tsugawa H, et al. Multiomics analysis to explore blood metabolite 
biomarkers in an Alzheimer's Disease Neuroimaging Initiative 
cohort. Sci Rep 2024;14(1):6797. DOI: 10.1038/s41598-024-56837-1, 
PMID: 38565541.

[74]   

Pașca SP, Arlotta P, Bateup HS, Camp JG, Cappello S, Gage FH, et al. 
A framework for neural organoids, assembloids and transplantation 
studies. Nature 2025;639(8054):315–320. DOI: 10.1038/s41586-
024-08487-6, PMID: 39653126.

[75]   

Egilmezer E, Hamilton ST, Foster CSP, Marschall M, Rawlinson WD. 
Human cytomegalovirus (CMV) dysregulates neurodevelopmental 
pathways in cerebral organoids. Commun Biol 2024;7(1):340. DOI: 
10.1038/s42003-024-05923-1, PMID: 38504123.

[76]   

Galimberti M, Nucera MR, Bocchi VD, Conforti P, Vezzoli E, Cereda [77]   

https://doi.org/10.14218/ERHM.2026.00045
https://dx.doi.org/10.1038/s41593-024-01764-7
https://dx.doi.org/10.1038/s41593-024-01764-7
https://dx.doi.org/10.1038/s41593-024-01764-7
https://dx.doi.org/10.1038/s41593-024-01764-7
https://dx.doi.org/10.1038/s41593-024-01764-7
https://dx.doi.org/10.1038/s41593-024-01764-7
https://dx.doi.org/10.1038/s41593-024-01764-7
http://www.ncbi.nlm.nih.gov/pubmed/39406950
https://dx.doi.org/10.1038/s41593-024-01600-y
https://dx.doi.org/10.1038/s41593-024-01600-y
https://dx.doi.org/10.1038/s41593-024-01600-y
https://dx.doi.org/10.1038/s41593-024-01600-y
https://dx.doi.org/10.1038/s41593-024-01600-y
https://dx.doi.org/10.1038/s41593-024-01600-y
https://dx.doi.org/10.1038/s41593-024-01600-y
http://www.ncbi.nlm.nih.gov/pubmed/38539015
https://dx.doi.org/10.1038/s41593-023-01568-1
https://dx.doi.org/10.1038/s41593-023-01568-1
https://dx.doi.org/10.1038/s41593-023-01568-1
https://dx.doi.org/10.1038/s41593-023-01568-1
https://dx.doi.org/10.1038/s41593-023-01568-1
https://dx.doi.org/10.1038/s41593-023-01568-1
http://www.ncbi.nlm.nih.gov/pubmed/38360946
https://dx.doi.org/10.1038/s42255-024-01049-0
https://dx.doi.org/10.1038/s42255-024-01049-0
https://dx.doi.org/10.1038/s42255-024-01049-0
https://dx.doi.org/10.1038/s42255-024-01049-0
https://dx.doi.org/10.1038/s42255-024-01049-0
https://dx.doi.org/10.1038/s42255-024-01049-0
http://www.ncbi.nlm.nih.gov/pubmed/38789798
https://dx.doi.org/10.1038/s41598-024-64872-1
https://dx.doi.org/10.1038/s41598-024-64872-1
https://dx.doi.org/10.1038/s41598-024-64872-1
https://dx.doi.org/10.1038/s41598-024-64872-1
https://dx.doi.org/10.1038/s41598-024-64872-1
https://dx.doi.org/10.1038/s41598-024-64872-1
https://dx.doi.org/10.1038/s41598-024-64872-1
http://www.ncbi.nlm.nih.gov/pubmed/38909138
https://dx.doi.org/10.1126/sciadv.aee2305
https://dx.doi.org/10.1126/sciadv.aee2305
https://dx.doi.org/10.1126/sciadv.aee2305
https://dx.doi.org/10.1126/sciadv.aee2305
https://dx.doi.org/10.1126/sciadv.aee2305
http://www.ncbi.nlm.nih.gov/pubmed/42585316
https://dx.doi.org/10.1002/ana.27035
https://dx.doi.org/10.1002/ana.27035
https://dx.doi.org/10.1002/ana.27035
http://www.ncbi.nlm.nih.gov/pubmed/39099459
https://dx.doi.org/10.1038/s41598-024-60914-w
https://dx.doi.org/10.1038/s41598-024-60914-w
https://dx.doi.org/10.1038/s41598-024-60914-w
https://dx.doi.org/10.1038/s41598-024-60914-w
https://dx.doi.org/10.1038/s41598-024-60914-w
https://dx.doi.org/10.1038/s41598-024-60914-w
http://www.ncbi.nlm.nih.gov/pubmed/38729989
https://dx.doi.org/10.1038/s43587-024-00599-y
https://dx.doi.org/10.1038/s43587-024-00599-y
https://dx.doi.org/10.1038/s43587-024-00599-y
https://dx.doi.org/10.1038/s43587-024-00599-y
https://dx.doi.org/10.1038/s43587-024-00599-y
https://dx.doi.org/10.1038/s43587-024-00599-y
http://www.ncbi.nlm.nih.gov/pubmed/38514824
https://dx.doi.org/10.1152/jn.00027.2024
https://dx.doi.org/10.1152/jn.00027.2024
https://dx.doi.org/10.1152/jn.00027.2024
https://dx.doi.org/10.1152/jn.00027.2024
http://www.ncbi.nlm.nih.gov/pubmed/39015075
https://dx.doi.org/10.1038/s41467-026-75585-6
https://dx.doi.org/10.1038/s41467-026-75585-6
https://dx.doi.org/10.1038/s41467-026-75585-6
https://dx.doi.org/10.1038/s41467-026-75585-6
https://dx.doi.org/10.1038/s41467-026-75585-6
https://dx.doi.org/10.1038/s41467-026-75585-6
http://www.ncbi.nlm.nih.gov/pubmed/42481484
https://dx.doi.org/10.1038/s41586-024-07310-6
https://dx.doi.org/10.1038/s41586-024-07310-6
https://dx.doi.org/10.1038/s41586-024-07310-6
https://dx.doi.org/10.1038/s41586-024-07310-6
https://dx.doi.org/10.1038/s41586-024-07310-6
https://dx.doi.org/10.1038/s41586-024-07310-6
http://www.ncbi.nlm.nih.gov/pubmed/38658687
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
https://dx.doi.org/10.1016/j.euroneuro.2024.05.015
http://www.ncbi.nlm.nih.gov/pubmed/38936143
https://dx.doi.org/10.1038/s44220-023-00187-w
https://dx.doi.org/10.1038/s44220-023-00187-w
https://dx.doi.org/10.1038/s44220-023-00187-w
https://dx.doi.org/10.1038/s44220-023-00187-w
https://dx.doi.org/10.1038/s44220-023-00187-w
https://dx.doi.org/10.1038/s44220-023-00187-w
http://www.ncbi.nlm.nih.gov/pubmed/38948238
https://dx.doi.org/10.1038/s41591-024-03057-9
https://dx.doi.org/10.1038/s41591-024-03057-9
https://dx.doi.org/10.1038/s41591-024-03057-9
https://dx.doi.org/10.1038/s41591-024-03057-9
https://dx.doi.org/10.1038/s41591-024-03057-9
https://dx.doi.org/10.1038/s41591-024-03057-9
https://dx.doi.org/10.1038/s41591-024-03057-9
http://www.ncbi.nlm.nih.gov/pubmed/38886626
https://dx.doi.org/10.1002/alz.13886
https://dx.doi.org/10.1002/alz.13886
https://dx.doi.org/10.1002/alz.13886
http://www.ncbi.nlm.nih.gov/pubmed/38924662
https://dx.doi.org/10.1038/s41398-024-02819-w
https://dx.doi.org/10.1038/s41398-024-02819-w
https://dx.doi.org/10.1038/s41398-024-02819-w
https://dx.doi.org/10.1038/s41398-024-02819-w
https://dx.doi.org/10.1038/s41398-024-02819-w
https://dx.doi.org/10.1038/s41398-024-02819-w
http://www.ncbi.nlm.nih.gov/pubmed/38383536
https://dx.doi.org/10.1038/s41467-024-53548-z
https://dx.doi.org/10.1038/s41467-024-53548-z
https://dx.doi.org/10.1038/s41467-024-53548-z
https://dx.doi.org/10.1038/s41467-024-53548-z
https://dx.doi.org/10.1038/s41467-024-53548-z
https://dx.doi.org/10.1038/s41467-024-53548-z
http://www.ncbi.nlm.nih.gov/pubmed/39690174
https://dx.doi.org/10.1016/j.brs.2025.10.013
https://dx.doi.org/10.1016/j.brs.2025.10.013
https://dx.doi.org/10.1016/j.brs.2025.10.013
https://dx.doi.org/10.1016/j.brs.2025.10.013
https://dx.doi.org/10.1016/j.brs.2025.10.013
https://dx.doi.org/10.1016/j.brs.2025.10.013
http://www.ncbi.nlm.nih.gov/pubmed/41109521
https://dx.doi.org/10.1038/s41591-024-02977-w
https://dx.doi.org/10.1038/s41591-024-02977-w
https://dx.doi.org/10.1038/s41591-024-02977-w
https://dx.doi.org/10.1038/s41591-024-02977-w
https://dx.doi.org/10.1038/s41591-024-02977-w
https://dx.doi.org/10.1038/s41591-024-02977-w
http://www.ncbi.nlm.nih.gov/pubmed/38760589
https://dx.doi.org/10.1038/s41591-025-03700-z
https://dx.doi.org/10.1038/s41591-025-03700-z
https://dx.doi.org/10.1038/s41591-025-03700-z
https://dx.doi.org/10.1038/s41591-025-03700-z
https://dx.doi.org/10.1038/s41591-025-03700-z
https://dx.doi.org/10.1038/s41591-025-03700-z
http://www.ncbi.nlm.nih.gov/pubmed/40295743
https://dx.doi.org/10.1038/s41591-025-03617-7
https://dx.doi.org/10.1038/s41591-025-03617-7
https://dx.doi.org/10.1038/s41591-025-03617-7
https://dx.doi.org/10.1038/s41591-025-03617-7
https://dx.doi.org/10.1038/s41591-025-03617-7
https://dx.doi.org/10.1038/s41591-025-03617-7
http://www.ncbi.nlm.nih.gov/pubmed/40164726
https://dx.doi.org/10.1002/alz.71106
https://dx.doi.org/10.1002/alz.71106
https://dx.doi.org/10.1002/alz.71106
http://www.ncbi.nlm.nih.gov/pubmed/41650025
https://dx.doi.org/10.1038/s41598-024-56837-1
https://dx.doi.org/10.1038/s41598-024-56837-1
https://dx.doi.org/10.1038/s41598-024-56837-1
https://dx.doi.org/10.1038/s41598-024-56837-1
https://dx.doi.org/10.1038/s41598-024-56837-1
https://dx.doi.org/10.1038/s41598-024-56837-1
http://www.ncbi.nlm.nih.gov/pubmed/38565541
https://dx.doi.org/10.1038/s41586-024-08487-6
https://dx.doi.org/10.1038/s41586-024-08487-6
https://dx.doi.org/10.1038/s41586-024-08487-6
https://dx.doi.org/10.1038/s41586-024-08487-6
https://dx.doi.org/10.1038/s41586-024-08487-6
https://dx.doi.org/10.1038/s41586-024-08487-6
http://www.ncbi.nlm.nih.gov/pubmed/39653126
https://dx.doi.org/10.1038/s42003-024-05923-1
https://dx.doi.org/10.1038/s42003-024-05923-1
https://dx.doi.org/10.1038/s42003-024-05923-1
https://dx.doi.org/10.1038/s42003-024-05923-1
https://dx.doi.org/10.1038/s42003-024-05923-1
https://dx.doi.org/10.1038/s42003-024-05923-1
http://www.ncbi.nlm.nih.gov/pubmed/38504123


Explor Res Hypothesis Med Naffaa M.M.: Maladaptive brain-state locking

14 DOI: 10.14218/ERHM.2026.00045  |  Volume 11 Issue 4, October 2026

M, et al. Huntington's disease cellular phenotypes are rescued non-
cell autonomously by healthy cells in mosaic telencephalic 
organoids. Nat Commun 2024;15(1):6534. DOI: 10.1038/s41467-
024-50877-x, PMID: 39095390.
Castellano G, Esposito A, Lella E, Montanaro G, Vessio G. Automated 
detection of Alzheimer's disease: a multi-modal approach with 3D 
MRI and amyloid PET. Sci Rep 2024;14(1):5210. DOI: 10.1038/s41
598-024-56001-9, PMID: 38433282.

[78]   

Kumar S, Yu SC, Michelson A, Kannampallil T, Payne PRO. HiMAL: 
Multimodal Hierarchical Multi-task Auxiliary Learning framework for 
predicting Alzheimer's disease progression. JAMIA Open 2024;7(3):
ooae087. DOI: 10.1093/jamiaopen/ooae087, PMID: 39297151.

[79]   

Gajawelli N, Geoly AD, Batail JM, Xiao X, Maron-Katz A, Cole E, et al. 
Increased anti-correlation between the left dorsolateral prefrontal 
cortex and the default mode network following Stanford 
Neuromodulation Therapy (SNT): analysis of a double-blinded, 
randomized, sham-controlled trial. Npj Ment Health Res 2024;3(1):
35. DOI: 10.1038/s44184-024-00073-y, PMID: 38971869.

[80]   

Morriss R, Briley PM, Webster L, Abdelghani M, Barber S, Bates P, et 
al. Connectivity-guided intermittent theta burst versus repetitive 
transcranial magnetic stimulation for treatment-resistant 
depression: a randomized controlled trial. Nat Med 2024;30(2):
403–413. DOI: 10.1038/s41591-023-02764-z, PMID: 38228914.

[81]   

Woodham RD, Selvaraj S, Lajmi N, Hobday H, Sheehan G, Ghazi-
Noori AR, et al. Home-based transcranial direct current stimulation 
for major depressive disorder: 6-month follow-up from randomised 
sham-controlled trial and open-label treatment phases. J Psychiatr 
Res 2025;186:23–32. DOI: 10.1016/j.jpsychires.2025.03.047, PMID: 
40209536.

[82]   

Chung S, Jeong JH, Park JC, Han JW, Lee Y, Kim JI, et al. Blockade of 
STING activation alleviates microglial dysfunction and a broad 
spectrum of Alzheimer's disease pathologies. Exp Mol Med 2024;
56(9):1936–1951. DOI: 10.1038/s12276-024-01295-y, PMID: 
39218977.

[83]   

Elman JA, Schork NJ, Rangan AV; Alzheimer’s Disease Neuroimaging 
Initiative. Exploring the Genetic Heterogeneity of Alzheimer's 
Disease: Evidence for Genetic Subtypes. J Alzheimers Dis 2024;
100(4):1209–1226. DOI: 10.3233/JAD-231252, PMID: 38995775.

[84]   

Litman A, Sauerwald N, Green Snyder L, Foss-Feig J, Park CY, Hao Y, 
et al. Decomposition of phenotypic heterogeneity in autism reveals 
underlying genetic programs. Nat Genet 2025;57(7):1611–1619. 
DOI: 10.1038/s41588-025-02224-z, PMID: 40634707.

[85]   

Wen J, Antoniades M, Yang Z, Hwang G, Skampardoni I, Wang R, et 
al. Dimensional Neuroimaging Endophenotypes: Neurobiological 
Representations of Disease Heterogeneity Through Machine 
Learning. Biol Psychiatry 2024;96(7):564–584. DOI: 10.1016/j.biopsy
ch.2024.04.017, PMID: 38718880.

[86]   

Chen Y, Dawes R, Kim HC, Ljungdahl A, Stenton SL, Walker S, et al. 
De novo variants in the RNU4-2 snRNA cause a frequent 
neurodevelopmental syndrome. Nature 2024;632(8026):832–840. 
DOI: 10.1038/s41586-024-07773-7, PMID: 38991538.

[87]   

Greene D, Thys C, Berry IR, Jarvis J, Ortibus E, Mumford AD, et al. 
Mutations in the U4 snRNA gene RNU4-2 cause one of the most 
prevalent monogenic neurodevelopmental disorders. Nat Med 
2024;30(8):2165–2169. DOI: 10.1038/s41591-024-03085-5, PMID: 
38821540.

[88]   

Rudolph MD, Sutphen CL, Register TC, Whitlow CT, Solingapuram Sai 
KK, Hughes TM, et al. Associations among plasma, MRI, and amyloid 
PET biomarkers of Alzheimer's disease and related dementias and 
the impact of health-related comorbidities in a community-dwelling 
cohort. Alzheimers Dement 2024;20(6):4159–4173. DOI: 10.1002/
alz.13835, PMID: 38747525.

[89]   

Sanchez E, Wilkinson T, Coughlan G, Mirza S, Baril AA, Ramirez J, et 
al. Association of plasma biomarkers with cognition, cognitive 
decline, and daily function across and within neurodegenerative 
diseases: Results from the Ontario Neurodegenerative Disease 
Research Initiative. Alzheimers Dement 2024;20(3):1753–1770. DOI: 
10.1002/alz.13560, PMID: 38105605.

[90]   

Lyons CE, Pallais JP, McGonigle S, Mansk RP, Collinge CW, 
Yousefzadeh MJ, et al. Chronic social stress induces p16-mediated 
senescent cell accumulation in mice. Nat Aging 2025;5(1):48–64. 
DOI: 10.1038/s43587-024-00743-8, PMID: 39528642.

[91]   

Zeng Y, Chourpiliadis C, Hammar N, Seitz C, Valdimarsdóttir UA, 
Fang F, et al. Inflammatory Biomarkers and Risk of Psychiatric 
Disorders. JAMA Psychiatry 2024;81(11):1118–1129. DOI: 10.1001/
jamapsychiatry.2024.2185, PMID: 39167384.

[92]   

https://doi.org/10.14218/ERHM.2026.00045
https://dx.doi.org/10.1038/s41467-024-50877-x
https://dx.doi.org/10.1038/s41467-024-50877-x
https://dx.doi.org/10.1038/s41467-024-50877-x
https://dx.doi.org/10.1038/s41467-024-50877-x
https://dx.doi.org/10.1038/s41467-024-50877-x
https://dx.doi.org/10.1038/s41467-024-50877-x
http://www.ncbi.nlm.nih.gov/pubmed/39095390
https://dx.doi.org/10.1038/s41598-024-56001-9
https://dx.doi.org/10.1038/s41598-024-56001-9
https://dx.doi.org/10.1038/s41598-024-56001-9
https://dx.doi.org/10.1038/s41598-024-56001-9
https://dx.doi.org/10.1038/s41598-024-56001-9
https://dx.doi.org/10.1038/s41598-024-56001-9
http://www.ncbi.nlm.nih.gov/pubmed/38433282
https://dx.doi.org/10.1093/jamiaopen/ooae087
https://dx.doi.org/10.1093/jamiaopen/ooae087
https://dx.doi.org/10.1093/jamiaopen/ooae087
https://dx.doi.org/10.1093/jamiaopen/ooae087
https://dx.doi.org/10.1093/jamiaopen/ooae087
http://www.ncbi.nlm.nih.gov/pubmed/39297151
https://dx.doi.org/10.1038/s44184-024-00073-y
https://dx.doi.org/10.1038/s44184-024-00073-y
https://dx.doi.org/10.1038/s44184-024-00073-y
https://dx.doi.org/10.1038/s44184-024-00073-y
https://dx.doi.org/10.1038/s44184-024-00073-y
https://dx.doi.org/10.1038/s44184-024-00073-y
http://www.ncbi.nlm.nih.gov/pubmed/38971869
https://dx.doi.org/10.1038/s41591-023-02764-z
https://dx.doi.org/10.1038/s41591-023-02764-z
https://dx.doi.org/10.1038/s41591-023-02764-z
https://dx.doi.org/10.1038/s41591-023-02764-z
https://dx.doi.org/10.1038/s41591-023-02764-z
https://dx.doi.org/10.1038/s41591-023-02764-z
http://www.ncbi.nlm.nih.gov/pubmed/38228914
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
https://dx.doi.org/10.1016/j.jpsychires.2025.03.047
http://www.ncbi.nlm.nih.gov/pubmed/40209536
https://dx.doi.org/10.1038/s12276-024-01295-y
https://dx.doi.org/10.1038/s12276-024-01295-y
https://dx.doi.org/10.1038/s12276-024-01295-y
https://dx.doi.org/10.1038/s12276-024-01295-y
https://dx.doi.org/10.1038/s12276-024-01295-y
https://dx.doi.org/10.1038/s12276-024-01295-y
http://www.ncbi.nlm.nih.gov/pubmed/39218977
https://dx.doi.org/10.3233/JAD-231252
https://dx.doi.org/10.3233/JAD-231252
https://dx.doi.org/10.3233/JAD-231252
http://www.ncbi.nlm.nih.gov/pubmed/38995775
https://dx.doi.org/10.1038/s41588-025-02224-z
https://dx.doi.org/10.1038/s41588-025-02224-z
https://dx.doi.org/10.1038/s41588-025-02224-z
https://dx.doi.org/10.1038/s41588-025-02224-z
https://dx.doi.org/10.1038/s41588-025-02224-z
https://dx.doi.org/10.1038/s41588-025-02224-z
http://www.ncbi.nlm.nih.gov/pubmed/40634707
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
https://dx.doi.org/10.1016/j.biopsych.2024.04.017
http://www.ncbi.nlm.nih.gov/pubmed/38718880
https://dx.doi.org/10.1038/s41586-024-07773-7
https://dx.doi.org/10.1038/s41586-024-07773-7
https://dx.doi.org/10.1038/s41586-024-07773-7
https://dx.doi.org/10.1038/s41586-024-07773-7
https://dx.doi.org/10.1038/s41586-024-07773-7
https://dx.doi.org/10.1038/s41586-024-07773-7
http://www.ncbi.nlm.nih.gov/pubmed/38991538
https://dx.doi.org/10.1038/s41591-024-03085-5
https://dx.doi.org/10.1038/s41591-024-03085-5
https://dx.doi.org/10.1038/s41591-024-03085-5
https://dx.doi.org/10.1038/s41591-024-03085-5
https://dx.doi.org/10.1038/s41591-024-03085-5
https://dx.doi.org/10.1038/s41591-024-03085-5
http://www.ncbi.nlm.nih.gov/pubmed/38821540
https://dx.doi.org/10.1002/alz.13835
https://dx.doi.org/10.1002/alz.13835
https://dx.doi.org/10.1002/alz.13835
http://www.ncbi.nlm.nih.gov/pubmed/38747525
https://dx.doi.org/10.1002/alz.13560
https://dx.doi.org/10.1002/alz.13560
https://dx.doi.org/10.1002/alz.13560
http://www.ncbi.nlm.nih.gov/pubmed/38105605
https://dx.doi.org/10.1038/s43587-024-00743-8
https://dx.doi.org/10.1038/s43587-024-00743-8
https://dx.doi.org/10.1038/s43587-024-00743-8
https://dx.doi.org/10.1038/s43587-024-00743-8
https://dx.doi.org/10.1038/s43587-024-00743-8
https://dx.doi.org/10.1038/s43587-024-00743-8
http://www.ncbi.nlm.nih.gov/pubmed/39528642
https://dx.doi.org/10.1001/jamapsychiatry.2024.2185
https://dx.doi.org/10.1001/jamapsychiatry.2024.2185
https://dx.doi.org/10.1001/jamapsychiatry.2024.2185
https://dx.doi.org/10.1001/jamapsychiatry.2024.2185
https://dx.doi.org/10.1001/jamapsychiatry.2024.2185
https://dx.doi.org/10.1001/jamapsychiatry.2024.2185
http://www.ncbi.nlm.nih.gov/pubmed/39167384

	Abstract
	Introduction 
	Hypothesis 
	Evaluation of the hypothesis 
	Future directions 
	Implications for intervention timing and modality 
	Limitations 
	Conclusions 
	Acknowledgments 
	Funding 
	Conflict of interest 
	Author contributions 
	References

