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ARTICLE INFO ABSTRACT

Keywords: Although sporadic Alzheimer’s disease (AD) has long been conceptualized primarily within a molecular
Alzheimer’s disease (AD) framework centered on amyloid-p and hyperphosphorylated tau pathology, this perspective does not fully
Cerebellum explain the early vulnerability of specific brain networks or the emergence of non-cognitive symptoms, even
;‘;ﬁf};ﬁzﬁi}l’s decades before memory decline. The present review directly addresses this question by proposing an integrative,
Norepinephrine systems-level, translational framework that links age-related sensory dysfunction—most notably olfactory

Olfactory system impairment—to the failure of predictive sensorimotor internal models and to early network instability. Persistent

Sleep prediction-error mismatch could impose sustained compensatory demands on key neuromodulatory and adaptive
control hubs involved in internal model updating, particularly the locus coeruleus and the cerebellum. Their
widespread connectivity and pivotal function in modulating plasticity and network interactions may render them
particularly vulnerable to chronic hyperactivity. Over time, this compensatory state may contribute to mal-
adaptive plasticity, neuroinflammation, and conditions that facilitate the progressive accumulation and propa-
gation of AD hallmarks across interconnected networks, including the medial temporal, sleep-regulatory,
autonomic, and affective circuits. This perspective offers a hypothesis-driven, mechanistic, systems-level
framework for the early emergence of non-cognitive AD manifestations, including olfactory dysfunction, sleep
disturbances, autonomic dysregulation, and affective symptoms. Accordingly, these features may provide
promising avenues for improving early risk stratification and identifying individuals in preclinical disease stages.
Importantly, interventions targeting sensory processing, neuromodulatory balance, and sleep regulation may
represent potential early disease-modifying strategies.

1. Background

Imagine this scenario. A large data analysis firm employs thousands
of workers who have been diligently working for years in a highly
monitored environment designed to optimize efficiency and minimize
errors. Massive, powerful mainframes perform astonishingly complex
computations at a constant pace—day after day, without pause or
vacation. To sustain this relentless rhythm, the company has installed
high-capacity cooling systems that operate at full capacity to keep server
room temperatures low enough to prevent overheating, which could
jeopardize operations. Each day, a specialized supplier delivers tanks
filled with refrigerant, which are promptly installed. By evening, when
the tanks are empty, they are set aside in a designated area for daily
removal. This very complex production machine critically depends on
keeping the mainframes running efficiently and properly cooled. Now

imagine that one day the data input system malfunctions. The problem
may stem from a slowdown or a decline in the quality of incoming
information—perhaps due to sensor failure or a degradation of the
connections between the data sources and the processing centers. As a
result, the servers must work harder: not only must they process lower-
quality data, but they also must rely more heavily on previously stored
information to compensate for missing inputs, performing complex
calculations to predict or model those inputs. Replacing the acquisition
system is not an option. The company has invested substantial capital in
its construction, and removing any of its components could compromise
the entire operation. Consequently, as performance demands increase,
server room temperatures rise sharply, and the existing supply of coolant
tanks is no longer sufficient. The supplier increases deliveries, and at
first, this appears to resolve the issue. However, the vicious cycle trig-
gered by the loss of input data quickly becomes clear: the servers, now
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forced to operate under constant overload, begin to wear out more
rapidly. The company must order increasingly larger amounts of
refrigerant, driving costs to unsustainable levels and causing the sup-
plier to neglect other clients. Environmental regulations governing the
disposal of these materials make their removal increasingly complex,
and there are insufficient transporters available each night. As a result,
the empty tanks start to accumulate. Initially, there are only a few,
barely noticeable, but as the crisis worsens, they accumulate beyond the
designated zones—spilling into the employee parking lot and even
blocking access routes, thereby restricting movement in and out of the
facility. This situation significantly reduces employees' quality of life,
prompting them to express frustration to management. Unable to
address the root cause, the executives decide to act on two fronts. First,
they hire specialized contractors to remove the tanks—an operation
that's highly polluting and, in some respects, dangerous —performed by
unscrupulous mercenary crews who damage fences and infrastructure
while maneuvering heavy machinery through spaces not designed for
such vehicles. These breaches allow small animals to enter the premises,
gnawing on cables that transmit information and worsening the prob-
lem. At the same time, the company deploys security teams that initially
restore order among the increasingly unhappy staff. Over time, how-
ever, intoxicated by their authority, these guards start to mistreat the
workers, further damaging morale and well-being. Many employees
eventually quit—including the maintenance technicians responsible for
the mainframes—disheartened by the impossibility of solving the
problems. As maintenance ceases, the mainframes’ performance de-
teriorates until one day a server shuts down. This marks the beginning of
the end: soon after, the remaining machines follow, each collapsing
under the load previously shared by the others. Finally, the lights go out
in a once-thriving facility—now empty of workers, filled with tanks and
debris, the remnants of well-meaning but misguided efforts. The com-
pany’s board of directors criticizes the managers, blaming them for
failing to dispose of the tanks properly or for hiring reckless security
forces. However, the real issue was never the tanks or the guards. The
origin of the catastrophe lay in the failure of the data-acquisition system,
which overloaded the mainframes and set in motion an irreversible path
toward their functional collapse. Although this story is fictional, it may
closely resemble the landscape of Alzheimer’s disease (AD). The
following sections will explain the reasons behind this parallel.

2. AD pathophysiology: need for a different perspective?

AD is the most common primary neurodegenerative dementia
worldwide (Frisoni et al., 2025b). Despite decades of research to eluci-
date its pathophysiology, AD pathogenesis remains only partially un-
derstood (Rajah Kumaran et al., 2023). For many years, the amyloid
cascade hypothesis has been—and remains—the most influential and
widely endorsed conceptual framework, proposing that the core
neuropathological features of AD develop through a defined, deter-
ministic, cause-effect sequence: the formation of amyloid-f (Ap) oligo-
mers leads to early synaptic dysfunction, followed by extracellular Ap
plaque deposition, which in turn disrupts neuronal physiology and
promotes tau hyperphosphorylation, aggregation, and intracellular
accumulation (namely neurofibrillary tangles, NFTs), ultimately
resulting in neurodegeneration and clinical symptoms (Hampel et al.,
2021). Although experimental and clinical evidence have supported
this model, it has also been the subject of considerable criticism, and
there remains no consensus on the precise cascade of events that leads to
the characteristic clinical manifestations of AD, which are typically
amnestic in the earliest stages (Kasper P. Kepp et al., 2023). Importantly,
this model suggests that Ap is the earliest molecular driver, a finding that
remains controversial (Selkoe and Hardy, 2016). A crucial unresolved
question concerns the triggers that initiate this pathological cascade.
With the exception of familial forms of AD—associated with genetic
variants that alter the balance between production and clearance of
neurotoxic proteins and whose pathophysiological mechanisms are
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relatively well characterized—the vast majority of sporadic cases (i.e.,
>95 % of AD patients) remain largely unexplained (Andrews et al.,
2023; Bisceglia et al., 2022; Braak and Del Tredici, 2015). It is generally
assumed that sporadic AD arises from a complex interplay between
genetic and epigenetic vulnerability and environmental exposures;
however, establishing direct causal links has proven difficult (Migliore
and Coppede, 2022). For example, although untreated arterial hyper-
tension is widely regarded as a significant risk factor, only a subset of
hypertensive individuals develop AD (Abdulrahman et al., 2022;
Daugherty, 2021; Lennon et al., 2024). What consistently emerges
across epidemiological studies is that advancing age is the strongest risk
factor for the disease, with incidence doubling every six years (Frisoni
et al., 2025b; Hong et al., 2024), raising a fundamental question: why
does aging itself confer such marked vulnerability to AD? In other
words, what changes during aging that may constitute a necessary
and/or sufficient condition for triggering the AD cascade?

Notably, the central nervous system (CNS) is organized to promote
survival by operating as a predictive system that optimizes sensorimotor
interactions with the environment (Friston et al., 2016; Pezzulo et al.,
2021b). Within this framework, memory plays a pivotal role. It is not
merely passive storage but a dynamic, flexible process that enables in-
ternal simulation, the recombination of past information, and the pre-
diction of future states, thereby supporting adaptive, anticipatory
behavior rather than purely reactive responses (Benedek et al., 2023;
Buzsaki et al., 2022; Simons et al., 2022). To perform these complex
computations, the CNS critically depends on the proper functioning of
systems that convey information from the external world (i.e., sensory
pathways), those that close the loop through action (i.e., effector sys-
tems), and the networks that integrate these signals (Franklin and
Wolpert, 2011; J. S. Li et al., 2023; Roth et al., 2014). Therefore, the
well-known age-related deterioration of sensory systems compromises
the efficiency of predictive processing and sensorimotor
integration—processes that are particularly relevant to memory (Abbas
et al., 2024; Billig et al., 2020; Hsu et al., 2021; Humes et al., 2013;
Wolpe et al., 2016). Notably, impairment of short-term and episodic
memory is the most prototypical clinical feature of early AD, suggesting
that failures in these predictive and integrative mechanisms may be
tightly linked to disease pathophysiology (Frisoni et al., 2025b; Nelles-
sen et al., 2015).

In this context, increasing attention has been directed toward several
early alterations that consistently precede the onset of overt cognitive
symptoms and the classical neuropathological hallmarks, yet are often
underappreciated in models of AD pathogenesis. Specifically, these
include olfactory dysfunction, early degeneration of the locus coeruleus
(LC), cerebellar alterations, and sleep disturbances (Y. Chen et al., 2022;
Murphy, 2019; Yang et al., 2024; Y. Zhang et al., 2022). A hypothetical
explanation of how these factors interact and converge during the
earliest phases of AD pathophysiology will be discussed in the following
sections.

3. Sensory systems, particularly the olfactory system, are early,
vulnerable targets of aging

Olfaction is a chemical sense that distinguishes itself among the
sensory modalities. Indeed, odor stimuli can induce immediate changes
in affective state and arousal levels and also trigger almost instantaneous
retrieval of the emotional dimensions and personal experiences associ-
ated with a given stimulus (Cai et al., 2025; Glachet and El Haj, 2021;
Kadohisa, 2013; Masaoka et al., 2021). Moreover, the forgetting rate for
olfactory stimuli is lower than that for other sensory modalities (Cornell
Karnekull et al., 2015; Larsson and Willander, 2009). In brief, olfactory
function depends on millions of ciliated sensory neurons within a
specialized neuroepithelium in the posterior portion of the nasal cavity.
Each neuron projects a single axon to the olfactory bulb (OB), the first
central processing station for incoming olfactory information (Brunert
et al., 2023; Courtiol and Wilson, 2016; Firestein, 2001; Giessel and
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Datta, 2014). From the OB, via the olfactory tract and the olfactory tu-
bercle, information reaches the olfactory cortex, which comprises the
anterior olfactory nucleus and the piriform, transentorhinal, and peri-
amygdaloid cortices and maintains direct connections with the medi-
odorsal nucleus of the thalamus. From these regions, third-order
neurons project to numerous targets, including the orbitofrontal cortex,
the subiculum, the thalamus and hypothalamus, the basal ganglia, and
several brainstem nuclei. This organization—hierarchical and sequen-
tial, yet notably lacking a necessary thalamic relay for direct cortical
access—may help explain the long-term retention of olfactory memories
and their strong emotional valence, given the tight anatomical and
functional coupling among the amygdala, hippocampus, and trans-
entorhinal cortex (Kehl et al., 2024; Li and Wilson, 2024; Savic et al.,
2000; White, 2009).

Notably, olfaction is one of the systems in which neurogenesis con-
tinues relatively robustly into adulthood (Durante et al., 2020; Naffaa,
2025). During the first decades of life, the olfactory epithelium has a
high neurogenic potential, enabling it to maintain function through the
regeneration of senescent cells (Brann and Firestein, 2014; Durante
et al., 2020). With aging, this potential declines markedly, leading to
morphological and functional alterations, particularly when combined
with other risk factors (Chen et al., 2019, 2017; Child et al., 2018; Fitzek
et al, 2022; Kondo et al., 2020; Ueha et al., 2016). Importantly,
age-related olfactory alterations are not solely due to the straightfor-
ward loss of these stem cells but are instead linked to dysfunction, as
evidenced by an altered transcriptional profile (Oliva et al., 2022). Thus,
by midlife—and even more so in older age—presbyosmia (i.e.,
age-related loss of smell), hyposmia, or even anosmia, defined as a
primary, late-onset loss of the sense of smell, are common (Boesveldt
et al., 2017; Murphy et al., 2002). Notably, anosmia is the most preva-
lent sensory impairment in the general population, and the upward
trend is expected to continue following the COVID-19 pandemic
(Desiato et al., 2021; Han et al., 2020). This is even more relevant given
that, beyond the suggested association with olfactory dysfunction,
SARS-CoV-2 infection has also been linked to an elevated risk of
cognitive decline (Di Giorgio et al., 2022; Zhao et al., 2023).

Due to its remarkable plasticity, i.e., the CNS's capacity to adapt its
structure and function to internal or external demands or damage, the
olfactory system responds to sensory loss through structural and func-
tional reorganization of key network nodes, including the piriform
cortex and the sniffing-induced network (Gazerani, 2025; Iravani et al.,
2021; Kollndorfer et al., 2015; Reichert et al., 2018). Hypothetically,
these adaptive changes might play a pivotal role in triggering the
downstream neuropathological cascade, together with other predis-
posing factors. Indeed, sensory deficits are common features of normal
aging, but they may also serve as early biomarkers of incipient neuro-
degenerative processes (Hong et al., 2024; Murphy, 2019). In particular,
olfactory dysfunction often precedes the onset of measurable cognitive
deficits by many years, and similar early alterations have been reported
in other sensory modalities, which are likewise vulnerable to age-related
degenerative and pathological changes (Hong et al., 2024; Lad et al.,
2024; Murphy, 2019; Schubert et al., 2017; Jing Wu et al., 2025).
Nevertheless, olfaction warrants special attention because key regions of
the olfactory system exhibit neuropathological hallmarks of AD at very
early disease stages, before overt cognitive symptoms become detectable
(Braak and Braak, 1997; Hyman et al., 1991; McLaren and Kawaja,
2024; Murphy, 2019; Ohm and Braak, 1987). Moreover, one of the
earliest brain regions to show AD-related pathology, possibly the first, is
the LC, a brainstem nucleus that is the main source of noradrenergic
innervation to the entire CNS and is densely interconnected with the OB
and the anterior piriform cortex (Y. Chen et al., 2022; Geng et al., 2025;
Guérin et al., 2008; Meyer et al., 2025). Crucially, degeneration of the
LC may result from early dysfunction in the olfactory system and related
networks, possibly reflecting increased compensatory demands on this
neuromodulatory hub (discussed below) (Diez et al., 2024; Jacobs et al.,
2021a; Poe et al.,, 2020; Prokopiou et al., 2023; Sun et al., 2020;
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Ubeda-Banon et al., 2020; Van Egroo et al., 2023). Interestingly, olfac-
tory epithelium organoids derived from basal stem cells of genetically
modified animal models exhibit abnormal aggregation and accumula-
tion of AD pathological hallmarks, which increase with disease pro-
gression (M. Liu et al., 2024). Thus, beyond the possible prion-like
diffusion of neurotoxicity from the LC, the olfactory epithelium may
also be among the earliest sites of the AD pathological process, poten-
tially independent of contributions from other regions, although the
evidence remains preliminary (Chalermpalanupap et al., 2017).

Regardless of the underlying mechanism, odor identification is
markedly impaired in about 85 % of patients with AD and in individuals
with mild cognitive impairment (MCI), and it may even predict pro-
gression to MCI (Guo et al., 2023; Igeta et al., 2024; Rahayel et al., 2012;
Roalf et al., 2017; Yaffe et al., 2017). Notably, MCI patients with more
pronounced olfactory deficits are more likely to belong to the amnestic
subtype, which carries the highest risk of conversion to AD (Roberts
et al., 2016; Tabert et al., 2005; Yaffe et al., 2017). Hence, greater ol-
factory impairment is associated with a higher probability of progres-
sion to AD, representing not merely an epiphenomenon of aging but also
a clinically meaningful marker of AD-related neuropathology. Crucially,
even individuals with subjective cognitive decline (SCD)—a condition
characterized by self-reported cognitive complaints in the absence of
objective neuropsychological impairment, and, particularly when
memory is affected, considered a potential earliest stage along the AD
continuum—exhibit olfactory dysfunction (Cedres and Olofsson, 2024;
Jobin et al., 2021; Laukka et al., 2023a; Munro et al., 2023). This further
supports the possibility of a close association between olfactory
impairment and AD-related pathology, extending this link to an even
earlier, preclinical stage. Olfactory measures appear to outperform vi-
sual and auditory sensory deficits in predicting AD progression (Fischer
et al., 2016; Liu et al., 2025; Murphy, 2019). This specificity likely re-
flects the distinctive organization of the olfactory network, which
consistently overlaps with brain regions selectively vulnerable in AD
(Daulatzai, 2015; Vasavada et al., 2015). Compared with healthy con-
trols, patients with AD—and some already at the MCI stage—show
altered functional activity in the insula, amygdala, primary olfactory
cortex, piriform cortex, and entorhinal cortex (Kareken et al., 2004;
Vasavada et al., 2015; Wang et al., 2010; S. Yang et al., 2025). Early
alterations in medial temporal lobe structures, particularly in the ento-
rhinal region, may disrupt hippocampal connectivity, thereby impairing
the transfer and consolidation of information critical for long-term
memory formation (Adams et al., 2022; Berron et al., 2021, 2020;
Granger et al., 2023; Tran et al., 2022). In fact, the hippocampus sup-
ports the formation of flexible associations among entities that co-occur
in space and time, thereby facilitating not only their encoding but also
their retrieval through the coordination of cortical regions that store
information about specific aspects of the events (Simons et al., 2022).
Indeed, impaired communication among regions vital for memory may
result in impairments characteristic of the AD spectrum. This is espe-
cially evident in the advanced stages, but is likely also present during the
prodromal phases, as existing information is no longer updated with
new or external data (Weiler et al., 2016). Even if only hypothetically,
this mechanism may provide a plausible link between very early olfac-
tory deficits, sometimes detectable even in asymptomatic stages, and the
subsequent development of cognitive impairment, particularly memory
dysfunction.

A key question is why these regions appear altered even at pre-
symptomatic stages, given that the primary damage initially affects ol-
factory system structures. Reasonably, these areas may exhibit
compensatory increases in activity in response to early dysfunction of
the olfactory system (B. Chen et al., 2022; Mormino et al., 2012; X.
Zhang et al., 2024; Zhu et al., 2025). Such hyperactivity, detectable from
the prodromal phase, may reflect not only an attempt to integrate sen-
sory information effectively despite qualitatively and quantitatively
degraded inputs but also an increased reliance on interactions with other
network nodes that encode previously established associations. In fact,
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the system may increasingly rely on stored representations that were
accurately learned in the past to maintain appropriate interactions with
the environment (Hampstead et al., 2016; Jonin et al., 2022; Liang et al.,
2020; Pozar et al., 2024). Importantly, this interpretation aligns with the
pattern of memory impairment typically observed in patients with early
AD, who often exhibit a temporal gradient, with relatively preserved
remote memories and disproportionately impaired recent memories (De
Simone et al., 2020; Langlois et al., 2016; Leyhe et al., 2009; Miiller
etal., 2016). Consistently, even in the context of normal aging, there is a
tendency to shift from robust episodic recollection to a more semantic,
integrated mode of information retrieval (Levine et al., 2002). However,
this process is markedly accelerated during the initial stages of AD
(Weiler et al., 2016). Within this framework, newly formed associations
may fail to guide environmental interactions adequately, and, conse-
quently, may not be sufficiently reinforced or consolidated (Fulton et al.,
2024; Yan et al., 2022). Regardless of its precise functional meaning,
enhanced neural activity in these temporal lobe regions is associated
with increased AP production (Bero et al., 2011; Jagust and Mormino,
2011; Mormino et al., 2012). Crucially, Af deposition begins in the
temporal lobe, specifically in olfactory network structures, supporting
this possible interpretation (Thal et al., 2000; Wu et al., 2013). While Af
plays a physiological role in synaptic function within a tightly regulated
range, excessive levels—potentially driven by  sustained
overactivation—may contribute to the synaptopathy that characterizes
the earliest stages of AD (Cai et al., 2023; Sehar et al., 2022). Therefore,
AD neuropathology may not originate from primary damage to the
cortical areas classically associated with the disease, but rather from
secondary dysfunction of these regions resulting from altered activity
within sensory systems, particularly the olfactory system (and the LC)
(Daulatzai, 2015; Yan et al., 2022; S. Yang et al., 2025). Compensatory
increases in activity within these olfactory-related brain regions may
elevate local Ap levels, thereby creating a permissive environment for
the spread of phosphorylated tau (pTau), which then exerts deleterious
effects on cognitive function (Prokopiou et al., 2023). Accordingly, the
density of NFTs in the OB—which is reduced in volume in patients with
SCD, MCI, and AD—closely correlates with tau pathology in the ento-
rhinal cortex, thereby supporting this exploratory pathophysiological
link (B. Chen et al., 2022; Christen-Zaech et al., 2003; Thomann et al.,
2009b, 2009a).

Thus, although the evidence is not yet definitive, this pattern may
represent a crucial yet often overlooked component of early AD patho-
physiology. This oversight may be partly attributable to the lack of
routine clinical tests to assess olfactory function, and to patients'
frequent unawareness of olfactory deficits (Liao et al.,, 2024).
Similarly—albeit potentially less tightly coupled because of differences
in the underlying neural networks—age-related visual and hearing
deficits are characterized by compensatory hyperactivation of sensory
and higher-order cortical areas, particularly frontal regions associated
with increased cognitive load (Alain et al., 2022). Finally, aging is often
accompanied by social isolation, which may further limit external
feedback on the accuracy of sensorimotor associations (Bellucci et al.,
2025). This lack of corrective feedback, particularly when sensory in-
puts are degraded, may exacerbate reliance on maladaptive predictive
mechanisms (Wnuk et al., 2025; Wolpe et al., 2016; J. Zhang et al.,
2022). This complex interplay among sensory decline, compensatory
neural hyperactivity, and reduced environmental feedback might
constitute a fundamental substrate for early alterations in older adults
who subsequently develop AD.

To summarize, within this hypothetical interpretative framework,
damage to the olfactory system would drive both the accumulation of
“compensatory” Ap in medial temporal cortical regions and increased LC
activity (discussed in Section 4). The latter, in turn, begins to accumulate
pTau, which—via a prion-like mechanism—might spread to the OB and
to closely connected temporal regions, from which it may further
propagate throughout the olfactory network (Braak et al., 2011; Thal
et al., 2002). This feedback loop may explain the close interrelationship
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observed between modifications in these functionally distinct yet
interconnected and physiologically cooperative systems. Although ol-
factory dysfunction may be one of the earliest triggers of neuro-
degeneration, it is nevertheless essential to consider the next step, which
is hypothesized to be the secondary degeneration of the LC, that could
account for further characteristic elements of the early stages of AD.

4. The LC: a trade union between sensory impairments and
cognitive decline

The LC is a small nucleus located in the posterior rostral pons adja-
cent to the fourth ventricle's lateral floor. Despite its small number of
neurons, it is the core hub of the central noradrenergic system and re-
ceives extensive projections from numerous cortical and subcortical
regions, to which it, in turn, sends widespread, divergent, but precisely
segregated efferent projections (Groves et al., 2025). Indeed, the LC
integrates information from neuroendocrine nuclei, the autonomic
nervous system, and cognitive-affective regions and is critically involved
in regulating many functions, including memory formation, attention,
the sleep-wake cycle, immune and autonomic regulation, and the “fight
or flight” response (Duszkiewicz et al., 2019; Hansen, 2017; Krohn et al.,
2023; Lecas, 2004; Osorio-Forero et al., 2022; Reyes, 2025; Ross and
Van Bockstaele, 2021; Titulaer et al., 2021). Furthermore, although
often overlooked, it has significant connections with cortical motor re-
gions, olivocerebellar circuits, and descending projections to the spinal
cord (Poe et al., 2020). Here, its role in sensory information processing is
particularly relevant. LC activation can alter the responses of individual
cells, local circuits, and neural networks to both exogenous and
endogenous stimuli (Berridge and Waterhouse, 2003; Waterhouse and
Navarra, 2019). Consistently, it modulates the thresholds and properties
of receptive fields across sensory modalities, particularly in the olfactory
domain (Bouret and Sara, 2002; Escanilla et al., 2010; Poe et al., 2020).
Indeed, the OB is densely innervated by the LC, and the release of
noradrenaline (NE) here is essential for increasing the signal-to-noise
ratio, modulating odor thresholds, and supporting olfactory learning
through short- and long-term forms of synaptic plasticity (de Almeida
et al., 2015; Linster et al., 2011; Manella et al., 2013; Sara, 2009).
Specifically, noradrenergic projections target different cellular types in
the OB, including both the glomerular and deeper layers, and the dis-
tributions of noradrenergic receptor subtypes are layer-specific
(Cleland, 2010; de Almeida et al., 2015; Li et al., 2015; Linster et al.,
2011; Tan et al., 2010). Moreover, by suppressing the spontaneous ac-
tivity of mitral cells, NE increases the number and amplitude of
odor-evoked responses (Escanilla et al., 2010; Manella et al., 2017). In
addition, the LC may modulate external tufted cells, which in turn
activate local inhibitory neurons that reduce olfactory nerve input
(Ennis et al., 2001; Zhou et al., 2016). Therefore, the essential role of the
LC in modulating the olfactory network from its earliest regions is well
established.

Notably, the LC is also crucial in the transition from memory to
behavior, integrating memory, sensory inputs, and system states to
adapt to environmental interactions and bodily states during memory
retrieval (Duan et al., 2025). Moreover, it facilitates the generalization
of learned associations through interactions with the hippocampus and
the amygdala (Duan et al., 2025). In particular, the LC plays a critical
role in mediating responses to violations of predictions about upcoming
interactions with the environment (Jordan, 2024). Recent Bayesian
formulations of LC activity indicate that it encodes errors in predicted
sensations and actions, suggesting that it increases firing when internal
models of these relationships are inaccurate, causing predictions to
diverge significantly from expectations (Jordan, 2024; Sales et al., 2019;
Yu and Dayan, 2005). Such predictions are derived from memory, spe-
cifically from sensorimotor relationships encoded through past organ-
ism-environment interactions (Bar, 2009; Butz et al., 2025). Here,
interactions between the LC and the hippocampus are likely essential for
regulating episodic memories driven by so-called prediction errors, i.e.,



A. Antonioni

the mismatch between what is predicted from the system’s current state
and memories of similar prior interactions and the outcome actually
obtained (Spampinato and Celnik, 2021). This interaction is bidirec-
tional, as hippocampal (top-down) modulation conveys information
relevant to computing prediction error to the LC—likely via cortical
regions such as the prefrontal cortex and the anterior cingulate
cortex—which, in turn, generates signals that determine whether, at the
hippocampal level, new memories will be formed or existing ones will be
updated (bottom-up) (Barron et al., 2020; Groves et al., 2025;
Palacios-Filardo and Mellor, 2019; Sinclair et al., 2021). Both of these
cortical regions are key to mediating responses to novel or salient stimuli
and to exerting cognitive control over hippocampal processing (Bouret
and Sara, 2004; Craigmyle, 2013; Tomassini et al., 2022). Interestingly,
the LC is involved in multiple types of prediction errors and in more
general novelty signals arising from environmental interactions
(Breton-Provencher et al., 2022; Jordan and Keller, 2023; Niv and
Schoenbaum, 2008; Schultz, 2017). Such errors indicate the need to
update—or create—memories and therefore require reactivating mem-
ory traces from long-term storage, bringing them into a state of
heightened plasticity that allows their modification (Bayer et al., 2025;
Sinclair et al., 2021; Sinclair and Barense, 2019). The neuromodulators
released by the LC, primarily NE and, to a lesser extent, dopamine,
appear crucial for driving these increases in plasticity (Kempadoo et al.,
2016; Schwarz and Luo, 2015). This system enables continuous updating
of the organism’s best internal models of environmental interactions
(Grella and Donaldson, 2024; Harley, 2004; Maurer and Nadel, 2021).
The hippocampus is essential for determining the spatiotemporal
sequence of activation of neuronal ensembles distributed across multiple
neocortical sites (Groves et al., 2025). When the discrepancy between
predicted and actual outcomes is large, LC input enables reconfiguring
the previous sequence, preserving only those neuronal ensembles that
still reflect the organism’s interaction with the world and replacing
those that no longer provide an accurate representation of the organ-
ism’s engagement with its environment (Bouret and Sara, 2004). Spe-
cifically, whereas the hippocampal CA3 subfield encodes predictions,
the CAl region encodes what is actually experienced (Groves et al.,
2025; Lisman and Grace, 2005). The greater the mismatch between
these two signals, the stronger the activation of the LC—and, to a lesser
extent, of the dopaminergic ventral tegmental area—which project to
both regions to support single-trial acquisition of a new contextual
memory in CA3 and the encoding of new information and/or the rein-
forcement of pre-existing memories in CA1 (Kempadoo et al., 2016;
Lisman and Grace, 2005; Wagatsuma et al., 2018). Thus, prediction
errors generated in the hippocampus and adjacent cortical areas elicit
responses in the LC, which, in turn, enable plastic changes in the very
regions from which the prediction errors originated (Groves et al.,
2025). Indeed, NE-dopamine co-release has been reported in both the
hippocampus and cortical areas (Devoto et al., 2020, 2005; Kempadoo
et al., 2016).

Notably, the LC also encodes variables related to arousal and
sleep-wake regulation (Grueschow et al., 2020; Van Egroo et al., 2022).
Low tonic LC activity (slow discharge rates, ~0.1-8 Hz) is observed
during transitions from wakefulness to sleep or during behaviors char-
acterized by increased parasympathetic tone, whereas higher tonic
levels are associated with wakefulness and, when particularly elevated,
with stress (Bouret and Sara, 2004; Devilbiss and Waterhouse, 2011;
McCall et al., 2015). By contrast, phasic LC activity (i.e., brief bursts of
firing at ~10-20 Hz, often followed by periods of relative quiescence) is
particularly associated with novelty encoding (Devilbiss and Water-
house, 2011; Groves et al., 2025). Notably, LC is almost silent during
rapid eye movement (REM) sleep, whereas increased activity may pre-
cede unprovoked nocturnal arousals (Aston-Jones and Cohen, 2005;
Foote et al., 1980). Moreover, during non-REM (NREM) sleep, it is
critically involved in modulating sleep spindles (discussed in Section 6)
and, thus, in memory consolidation (Kjaerby et al., 2022; Osorio-Forero
et al., 2022). Importantly, hippocampal sharp-wave ripples, typically
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observed during NREM sleep, play a fundamental role, in coordination
with the LC and cingulate and prefrontal cortical regions, in enabling an
“offline” comparison of prior knowledge with actual experience, thereby
optimizing memory representations (Groves et al., 2025; Momennejad
et al., 2018; Robinson et al., 2026).

Therefore, the LC is essential to preserving cognitive functioning.
Indeed, its degeneration is not considered a component of the physio-
logical aging process (Theofilas et al., 2017). Even in healthy older
adults, higher neuronal density in the LC is associated with a slower
decline in cognitive performance (Wilson et al., 2013). Interestingly, an
inverted-U-shaped relationship is observed between magnetic resonance
imaging (MRI)-assessed LC signal and age, with the fifth decade serving
as a tipping point (Beardmore et al., 2021; K. Y. Liu et al., 2017). LC
connectivity also correlates with subjective states of arousal and anxiety,
possibly due to its association with the amygdala (Liebe et al., 2022;
McCall et al., 2017). Importantly, mood and anxiety-spectrum distur-
bances often emerge around midlife, and several studies suggest that
these affective symptoms predict subsequent cognitive decline (Chan
et al., 2026; Frank et al., 2026; John et al., 2019; Krohn et al., 2023).
Such affective alterations may hypothetically appear when catechol-
amine synthesis in the LC begins to decline, that is, when its functional
reserve is exhausted, and the initially effective compensatory mecha-
nisms lose their efficacy (Mir et al., 2025; Parent et al., 2022). If this
possible sequence of events is correct, age-related olfactory dysfunction
may initially increase compensatory activity in the LC, which, over time,
leads to functional exhaustion and triggers subsequent stages of neuro-
degeneration. As the damage progresses, the alterations are not only
functional but also macrostructural. Indeed, significant loss of LC vol-
ume has been documented in AD and other neurodegenerative disorders
(Betts et al., 2019a; Jacobs et al., 2021a; Madelung et al., 2022).
Consistently, LC neuronal loss is a hallmark of early AD pathophysiology
and correlates with disease severity and duration, supporting its causal
role in disease progression (Betts et al., 2019a, 2019b; Cassidy et al.,
2022; Olivieri et al., 2019; Zarow et al., 2003). A loss of approximately
30 % of LC neurons marks the transition from the absence of cognitive
symptoms to mild impairment, whereas a further 25 % loss is associated
with progression to the moderate stage of AD (Kelly et al., 2017;
Matchett et al., 2021). Therefore, although this interpretation remains
necessarily speculative at present and represents only one of several
possible explanatory frameworks, the evidence discussed here suggests
that such mechanisms may contribute to a plausible trajectory of AD
alterations. While further studies are required to substantiate this hy-
pothesis, the present findings support the view that these processes
merit consideration as potential contributors to early disease dynamics.

Importantly, in line with this view, tau can begin accumulating de-
cades before clinical onset, even in the absence of cortical Af deposits
(Braak and Del Tredici, 2011, 2012a). Consistently, Af and tau initially
deposit in distinct brain regions: tau in the brainstem (and later in the
entorhinal cortex), and Ap in the neocortex. However, once present, tau
can promote AP pathology (Ehrenberg et al., 2017; Theofilas et al.,
2017). Nevertheless, because of the prolonged persistence of tau in
surviving LC neurons, a “two-hit” hypothesis has been proposed, indi-
cating that, in addition to abnormal tau, a secondary trigger is required
to induce LC neuron death (Theofilas et al., 2017). This vulnerability
may depend, at least in part, on metabolites specific to the noradrenergic
system, which can interact with tau and A (Kang et al., 2022; Lancini
etal., 2023). When LC activity increases, cerebrospinal fluid (CSF) levels
of these metabolites also rise, thereby accelerating the accumulation of
AD hallmarks (Krohn et al., 2023). In fact, increased NE levels have been
observed from the earliest stages of AD (Palmer et al., 1987). Further-
more, in LC, a small neuronal population must meet the needs of the
entire CNS (Poe et al., 2020). In addition, the axons of the LC are only
partially myelinated and therefore energetically inefficient (Lushchak
et al., 2021; Paker et al., 2026). This imposes high metabolic demands
even under physiological conditions, thereby increasing oxidative stress
due to sustained mitochondrial workload (Evans et al., 2022). Although
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LC neurons containing tau aggregates can survive for prolonged periods,
their ability to secrete NE is nonetheless impaired (Braak and Del
Tredici, 2012a). These neurons also exhibit alterations in transcrip-
tional profiles that may reflect compensatory neuroprotective responses
but, depending on the stage of disease progression and additional
sources of injury, may instead accelerate neurodegeneration
(Weinshenker, 2018). The relationship, however, is even more complex.
NE can also inhibit Ap aggregation by destabilizing protofibrils, sug-
gesting that, at physiological concentrations, it may exert protective
effects, whereas elevated levels may accelerate the neuropathological
cascade that begins with tau accumulation (Kang et al., 2022; Lancini
et al., 2023; Zou et al., 2019). Similarly, NE has a U-shaped effect on
neuronal targets: facilitation is initially modest, increases at higher
concentrations, and then declines rapidly at excessive levels (Devilbiss
et al.,, 2006). Therefore, the compensatory increase in LC activity,
initially useful for counteracting peripheral alterations, could itself
contribute to worsening deficits over time, thereby degrading signal
processing (Devilbiss and Waterhouse, 2000). Consistently, an increase
in LC activity may serve as an early compensatory strategy with pro-
tective effects, whereas in later phases it has been associated with
detrimental effects (Jacobs et al., 2021a; Koops et al., 2025; Prokopiou
et al., 2022; Weinshenker, 2018). Tau itself can increase neuronal
excitability, thereby exacerbating the hyperactivity initially associated
with compensatory LC responses (Crimins et al., 2012; Rudy et al., 2015;
Weinshenker, 2018). Moreover, at least in part, these effects may be
driven by disease-related changes in the energy demands of LC neurons,
given the tight coupling between neurotransmission regulation and
glucose metabolism (Dienel, 2019). Increased glucose availability in the
LC, as expected with a significant increase in its activity, may further
intensify this cycle of hyperexcitability, given that extracellular glucose
promotes the formation of AP oligomers (Dienel, 2019; Kedia et al.,
2017; Pierre et al., 2003). Interestingly, increased LC activity has been
associated with elevated CSF levels of pTaul81, the pTau isoform most
extensively characterized in AD (Jack Jr. et al., 2024; Koops et al.,
2025). However, given the early onset of these alterations, additional
biomarkers may be more sensitive, even at the SCD stage
(Gonzalez-Ortiz et al., 2024; Palmqvist et al., 2025; Warmenhoven et al.,
2025). Such biomarkers could facilitate detection through minimally
invasive approaches, including blood-based assays (Antonioni et al.,
2023b, 2025e, 2025g). To summarize, sustained and excessive increases
in activity—reflecting the need to compensate for damage that cannot
be effectively resolved—may ultimately harm LC targets that rely on its
compensatory support, leading to functional exhaustion of the LC and
widespread consequences for the entire CNS.

Importantly, a lower novelty-related LC activity (i.e., the phasic
firing pattern) has been observed in AD and is associated with tau
diffusion in the temporal cortex and the onset of memory decline,
particularly in the context of increased Af levels, supporting that func-
tional exhaustion of LC compensation marks the transition to symp-
tomatic stages (Ghosh et al., 2021; Prokopiou et al., 2023; Wagatsuma
etal., 2018). Accordingly, phasic patterns of LC activity appear to exert a
neuroprotective effect, mitigating tau-related impairments in olfactory
and spatial learning compared with tonic firing modes (Omoluabi et al.,
2021). Indeed, phasic stimulation preserves LC fiber density, in contrast
to the marked fiber loss observed with tonic or absent stimulation—an
alteration consistently linked to tau spread (Kelly et al., 2017; Ror-
abaugh et al., 2017). Specifically, from the LC, pre-tangle pTau pa-
thology (i.e., a precursor of NFTs prone to aggregation, also observed at
Braak stage 0) can propagate to interconnected cortical regions as the
disease progresses (Harley et al., 2021; Poe et al., 2020; Stratmann et al.,
2016). From the medial temporal lobe, tau pathology may spread to
neocortical areas, particularly in the presence of A, suggesting a facil-
itating (rather than causative) role for A in the diffusion of misfolded
tau within the brain (van der Kant et al., 2020). Thus, an age-related
tauopathy may be a necessary condition for Ap to catalyze tau propa-
gation (Spires-Jones et al., 2017). This could also explain why even

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

people with autosomal dominant AD, in which A overproduction is
significant, develop symptoms only after 30-60 years (Frisoni et al.,
2022). Moreover, individuals with Ap but no tau pathology are rela-
tively common, whereas those with tau pathology without Af are
extremely rare (Jack et al., 2019). Therefore, Af accumulation may, at
least in part, reflect a compensatory response to various forms of syn-
aptic damage, whereas tau pathology appears more specifically associ-
ated with the early stages of the neuropathological cascade (Arnsten
etal., 2021; Elman et al., 2014; Herz, 2025; Huang, 2024). Accordingly,
overt memory impairments typically emerge at more advanced Braak
stages (III-IV), when tau tangles reach the hippocampus, medial tem-
poral cortex, insula, and association cortices (Harley et al., 2021;
Therriault et al., 2022). Consistent with this trajectory of pathological
spread, LC integrity correlates negatively with tau burden not only in
temporal regions but also in the parietal and frontal cortices (Jacobs
et al., 2021a). Moreover, tau pathology within the LC predicts more
rapid memory decline, particularly in the presence of elevated Ap levels,
whereas preserved catecholamine synthesis in the LC predicts a lower
temporal tau burden, confirming the pivotal role of LC breakdown in
disease progression (Ciampa et al., 2022; Jacobs et al., 2021a). The
reasons temporal regions are particularly vulnerable, despite the LC’s
widespread projections, remain a matter of debate. This selective
vulnerability has been attributed to the specificity of LC projections and
to the regional distribution and density of NE receptors, which are
particularly abundant and diverse in temporal regions (O’Callaghan,
2025; Schwarz et al., 2015). Although currently speculative, it is also
possible that functional changes within these regions, resulting from
primary olfactory dysfunction, render them particularly susceptible to
tau dissemination and accumulation, as suggested by increased Ap
levels.

Why only some individuals, despite similar early pre-tangle tau
accumulation, progress to overt tau pathology within the LC may
depend, among other factors, on genetic susceptibility. Apolipoprotein E
(ApoE), especially the €4 allele—the strongest genetic risk factor for
sporadic AD—appears to be critical (Frisoni et al., 2022; Martens et al.,
2022). Specifically, increased LC activity leads to the production of a
toxic metabolite of NE metabolism, 3,4-dihydroxyphenylglycolalde-
hyde, which promotes tau aggregation and propagation (Burke et al.,
1998; Weinshenker, 2018). However, this neurotoxic effect is observed
primarily in ApoE4 carriers, whereas the €3 allele appears to mitigate
this process (Kang et al., 2021). This may partly explain why the prev-
alence of €4 allele carriers is notably high among individuals with MCI
and AD and why it is associated with a more than 10-year reduction in
age at onset (Belloy et al., 2019; Mattsson et al., 2018). Interestingly, the
impact of ApoE4 on the risk of AD is greatest between ages 55 and 70,
after which it tends to decline (Saddiki et al., 2020). Reasonably, this
may be the age range in which sensory alterations, particularly olfactory
ones, most strongly interact with the comorbidity burden, which in-
creases with age (Murphy, 2019; Nelis et al., 2019). Subsequently, hy-
pothetically, due to effective compensation or other forms of reserves, its
impact is less decisive (Frisoni et al., 2022; Groot et al., 2018; Mitoma
et al., 2020). Furthermore, ApoE is implicated in multiple AD patho-
physiological processes, including inflammation, AP clearance,
blood-brain barrier (BBB) permeability, and cholesterol metabolism
(Davis et al., 2020; Jeong et al., 2019; Montagne et al., 2020; Reale et al.,
2012; Thal et al., 2007). Moreover, other factors may also play a rele-
vant role, such as hormonal factors, given their critical role in sleep
regulation and hippocampal function, and their association with an
increased risk of AD among female carriers of ApoE4 (Altmann et al.,
2014; Fisher et al., 2018; Galea et al., 2013; Harrington et al., 2022;
Haufe et al.,, 2022). This supports a complex, multifactorial patho-
physiology in which age-related mechanisms, environmental factors,
and genetic vulnerability interact to shape disease progression, as is
often the case in neurodegenerative disorders (Antonioni et al., 2023a;
Frisoni et al., 2022; Kasper P. Kepp et al., 2023; Rahman et al., 2020).

As previously noted, the LC is essential for mediating hippocampal
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synaptic plasticity through the coordinated release of NE and dopamine
(Poe et al., 2020). Indeed, beyond its well-known involvement in
long-term potentiation (LTP), it also plays a key role in long-term
depression (LTD), habituation, and synaptic depotentiation (Grella
et al., 2019; Hagena et al., 2016; James et al., 2021; Poe et al., 2010).
Importantly, LTP and LTD, which are specific increases or decreases in
synaptic strength or efficacy, respectively, are considered foundational
to learning mechanisms across the CNS, particularly in the hippocampus
(Gazerani, 2025; Hayashi, 2022). Crucially, evidence from non-invasive
brain stimulation (NIBS) techniques has shown that alterations in syn-
aptic plasticity, particularly LTP, are among the most consistent
neurophysiological biomarkers of AD neuropathology, detectable as
early as the MCI stage and capable of predicting conversion to overt
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Motta et al., 2018). Thus, LC dysfunction, together with alterations in
the olfactory network, may constitute a key neurobiological correlate of
these plasticity deficits and have compelling therapeutic implications, as
discussed in subsequent sections. Fig. 1 provides a schematic overview
of the organization of the olfactory network and its relationship to the
LC and the hippocampus.

Notably, the LC interacts extensively with the cerebellum, another
possible key node in early AD pathophysiology (see Section 5) (Arleo
etal., 2024; Yang et al., 2024). Similarly, the LC is tightly interconnected
with the nucleus basalis of Meynert in the basal forebrain, another
critical element in this context (Espana and Berridge, 2006; Hampel
et al., 2018). Importantly, shifts between phasic and tonic firing modes
of the LC modulate electroencephalography (EEG) alpha-band activity
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Fig. 1. Olfactory-LC-hippocampal circuitry supporting prediction-error signaling and plasticity. Panel A shows a schematic representation of the olfactory pathway
(Brunert et al., 2023; Courtiol and Wilson, 2016; Firestein, 2001; Giessel and Datta, 2014). A specialized neurosensory epithelium (dark purple cells), with protruding
cilia that bear odorant receptors, is interspersed with supporting sustentacular cells (light orange cells), basal stem cells (light green and yellow cells), and Bowman's
mucus-secreting glands (cavity surrounded by light purple cells). Each olfactory sensory neuron projects to the OB. Mitral and tufted cells (yellow cells) synapse with
the olfactory nerve, forming the olfactory glomeruli (green dotted circle). Axonless granule neurons (orange cells) form reciprocal dendrodendritic synapses that
provide feedback and lateral inhibition. Both mitral/tufted cells and granule cells receive innervation from the LC (blue lines), with the release of dopamine (small
red circles) and, above all, NE (small green circles), which mediate neuroplastic effects (Cleland, 2010; de Almeida et al., 2015; Ennis et al., 2001; Escanilla et al.,
2010; Li et al., 2015; Linster et al., 2011; Manella et al., 2017; Tan et al., 2010; Zhou et al., 2016). Top-down modulation from cortical areas of the olfactory network
(purple lines) modulates granule cell activity in response to prior expectations or contextual information (Adams et al., 2019; Boyd et al., 2012; Mazo et al., 2016).
Panel B highlights the relationships between the olfactory system and the LC. Information from the OB reaches the olfactory cortex via the olfactory tract and the
olfactory tubercle (yellow line) and, from there, a complex ensemble of brain areas involved in odor information processing (purple-dotted circle) (Courtiol and
Wilson, 2015; Strauch et al., 2022; Zhou et al., 2019). The LC projections (blue lines) broadly innervate cortical and subcortical targets (Liebe et al., 2022; Poe et al.,
2020). It modulates the OB (central dotted square) and the hippocampal regions (right dotted square). Panel C provides a schematic view of the medial temporal lobe,
illustrating LC noradrenergic and dopaminergic modulation of hippocampal subfields, particularly CA3, which processes contextual memory, and CA1, which en-
codes new information and/or reinforces pre-existing memories (Kempadoo et al., 2016; Lisman and Grace, 2005; Wagatsuma et al., 2018). Overall, LC-mediated
neuromodulation may coordinate plasticity, memory updating, and adaptive behavior across olfactory, hippocampal, and distributed cortical networks via
sensory-driven prediction errors. Created with Biorender.com.
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inhibition, desynchronization, and selective attention (Fang et al., 2025;
Jensen and Mazaheri, 2010; McCormick, 1989). These processes are
essential for efficient sensory processing, and enhanced functional
connectivity between the LC and the nucleus basalis of Meynert supports
rapid, flexible, global shifts in cortical connectivity states in response to
contextual demands (Dahl et al., 2020; Mather et al., 2016; Mather and
Harley, 2016; Taylor et al., 2022; Wainstein et al., 2022). Accordingly,
alterations in alpha-band oscillations have been proposed as potential
early biomarkers across the AD continuum, detectable at the SCD and
MCI stages (Babiloni et al., 2023; Carpi et al., 2026; Lopez-Sanz et al.,
2016; Perez et al., 2024; Polverino et al., 2022). Given that cortical
neuropathology is minimal or nearly absent during these preclinical
phases, these EEG alterations may be driven, at least in part, by
increased LC activity and subsequent tau accumulation, which, in turn,
disrupts the circuits responsible for generating and regulating these
rhythms (Jacobs et al., 2021a; Matchett et al., 2021). Thus, quantitative
EEG or transcranial magnetic stimulation (TMS)-EEG techniques, both
during wakefulness and sleep, could be useful tools for the early iden-
tification of AD neuropathology (Antonioni et al., 2025b; Bernardi et al.,
2025; Fischer et al., 2023).

Beyond its role in neuromodulation, the LC regulates neuro-
inflammatory processes, neurovascular coupling (i.e., the dynamic
matching of cerebral blood flow to neuronal metabolic demands), and
BBB integrity by modulating tight junctions (Bekar et al., 2012; Erdo
et al., 2017; Giorgi et al., 2020; Iadecola, 2017; Kalinin et al., 2006;
Luissint et al., 2012; Thomsen et al., 2017). Their disruption alters brain
perfusion and facilitates the infiltration of peripheral pro-inflammatory
factors into the CNS, creating a cytokine-rich environment—already
amplified by physiological aging—that further exacerbates ongoing
neurodegenerative processes and worsens cognitive performance
(Giorgi et al., 2020; Huang et al., 2021; Knox et al., 2022; X. Li et al.,
2023). In addition, microglial dysfunction associated with these
changes, likely acting synergistically with altered catecholaminergic
signaling from the LC, further impairs synaptic plasticity (Bettcher and
Kramer, 2014; Ciampa et al., 2022; Gao et al., 2023; Hansen, 2017;
Hussain et al., 2021; Yamasaki and Takeuchi, 2017). Altogether, these
alterations—already detectable in presymptomatic stages and markedly
pronounced at clinical onset—suggest that LC dysfunction may induce
pathological changes not only within the CNS but also at the CNS—per-
iphery interface, which might be crucial for explaining the progressive
amplification of damage as neuropathology advances (Biagioni et al.,
2024; Blau et al., 2012; Fernandez-Matarrubia et al., 2025; Ghanbarian
et al., 2025; Heneka et al., 2015; Jacobs et al., 2021¢c; Mir et al., 2025;
Parbo et al., 2017). Indeed, the LC exhibits dense interactions with the
capillary bed and lies immediately adjacent to the CSF in the fourth
ventricle, making it highly susceptible to environmental toxins (Galgani
et al., 2025b; Giorgi et al., 2020; Nikolenko et al., 2024; Pamphlett,
2014). Moreover, LC degeneration is associated with cerebral micro-
angiopathy, regardless of cortical AD pathology, and may therefore
represent a substrate for vascular injury (Freeze et al., 2023).

Finally, given its pivotal role in modulating sleep-related processes
(discussed in Section 6), early degeneration of the LC may also provide a
mechanistic explanation for the frequent and often severe sleep distur-
bances observed in AD (Ferini-Strambi et al., 2024; Ju et al., 2014;
Krohn et al., 2023; Slutsky, 2024). These disturbances emerge during the
preclinical stage and progressively worsen over time, ultimately leading
to a profound disruption of the sleep-wake cycle (i.e., the so-called
sundowning phenomenon), in which patients tend to sleep during the
day and wander at night (Ehrenberg et al., 2018; Toccaceli Blasi et al.,
2023; Van Egroo et al., 2022, 2019; Warfield et al., 2023). This behav-
ioral dysregulation often necessitates the use of high doses of antipsy-
chotic medications, which carry substantial risk profiles, and frequently
culminates in institutionalization (Canevelli et al., 2016). Moreover,
disruption of sleep architecture results in a marked reduction in
slow-wave sleep (SWS) because sleep becomes highly fragmented
(Himali et al., 2023; Lim et al., 2013). SWS is the phase most strongly
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associated with the clearance of neurotoxic metabolites accumulated
during wakefulness, mediated by sleep-dependent expansion of peri-
vascular spaces and activation of the glymphatic system. Consequently,
impaired SWS exacerbates the accumulation and propagation of both
tau and AP, thereby reinforcing the vicious cycle described
above—particularly in older patients with sleep disturbances due to
common comorbidities and polypharmacotherapy (Barthélemy et al.,
2020; Beschorner and Nedergaard, 2024; Dagum et al., 2026; Himali
et al., 2023; Nedergaard and Goldman, 2020; Rollo et al., 2026a; Tekieh
et al., 2022). Indeed, even a single night of disrupted sleep increases CSF
levels of neurotoxic proteins, highlighting how rapidly damage can
accrue when this mechanism persists and worsens over time (Ju et al.,
2017; Shen et al., 2023). At this stage, it may also be important to
consider a third element—closely linked to olfactory dysfunction and LC
alterations—that could plausibly contribute to the early pathophysio-
logical processes of AD, namely cerebellar involvement. While the pre-
cise relevance and temporal dynamics of cerebellar alterations in AD
remain incompletely understood, accumulating evidence suggests that
this region may play a more active role in early network dysfunction
than traditionally assumed.

5. The cerebellum: another cue of the early breakdown of the
sensorimotor prediction system

The cerebellum is a structure of the posterior cranial fossa that
contains more than half of all neurons in the entire CNS. Although
traditionally considered exclusively involved in motor coordination, it
also contributes to a wide range of sensory, cognitive, and emotional
functions owing to its extensive connections with numerous cortical and
subcortical regions (Schmahmann, 2019). Indeed, although originally
used as a reference region, it is now recognized to exhibit specific
structural and functional alterations, in some cases even before the MCI
stage (Antonioni et al., 2025h; Y. Chen et al., 2023b; Hoxha et al., 2018;
Guangdong Liu et al., 2024b; Yang et al., 2024). Thus, the cerebellum
appears pivotal in the complex early pathophysiology underlying the
prodromal clinical features of the disease.

First, the cerebellum is a key structure for generating feedforward
internal models of sensorimotor relationships with the external envi-
ronment (Caligiore et al., 2017). It receives extensive input from both
cortical and subcortical regions, conveying information about the sys-
tem's current state and motor commands to peripheral effectors
(Antonioni et al., 2024c). This allows the cerebellum to compare pre-
dicted sensory outcomes from existing internal models with actual
sensory feedback and, in the event of a mismatch, generate
prediction-error signals that can be used to correct subsequent in-
teractions with the environment or update the internal models. Through
its connections with the basal ganglia and the hippocampus, it can not
only access models derived from prior experiences but also contribute to
modifying pre-existing neuronal ensembles that encode them
(Antonioni et al., 2024c; Bostan and Strick, 2018; Caligiore et al., 2017,
Rondi-Reig et al., 2022). Importantly, the complex interactions among
the cellular elements of cerebellar circuitry enable the expression of
multiple forms of short- and long-term synaptic plasticity, widely
regarded as the neurobiological substrates of learning and, conse-
quently, of the updating of internal models (D’Angelo, 2018a; Gao et al.,
2012). Indeed, granule cells (GrC) receive input from a network of
interconnected regions via mossy fibers (MF) and, in turn, give rise to
parallel fibers (PF) that synapse onto both Purkinje cells (PC)—the sole
output neurons of the cerebellar cortex, which exert inhibitory control
over the deep cerebellar nuclei (DCN) from which efferent projections to
other CNS stations originate—and onto inhibitory interneurons
(D’Angelo and Casali, 2012). This highly organized circuitry allows
sensorimotor relationships to be updated in response to coincident
incoming stimuli and to error signals conveyed by climbing fibers (CF)
arising from the inferior olive (I0) (D’Angelo, 2018a; D’Angelo and De
Zeeuw, 2009). Indeed, each CF projects to a single PC, modulating the
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PC's interactions with PF and signaling discrepancies between predicted
and actual outcomes (Coesmans et al., 2004). In addition, this archi-
tecture supports multiple forms of feedback and feedforward regulation,
thereby greatly increasing the cerebellum's computational complexity
and flexibility in information processing (De Zeeuw and I, 2021; Gao
et al., 2012). Importantly, the cerebellum expresses a wide range of
intrinsic rhythms and oscillations that provide a temporal scaffold for
synchronizing information-processing operations not only locally but
also across interconnected cortical networks (De Zeeuw et al., 2008).
Thus, the cerebellum is a central hub within the distributed network that
updates sensorimotor relationships with the external environment.
Here, the interactions between the LC and the cerebellum are
particularly consistent with a role in adaptive updating. Indeed, in the
context of predictive processing, prediction errors can trigger corrective
plasticity in the internal model that generates predictions (Keller and
Mrsic-Flogel, 2018). This process is likely mediated by a gating mech-
anism that increases neuroplasticity in response to prediction errors
(Hovsepyan et al., 2023; McDougle et al, 2019). As noted,

A
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neuromodulatory systems are crucial for conveying signals that modu-
late this gating process (Choi et al., 2005; He et al., 2015). Consistently,
the LC modulates plasticity gain, thereby regulating the extent to which
local prediction errors shape internal models (Jordan and Keller, 2023).
Thus, the LC serves as a central controller of the learning rate, acceler-
ating model updates in contexts of novelty, uncertainty, or rapid envi-
ronmental change. Moreover, it 1is critically involved in
context-dependent motor correction, in which the cerebellum is also
pivotal (Spampinato and Celnik, 2021; Witts et al., 2023). Notably,
noradrenergic projections from the LC (likely overlapping with path-
ways conveying signals of surprise and novelty to the hippocampus) pass
through the superior and middle cerebellar peduncles and modulate
synaptic plasticity, neuronal excitability, and responsiveness to sensory
and motor inputs, both at the level of the cerebellar cortex—particularly
in PC—and within the DCN (Caestecker et al., 2025; Ma et al., 2023;
Paker et al., 2026; Poe et al., 2020; Saitow et al., 2025; Steindler, 1981;
Waterhouse et al., 2022; Waterhouse and Navarra, 2019). Consistently,
connections between the LC and the cerebellum, at both the cortical and
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hippocampus

Fig. 2. Cerebellar circuitry and its interaction with the LC in predictive processing and adaptive plasticity. Panel A shows the cerebellar microcircuitry (D’Angelo,
2018; D’Angelo and Casali, 2012; Habas, 2023; Rondi-Reig et al., 2022). In the granule cell layer (GL), GrC), which receive input via MF, give rise to PF that synapse
onto PC and onto inhibitory interneurons, including stellate cells (SC) and basket cells (BC), which mediate feedforward inhibition on the PC. The cell bodies of PC lie
in the layer that bears their name (PcL), whereas their dendritic arbors develop in the molecular layer (ML). The PC integrate this contextual information with error
signals conveyed by CF from the IO. Through their inhibitory projections to the DCN, PC regulate cerebellar output to a wide range of targets. In the GL, Golgi cells
(GoC) are inhibitory interneurons that filter MF inputs and regulate GrC excitation (D’Angelo et al., 2013; Y. Tang et al., 2021). The dotted circle in the GL identifies a
cerebellar glomerulus, i.e., the synapse between an MF, a GrC, and a GoC, representing the primary input organization of the cerebellar circuitry. This architecture
supports multiple forms of synaptic plasticity (Gao et al., 2012). Panel B illustrates large-scale cerebello-thalamic-cortical loops (Habas, 2023; Rondi-Reig et al.,
2022). Panel C shows brainstem nuclei, namely the LC, pontine nuclei (PN), and IO. Noradrenergic (small green circles) and, to a lesser extent, dopaminergic (small
red circles) projections from the LC reach the cerebellar cortex, particularly PC, and synapse on PC and PF, as well as on the DCN—via the superior and middle
cerebellar peduncles—modulating neuronal excitability and synaptic plasticity at multiple scales. In the predictive-processing framework, the LC integrates global
prediction-error signals and encodes a context-dependent measure of surprise, thereby serving as a controller of the learning rate (Caestecker et al., 2025; Carey and
Regehr, 2009; Carlson et al., 2021; Ma et al., 2023; Ohmae and Medina, 2015; Paker et al., 2026; Poe et al., 2020; Saitow et al., 2025; Stanley et al., 2023; Steindler,
1981; Waterhouse et al., 2022; Waterhouse and Navarra, 2019; Zang and De Schutter, 2019). Thus, through coordinated interactions with cerebellar circuits (and the
hippocampus), LC-mediated neuromodulation gates plasticity during novelty, uncertainty, or rapid environmental change, thereby supporting efficient motor
correction, cognitive adaptation, and continuous updating of internal models. Created with BioRender.com.
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DCN levels, have been shown to enhance PC activity (Dietrichs, 1988;
Moises et al., 1981; Szabadi, 2013). Specifically, NE appears to modulate
associative synaptic plasticity between PC and CF (Carey and Regehr,
2009; Ohmae and Medina, 2015; Zang and De Schutter, 2019). More-
over, LC innervation is essential for regulating DCN activity, particularly
in the context of cognitive behaviour (Carlson et al., 2021). Similarly, a
specific LTP effect between PF and PC, mediated by NE release, is critical
for aversive learning, shaping cognitive and motor fear responses via
DCN targets in the brainstem (Stanley et al., 2023). Therefore, the co-
ordinated interactions among the LC and the cerebellum (together with
the hippocampus) appear well-suited to support the continuous updat-
ing of the brain’s best available models of the world. Fig. 2 shows a
schematic of the cerebellar circuitry and its connections with the LC.

As mentioned, the involvement of the cerebellum in AD pathophys-
iology is now supported by extensive research (Jacobs et al., 2018). It is
widely recognized that alterations in large-scale brain networks can
precede the onset of overt clinical symptoms by decades (Ereira et al.,
2024; Planche et al., 2022; van Nifterick et al., 2022). Beyond cerebellar
functional changes that may arise secondary to olfactory dysfunction
(discussed below), the cerebellum may be directly involved through the
spread of AD-related neuropathology originating in the LC. Indeed, the
LC and the cerebellum are tightly interconnected and jointly support
sensorimotor and mnemonic functions (Canton-Josh et al., 2022; Poe
et al., 2020; Sara, 2009; Stanley et al., 2023; Zeidler et al., 2020). The LC
regulates neurotransmitter balance in the cerebellum, so reductions in
noradrenergic input at this level can impair learning-related plasticity
(Cartford et al., 2004; Hirano et al., 2023; Poe et al., 2020; Stanley et al.,
2023). Given that LC-cerebellar connections remain relatively pre-
served despite ongoing neuropathological progression, there is a close
correspondence between the severity of neuropathological damage in
brainstem nuclei (including the LC) and in the cerebellum (Irmler et al.,
2012; Mann et al., 1990; Marcyniuk et al., 1986; Riib et al., 2016, 2001).
Thus, tau pathology may spread via prion-like mechanisms from the LC
to the cerebellum along these specific pathways (Gilvesy et al., 2022; Iba
et al., 2015). Reasonably, this process may be further exacerbated by
cerebellar functional alterations driven by the need to compensate for
peripheral sensory deficits, which require more frequent integration of
inputs that deviate from established internal models and, consequently,
greater reliance on previously encoded memories to interact effectively
with the environment (Mohan and Vanneste, 2017; Roth et al., 2013).
Such demands entail increased interactions with the hippocampus,
which, as discussed, is directly affected by olfactory system pathology
(Dintica et al., 2019; Kubota et al., 2020; Rondi-Reig et al., 2022; Sato
et al., 2024; Zeidler et al., 2020). This scenario may thus give rise to a
vicious cycle of damage that progressively worsens alterations across all
examined regions, particularly in the presence of functional exhaustion
of the LC (Geng et al., 2025; Lu et al., 2019; Manella et al., 2017; Meyer
et al., 2025; Rey et al., 2012).

In addition to tau pathology, likely as a consequence of excessive
compensatory functional load, the cerebellum also exhibits substantial
accumulation of Ap (Arleo et al., 2024; Jacobs et al., 2018; Lopez et al.,
2024). Cerebellar amyloid deposits have been reported in patients with
sporadic AD, particularly in the GL and PcL (Cheron et al., 2022; Jacobs
etal., 2018; Lomoio et al., 2012; Lopez et al., 2024). Notably, the burden
of these deposits is inversely correlated with age at disease onset (Cole
et al., 1993, 1989). Therefore, at least within this speculative frame-
work, the cerebellum may serve as a structural and functional
compensatory reserve. The saturation of this reserve—if one considers,
as in the hippocampus, that amyloid burden is a proxy for functional
exhaustion and the onset of synaptopathy—may mark the transition to
clinical symptom emergence (Bie et al., 2018; Mitoma et al., 2021, 2020;
Munoz-Musat et al., 2025; Parodi et al., 2010). Indeed, neurotoxic Ap
oligomers, in addition to classical plaques, have been detected in the
cerebellum (Hoxha et al., 2018; Tomic et al., 2009). Moreover, macro-
scopic alterations in cerebellar gray matter have also been reported,
with characteristic spatial patterns (Gellersen et al., 2017; Samstag

10

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

et al., 2025; Toniolo et al., 2023; Zhang et al., 2026). In the early stages
(even in SCD and MCI), involvement predominates in the posterior lobes
and the vermis—regions most strongly connected, respectively, with
fronto-parietal-temporal cognitive networks and with brainstem
structures—whereas the anterior lobe, primarily implicated in sensori-
motor functions, is involved later and in a less regionally specific
manner as neuropathology progresses, consistent with clinical obser-
vations at symptom onset and during disease progression (Jacobs et al.,
2018; Toniolo et al., 2023; Van Rossem et al., 2025; Zhang et al., 2026).

Importantly, white matter abnormalities have also been observed,
even at the MCI stage, following a similar posterior-to-anterior gradient,
further reinforcing the notion that connectivity plays a critical role in AD
progression (Ahmed et al., 2014; Li et al., 2013; Mascalchi et al., 2014;
Olazaran et al., 2013; Teipel et al., 2010; Toniolo et al., 2020). Indeed,
the regions most affected early on appear to be those most strongly
functionally coupled to the default mode network (DMN)—a set of brain
regions active during restful wakefulness and during internally oriented
cognition, including mind-wandering, mental time travel, and the
simulation of future events (Menon, 2023). Additionally, the olfactory
network is tightly connected to brain regions within the DMN (Gottfried,
2010; Olofsson et al., 2012; Zelano et al., 2011). Given the DMN’s
crucial role in integrating memory and semantic representations to form
a coherent “internal narrative,” and the importance of olfactory mem-
ories in this context, the functional relevance of the interaction between
the DMN and the olfactory network seems consistent (Kemmerer, 2025;
Menon, 2023; Zhou et al., 2021). Accordingly, the DMN modulates ol-
factory network activity and related behavioral responses, and this ac-
tivity is dynamic and responsive (Karunanayaka et al., 2017). Moreover,
the hippocampus is a crucial node in both the olfactory network and the
DMN, and their interplay is essential for accurate information encoding
(Barnett et al., 2021; Ezama et al., 2021; Kobayashi and Amaral, 2007;
Miller et al., 2008; Wahlheim et al., 2022; Yeshurun et al., 2009). In
these processes, the cerebellum, through its interactions with the hip-
pocampus and other key hubs, such as the precuneus and the cingulate
cortex, which are critical for integrative and motivational functions,
may play an important modulatory role (Kawabata et al., 2022; Kucyi
et al., 2015; Menon, 2023; Sanz-Morales and Melero, 2024). Notably,
the DMN is among the networks most consistently and early affected in
AD, and its disruption correlates with clinical severity, particularly in
episodic memory (Babiloni et al., 2023; Buckner et al., 2005; Chhatwal
et al.,, 2018; Ozdemir et al., 2025; Wang et al., 2024). Consistently,
functional MRI (fMRI) studies have demonstrated that alterations in
posterior cerebellar regions are present at the MCI stage and extend to
anterior regions with the onset of clinically overt AD, at which point
abnormalities become less focal and more widespread (Bai et al., 2011;
Bernard et al., 2025; Lin et al., 2024; F. Tang et al., 2021). This pattern
may reflect the progressive spread of neuropathology and/or functional
exhaustion of neighboring regions recruited to compensate for initially
affected areas. Consistent with a compensatory role for cerebellar ac-
tivity, greater cerebellar activation has been associated with better
performance during information encoding, including in longitudinal
studies of AD (Fliessbach et al., 2007; H. Li et al., 2023; McLaren et al.,
2012; Olivito et al., 2020). It is also possible, however, that such
hyperactivation reflects amyloid-related hyperexcitability, which may
initially be compensatory but ultimately becomes neurotoxic (Giorgio
etal., 2024; Zott et al., 2019). These findings suggest that the cerebellum
may be an early target of AD, and symptoms may partly result from
disrupted cerebellar computations that coordinate with cerebral net-
works via distributed loops. Breakdown of these loops causes functional
disturbances that align with AD's network topography and a
posterior-to-anterior cerebellar damage gradient.

Here, it is hypothesized that the primum movens of this cascade lies
in early damage to the olfactory function, driven by the complex inter-
play among the olfactory system, the LC, and the cerebellum. Is there
evidence linking olfactory and cerebellar function? At first glance, the
olfactory system and the cerebellum appear to be anatomically and
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functionally distant and to share little, if anything, beyond indirect in-
teractions mediated by the DMN (Jung et al., 2022; Pisano et al., 2021;
Waymel et al., 2020). However, olfaction involves not only the passive
perception of odors but also the active transport of sensory information
that gives rise to coordinated oscillations across an extended network of
olfactory regions—namely, sniffing—which can induce such network
dynamics even in the absence of odor stimulation (Granget et al., 2025).
Thus, given its central role in generating internal models, the cerebellum
may be crucial for linking a motor act to its expected sensory conse-
quence (in this case, olfactory input) (Baumann et al., 2015; Schmah-
mann et al., 2019). Indeed, it adjusts timing to manage odorant intake
by regulating sniffing strategies (Esclassan et al., 2012; Lefevre et al.,
2016; Reisert et al., 2020). Consistently, the cerebellum monitors and
evaluates prediction errors between expected and actual olfactory out-
comes from respiratory sampling (Simonyan et al., 2007; Sobel et al.,
1998b). These findings support the cerebellum's role in synchronizing
the timing of temporally salient events, particularly in conjunction with
other components of the timing network (Antonioni et al., 2025d; Koch
et al., 2009). Because the cerebellum also modulates attentional aspects
of behavior, partly through its interactions with frontal networks, it is
not possible to entirely exclude cerebellar involvement in the regulation
of these mechanisms, even in olfactory tasks (Antonioni et al., 2024c;
Picazio et al., 2016; Schmahmann et al., 2019). However, evidence
suggests that its function is more specifically olfactory. Accordingly,
cerebellar activation is elicited by odors alone (Albrecht et al., 2010;
[annilli et al., 2013; Small et al., 1997; Sobel et al., 1998a; Wabnegger
and Schienle, 2019; Yousem et al., 1997; Zhang et al., 2021). In
particular, this activation is observed not only during basic processes
such as odor detection but also during more cognitively demanding
tasks, including odor recognition memory and discrimination of odor
quality or intensity (Bensafi et al., 2008; Savic, 2001; Small et al., 1997;
Yousem et al., 1997). Moreover, cerebellar activation is crucial for ol-
factory memory in the absence of prefrontal activity, further empha-
sizing its specificity and its involvement in networks that support the
processing of self-referential thoughts and memory retrieval, such as the
DMN (Menon, 2023; Qureshy et al., 2000). Furthermore, olfactory
deficits may stem from changes in cerebellar circuitry, particularly be-
tween PF and PC, or between PC and CF (Deiss and Baudoin, 1997).
Accordingly, unilateral cerebellar lesions impair olfactory identification
in the absence of cognitive complaints (Mainland et al., 2005). Similarly,
patients with complete or partial loss of the sense of smell exhibit gray
matter alterations in several brain regions, including the cerebellum,
possibly due to compensatory plasticity in response to altered input
(Abolmaali et al., 2008; Bitter et al., 2010a, 2010b; Peng et al., 2013).
Further support for this view comes from olfactory impairments
observed in patients with lesions of the ventrolateral thalamus, a region
not directly connected to primary olfactory areas but a principal target
of cerebellar output (Spampinato et al., 2023). In fact, patients with
cerebellar lesions or damage to this thalamic region showed that the
ventrolateral thalamus is involved in olfaction to a degree comparable to
that of the cerebellum in odor-detection thresholds (Zobel et al., 2010).

A seminal fMRI study showed that certain cerebellar areas are not
merely related to sniffing per se but specifically to odor recognition and
are located in the posterolateral regions, particularly lobule VI and Crus
I and II (Schmahmann, 2023; Sobel et al., 1998a). In contrast, anterior
cerebellar regions are specifically activated by sniffing. This aligns with
the cerebellum's division into anterior lobes for sensorimotor functions
and posterolateral lobes for cognitive-affective roles (Schmahmann,
2023). Aging is associated with regionally specific alterations in activ-
ity within these cerebellar territories, suggesting that age-related
changes in the olfactory system may be accompanied by functional al-
terations in cerebellar regions dedicated to olfactory processing (Ferdon
and Murphy, 2003). Importantly, these age-related alterations are spe-
cific to the olfactory network and are not merely attributable to alter-
ations in the trigeminal system (Fitzek et al., 2022; Laska, 2001;
Sabiniewicz et al., 2023). These same cerebellar regions show increased
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activation during cued-recall tasks in patients with AD who exhibit
episodic memory deficits (Backman et al., 1999; Bernard et al., 2025).
This is particularly relevant, given that approximately 85-90 % of pa-
tients with AD consistently exhibit olfactory alterations (Murphy, 2019).
In addition, altered activation of the anterior cingulate cortex has been
highlighted in older adults during odor-stimulus presentation, another
region that is strictly interconnected with the posterior-lateral cerebellar
areas (Cerf-Ducastel and Murphy, 2004; Habas, 2023; Schmahmann,
2019; Yousem et al., 1999). Similarly, neurodegenerative disorders
characterized by prominent, progressive cerebellar damage often
exhibit marked alterations in olfactory performance, even if sometimes
to a lesser extent than in patients with AD, Parkinson’s disease (PD), and
schizophrenia, which are, indeed, characterized by specific cerebellar
alterations (Abele et al., 2003; Connelly et al., 2003; Jacobs et al., 2018;
Kang et al., 2024; T. Li et al., 2023). Taken together, these findings
suggest that age-related changes in the olfactory system may induce—at
least in the early stages—compensatory functional changes across a
broad network of areas, not only within medial temporal structures but
also in cerebellar regions and, subsequently, in interconnected nodes
(such as the anterior cingulate cortex). Reasonably, a key factor un-
derlying these distributed alterations is dysfunction of the LC, which
could account for concurrent changes across multiple nodes of this
complex, highly interconnected network (Caestecker et al., 2025;
Groves et al., 2025; Poe et al., 2020).

In later disease phases, but still in the early stages of AD patho-
physiology, the cerebellum also exhibits pronounced neuro-
inflammatory alterations, including increases of up to 91 % in microglial
cell density and changes in astrocytic subtypes and their immunoreac-
tivity (Alvarez et al., 2015; Krbot et al., 2018; Singh-Bains et al., 2019;
Yang et al., 2024). Notably, these alterations are particularly prominent
near amyloid plaques, suggesting that the inflammatory response may
initially limit the spread of damage, as plaques may act as reservoirs that
sequester toxic oligomers up to a threshold (Bigi et al., 2022; Gaunt
et al., 2023; Heneka et al., 2015; Kuwabara et al., 2014; Tsering et al.,
2025). Beyond this threshold, however, a chronic inflammatory state is
triggered, becoming deleterious and, in turn, promoting further wors-
ening and propagation of the pathology (Heneka et al., 2025). This is
particularly relevant in AD, where disease-related inflammation am-
plifies the pro-inflammatory milieu associated with aging, commonly
referred to as “inflammaging” (Franceschi et al., 2017; Giunta et al.,
2008). Finally, contributing to this process, again in an age-dependent
manner, is the increase in oxidative stress, associated with functional
exhaustion of endogenous scavenging systems and impaired mitochon-
drial biogenesis (Abadin et al., 2024; Butterfield and Boyd-Kimball,
2019; Calvo-Rodriguez et al., 2024; Ionescu-Tucker and Cotman, 2021).

It is worth noting that the cerebellum, alongside the LC, is also
involved in regulating sleep- Thus, disturbances in sleep patterns, which
are of key importance in this context, will be described in the next
section.

6. A further target of early AD-related neuropathological
changes: sleep

Sleep is a universal biological phenomenon. Although it remains only
partially understood, it is now widely accepted to play fundamental
roles in psychophysical well-being, including the regulation of immune,
autonomic, and brain metabolic processes, as well as in learning and
memory consolidation (Franken and Dijk, 2024; Irwin, 2015; Jaggard
et al., 2021; Sulaman et al., 2023). The human macrostructure of sleep
consists of a cyclic alternation of NREM and REM sleep, typically
organized into 4-5 cycles per night. NREM sleep is further subdivided
into stages based on EEG rhythms and the presence of characteristic
graphoelements—such as K-complexes and sleep spindles—which
together define the microstructure of sleep (Baranwal et al., 2023;
Parrino et al.,, 2025; Sulaman et al., 2023). Although long under-
estimated, sleep is now recognized as a key factor in the
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pathophysiology of several neurodegenerative conditions, including AD
(Ferini-Strambi, 2024; Peter-Derex et al., 2015). Indeed, patients with
AD, even in the pre-symptomatic stages, experience sleep alterations,
including sleep fragmentation, with increases in “light” sleep and de-
creases in REM sleep, SWS, and sleep spindles, often preceding the onset
of overt cognitive symptoms by many years (Bender et al., 2026; Galbiati
et al., 2018; Kegyes-Brassai et al., 2025; Lucey et al., 2021; Wang and
Holtzman, 2020; Winer et al., 2021; Zhang et al., 2019; Y. Zhang et al.,
2022). Here, it is hypothesized that such early alterations may, at least in
part, depend on dysfunction of the LC and the cerebellum, because both
structures play critical roles in the proper modulation of sleep archi-
tecture. These disturbances may, in turn, fuel a vicious cycle that ex-
acerbates the accumulation of neurotoxic byproducts and
neuroinflammation, which are likely key drivers of subsequent disease
progression.

Several models propose that NREM sleep primarily downregulates
synapses potentiated during wakefulness via LTP, encoding information
of limited relevance, whereas REM sleep supports the integration of
salient information into relevant cortical networks (Sterpenich et al.,
2014; Tononi and Cirelli, 2014, 2006). Importantly, the LC plays a
pivotal role in NREM sleep, particularly in the generation of sleep
spindles. Indeed, its stimulation reduces spindle occurrence and,
consequently, sleep-dependent memory consolidation, whereas LC in-
hibition increases spindle density by specifically modulating thalamic
activity (Aston-Jones and Bloom, 1981; Hayat et al., 2020; Novitskaya
et al., 2016; Osorio-Forero et al., 2021; Swift et al., 2018). In addition,
the LC exhibits learning-dependent increases in activity that are
phase-locked to slow oscillations (Eschenko et al., 2012; Eschenko and
Sara, 2008). During NREM sleep, timely LC discharges are essential for
promoting plasticity and memory consolidation during replay of
neuronal ensembles activated during wake experiences (Sara, 2015).
Conversely, REM sleep serves as a protected simulation environment in
which alternative scenarios can be explored, thereby optimizing senso-
rimotor models for subsequent interactions with the environment during
wakefulness (Alyssa et al., 2025). Consistently, this is the unique stage
during which the CNS is not exposed to NE release, thereby allowing
upregulation of NE receptors and maximizing their potential to induce
LTP in subsequent wakefulness (Amar and Mallick, 2015; Siegel and
Rogawski, 1988). Crucially, LC activity is physiologically silent during
REM sleep, which is fundamental to memory integration, and abnormal
LC activity during sleep may compromise these processes (Kjaerby et al.,
2022). Accordingly, dreaming (particularly the kind of dreams associ-
ated with REM sleep) could arise from internal models that run uncon-
strained by sensory input, leading to plasticity processes that generalize
these models (Aru et al., 2020). Similarly, dreaming may be associated
with memory consolidation (Wamsley, 2014). Thus, low NE levels
during REM sleep may not only promote dreaming and its effects on
memory consolidation but also facilitate other forms of cortical plas-
ticity (Aru et al., 2020; Kjaerby et al., 2022). Therefore, alterations in LC
activity associated with olfactory dysfunction could disrupt sleep pat-
terns and impair memory performance.

Notably, REM sleep is also essential for regulating emotionally
salient memories (Mendoza-Alvarez et al., 2025). Re-experiencing
events in the absence of autonomic activation mediated by NE release
appears crucial for preserving relevant components of memory while
attenuating associated hyperarousal, likely through functional disen-
gagement from the amygdala (Cabrera et al., 2024; van der Helm et al.,
2011). Thus, REM sleep is essential for the adaptive storage of
emotionally meaningful memories and for simulating future scenarios in
a way that allows them to be experienced with reduced distress.
Accordingly, REM sleep dysregulation may represent an additional
correlate of early anxiety- and mood-spectrum disturbances observed in
the disease course, as excessive noradrenergic tone during wakefulness
may persist into the night, thereby preventing effective emotional
recalibration (Pesonen et al., 2024). Reasonably, alterations in the LC,
particularly hyperactivation in the context of early olfactory
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dysfunction, may significantly disrupt the sleep profile. Indeed, even
during physiological aging, significant modifications occur in the macro-
and microstructure of sleep, including increased fragmentation; as a
result, lighter sleep stages increase at the expense of SWS and REM sleep
(Mander et al., 2017). Consistent with the high levels of NE that persist
during sleep, numerous nighttime awakenings (i.e., sleep fragmenta-
tion) are common during the prodromal stages of AD (Leng et al., 2019;
Musiek et al., 2015; Van Egroo et al., 2024). Importantly, both reduced
structural integrity of the LC system (i.e., the end of effective compen-
satory hyperactivity) and greater daytime dysfunction due to sleep
disturbances independently predict an increased likelihood of conver-
sion to MCI (Elman et al., 2021).

Interestingly, the cerebellum exhibits sleep-related activity patterns
that differ from those typically observed in the cerebral cortex. These
activities can influence sleep architecture at both macro- and micro-
structural levels (Canto et al., 2017). In fact, the sleep-wake cycle both
modulates and is tightly influenced by a reverberating circuit involving
the cerebellum-thalamus-neocortical loops (Andre and Arrighi, 2003;
De Zeeuw et al., 2008). Consistently, the same cerebellar regions that are
most active during wakefulness while performing specific tasks also
show greater activation during REM sleep, plausibly reflecting the
importance of their interaction with cortico-subcortical networks in
consolidating and integrating wakefulness-acquired information
(Cousins et al., 2016; Fischer et al., 2002; Maquet et al., 2000). The
cerebellum contributes to sleep regulation, and, conversely, sleep dis-
turbances can lead to cerebellar dysfunction, including reductions in
cerebellar volume (Li et al., 2021; Liu et al., 2023; Song and Zhu, 2021;
Torres-Herraez et al., 2022; Xu et al., 2022, 2021). Importantly, these
alterations also affect the microstructure. In particular, age-related re-
ductions in sleep spindle duration—an expression of thalamocortical
dialogue, in which cerebellar modulation of thalamic activity is likely
critically involved—have been associated with decreased cerebellar
gray matter and impairments in motor memory consolidation (Fogel
et al., 2017; Xu et al., 2021).

Notably, sleep also plays a fundamental role in regulating autonomic
functions, contributing critically—through modulation of the
sympathetic-parasympathetic balance—to the control of blood pressure
and heart rate (Ikeda and Shinohara, 2026; Zoccoli and Amici, 2020).
Accordingly, disturbances of sleep architecture are associated with
dysregulation of these mechanisms, thereby preventing the physiolog-
ical nocturnal dipping of blood pressure and heart rate that normally
occurs during NREM sleep (Nisbet et al., 2014; Silvani, 2008; Tobaldini
et al., 2013). This, in turn, leads to elevated blood pressure that persists
into wakefulness and is a major contributor to arterial hypertension in
the general population (Javaheri et al., 2024; Kanclerska et al., 2023;
Parati et al., 2025). Indeed, sleep disruption is associated with marked
sympathetic activation and increased hypothalamic-pituitary-adrenal
axis activity, resulting in elevated adrenaline levels that sustain
elevated blood pressure over a prolonged period and may lead to
chronic, even drug-resistant hypertension (Gangwisch, 2014; Guyon
et al., 2014; Makarem et al., 2021; Seravalle et al., 2018). Importantly,
LC modulation plays a vital role during sleep in regulating blood pres-
sure and heart rate, likely through its connections to the ambiguous
nucleus and the parasympathetic nucleus of the vagus nerve
(Osorio-Forero et al., 2025, 2022; Samuels and Szabadi, 2008). Thus,
autonomic function dysregulation during sleep in AD is not solely due to
sleep disturbances but also reflects changes in other key brain regions
modulated by the LC (Krohn et al., 2023; Nikolenko et al., 2024; Samuels
and Szabadi, 2008; Zoccoli and Amici, 2020). Consistently, the cere-
bellum also regulates autonomic functions, and it is therefore plausible
that cerebellar damage not only disrupts sleep per se (thereby impairing
visceral regulation) but also directly compromises cerebellar modula-
tion of autonomic control (Harper et al., 2000; Kim and Lee, 2016;
Nisimaru, 2004; Romano et al., 2020; Urbini et al., 2023; Zhu et al.,
2006). This modulation likely occurs through both cerebellar influence
on interconnected brain regions and direct connections between the
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cerebellar cortex and nuclei and the hypothalamus, a key hub for
autonomic regulation (Golanov and Reis, 1995; Zhu et al., 2006). Once
again, the relationship appears bidirectional: autonomic dysfunction
can damage the cerebellum, and cerebellar dysfunction can, in turn,
exacerbate autonomic dysregulation, thereby perpetuating the vicious
cycle discussed (Baker and Kimpinski, 2020; Bodranghien et al., 2016).
Consistently, elevations in blood pressure are common during the pro-
dromal phases of AD (Lennon et al., 2019; Walker et al., 2019). Thus,
although hypertension has traditionally been regarded as a risk factor
for disease development—given its potential to disrupt BBB integrity
and impair neurovascular coupling—the evidence suggests that, at least
in some cases, midlife arterial hypertension may also be a clinical
manifestation of an underlying neuropathological process that is already
present and actively progressing (Barisano et al., 2022; Katsi et al., 2020;
Shinohara, 2025).

Notably, the olfactory system is highly plastic, and its cellular ele-
ments undergo odor-experience-dependent changes (Barnes and Wilson,
2014; Moreno et al., 2009; Yokoyama et al., 2011). Indeed, through
plasticity mechanisms, experience-induced alterations may influence
the sensitivity and acuity of the olfactory system and associate odor
quality with contextual meaning or hedonic value (Barnes and Wilson,
2014). Therefore, functional plasticity is essential for preserving
proper olfactory function (Cheetham et al., 2016; Gillmeister et al.,
2025; Sailor et al., 2016; Wilson et al., 2004; Wu et al., 2020). Consis-
tently, activity recorded during sleep in the OB and the piriform cortex is
highly neuroplastic, and there are close correlations between SWS
duration and odor-fear memory performance (Barnes et al., 2011; Wil-
son, 2010). Furthermore, during SWS, enhanced interactions have been
observed between key olfactory network structures and cortical regions,
suggesting that sleep is critical for preserving olfaction (Onisawa et al.,
2017). In addition, sharp-wave ripples have been observed in the piri-
form cortex and resemble those in the hippocampus, whose role in
memory consolidation is well established (Buzsaki, 2015; Joo and Frank,
2018; Narikiyo et al., 2014). Whereas other large-scale brain networks
are characterized by thalamically orchestrated synchronization across
distributed cortical areas, thereby giving rise to the slow oscillations
typical of SWS, the olfactory system lacks such thalamic gating (Crunelli
et al., 2018; Schreiner et al., 2022; Shine et al., 2023). In this context,
sharp-wave ripples may be the functional equivalent within the olfac-
tory network, supporting coordinated activity and information pro-
cessing in the absence of thalamic modulation (Manabe et al., 2011).
Given the role of sleep in regulating synaptic plasticity and enhancing
sensory acuity following perceptual learning, alterations in sleep ar-
chitecture may lead to dysfunction of the olfactory system (Alain et al.,
2015; Reimann et al., 2025; Trecca et al., 2024; Yamaguchi, 2017).
Consistently, olfactory impairments have also been reported in
non-neurodegenerative sleep disorders, such as obstructive sleep apnea
syndrome (OSAS) (lannella et al., 2021; Karakurt et al., 2020). In the
case of AD, longitudinal clinical data from the preclinical stages suggest
that primary olfactory dysfunction may trigger downstream effects on
the LC and the cerebellum, followed shortly thereafter by effects on
nocturnal sleep profiles (Fortier-Lebel et al., 2025; Huang et al., 2025;
Lucey et al., 2021; Roberts et al., 2016; Wang et al., 2021). Moreover,
functional connectivity between the piriform cortex and the amygdala,
hippocampus, and neocortical areas is significantly enhanced during
NREM sleep (particularly SWS), suggesting that replay within these
circuits is essential for assigning meaning and hedonic value to learned
associations (Wilson et al., 2011; Wilson and Yan, 2010). However, this
state-dependent change in piriform cortex activity is highly dependent
on neurotransmitter signaling during sleep, particularly acetylcholine,
whose dysregulation in AD is well known (de Almeida et al., 2013;
Hampel et al., 2018). This underscores the bidirectional relationship
between sleep and olfactory function and suggests that, in patients with
AD and comorbid conditions such as OSAS, whose prevalence increases
with age, pathological processes may be further exacerbated (Cavailles
et al., 2024; Rollo et al., 2026a). Therefore, sleep is also critically
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impaired from the early stages of the disease, likely due to the interplay
among the crucial pathophysiological elements discussed here.

7. Bridging predictive processing and AD pathophysiology:
focus on molecular mechanisms

While the previous sections examined in detail the consequences of
age-related sensory changes on predictive coding, with particular
attention to the implications from a network perspective, this section
explores the molecular evidence linking errors in predictive coding to
the proposed pathophysiological cascade. Indeed, a mechanistically
grounded interpretation of this framework can be articulated by linking
predictive coding dynamics to key processes in AD pathophysiology,
thereby further supporting this integrative view. As previously
described, in predictive coding architectures, persistent sensory uncer-
tainty or degraded afferent precision requires sustained prediction-error
signaling and, thus, compensatory gain modulation by the LC-nora-
drenergic system (Jordan, 2024; Jordan and Keller, 2023). This
increased activity of the LC leads to enhanced NE release, whose
downstream metabolites appear to facilitate tau protofibril phosphory-
lation, particularly in APOE4 carriers—but not in carriers of the APOE3
or APOE2 isoforms, which are, indeed, relatively protective against AD
onset (Kang et al., 2021; Silva et al., 2019; Weinshenker, 2018). Tau
aggregates are thought to begin accumulating as early as the first de-
cades of life (Braak and Del Tredici, 2012b, 2011); however, only upon
aberrant hyperphosphorylation do these assemblies become prone to
pathological aggregation and dissemination, ultimately forming the
characteristic neurofibrillary pathology of AD (Rawat et al., 2022).
Importantly, the LC is one of the earliest, possibly the very first, sites of
pTau accumulation (Hary et al., 2025). From the LC, pTau may subse-
quently propagate to anatomically interconnected regions, potentially
through prion-like trans-synaptic spreading mechanisms (Clavaguera
et al., 2017; Mudher et al., 2017).

Amyloid pathology appears to facilitate this propagation process, a
point of particular relevance within the present framework (van der
Kant et al., 2020). Indeed, neuroplastic and predictive coding alter-
ations induced by degraded sensory inputs are unlikely to remain
confined to primary sensory systems. Rather, they progressively extend
to broader brain networks, especially those linked to sensory modalities
characterized by early signal degradation, most prominently the olfac-
tory system (B. Chen et al., 2022; Mormino et al., 2012; X. Zhang et al.,
2024; Zhu et al.,, 2025). These networks may undergo sustained
compensatory increases in activity to optimize the processing of
impoverished sensory information and enhance interactions with
distributed cortical hubs that store previously acquired, more reliable
internal representations (Hampstead et al., 2016; Jonin et al., 2022;
Liang et al., 2020; Pozar et al., 2024). Such compensatory recruitment
may transiently support perceptual inference by integrating degraded
incoming signals with preserved memory-based priors. However,
chronic hyperactivity and persistent prediction-error signaling within
these interconnected circuits may simultaneously increase metabolic
stress, neuromodulatory burden, and vulnerability to tau and
amyloid-related pathological processes, thereby contributing to the
progressive network spread of Alzheimer-type neurodegeneration (Hein
et al., 2025; J. Zhang et al., 2024). Crucially, chronic elevation of
neuronal firing and synaptic activity within these compensatory net-
works is highly biologically relevant, as both Af release and tau secre-
tion are strongly activity-dependent processes. Experimental studies
have shown that increased synaptic activity enhances amyloidogenic
processing of the amyloid precursor protein (APP) and promotes
extracellular Af release at active synapses (Buckner et al., 2005; Cirrito
et al., 2005; Kamenetz et al., 2003; Schroeder and Koo, 2005). Likewise,
neuronal hyperexcitability facilitates tau phosphorylation and propa-
gation, possibly through activation of kinases and stress-related
signaling cascades (Nishida et al., 2024; Shimojo et al., 2020; Su
et al., 2024; Targa Dias Anastacio et al., 2022; X. Wu et al., 2025).
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Conversely, tau can directly enhance neuronal excitability, which may
further exacerbate hyperactivity associated with compensatory re-
sponses (Crimins et al., 2012; Rudy et al., 2015; Weinshenker, 2018).
Therefore, chronic prediction-error processing may create a state of
sustained excitatory and metabolic pressure that progressively shifts
adaptive plasticity toward maladaptive proteostatic overload (Migeot
et al., 2022; Peters et al., 2017).

Importantly, the LC is positioned to mediate this transition. As
mentioned, early compensatory hyperactivity of LC neurons increases
NE release, thereby enhancing neural gain, optimizing signal-to-noise
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ratios, and stabilizing internal models under conditions of uncertain
sensory input (McBurney-Lin et al., 2019; Theriault et al., 2025).
However, prolonged noradrenergic activation has several downstream
consequences that may directly favor molecular pathology. First, sus-
tained adrenergic signaling increases oxidative stress and mitochondrial
burden in highly active neurons, thereby facilitating tau hyper-
phosphorylation through redox-sensitive kinase pathways (Corbi et al.,
2013; Manukyan et al., 2023; Sanchez-Padilla et al., 2014; X. Wu et al.,
2025). Second, NE metabolism itself generates reactive metabolites that
have been proposed to promote tau misfolding and pre-tangle
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Fig. 3. A sensory-driven, LC-centered model of AD progression from early compensation to cognitive decline. Panel A presents a timeline of the patho-
physiological cascade. The earliest stage features pre-tangle pTau accumulation in the LC of healthy young individuals (Harley et al., 2021; Poe et al., 2020;
Stratmann et al., 2016). Age-related sensory dysfunction acts as an upstream trigger, altering predictive brain networks (Groves et al., 2025; Murphy, 2019). This
induces early functional compensation, marked by increased LC activity, pTau aggregation, engagement of olfactory and cerebellar networks, and a protective
neuroinflammatory response (Cuello, 2017; Jacobs et al., 2021a; Koops et al., 2025; Palmer et al., 1987; Prokopiou et al., 2022; Weinshenker, 2018). Reasonably, this
stage corresponds to SCD (Fortier-Lebel et al., 2025; Wang et al., 2021). As compensatory mechanisms become strained, secondary alterations emerge, including
sleep disturbances, arterial hypertension, anxiety, and mood disorders (which, in some cases, align with cerebellar cognitive-affective syndrome, CCAS) (Alvaro
et al.,, 2013; J. Chen et al., 2023; Huang et al., 2025; Schmahmann, 2023). Exhaustion of compensatory mechanisms leads to the spread of pTau from the LC to
distributed brain networks, synergistic interactions with Ap, noradrenergic breakdown, and dysfunction of other neurotransmitter systems (Ahmed et al., 2014, p.
201; Gellersen et al., 2017; Hampel et al., 2018; Harley et al., 2021; Krohn et al., 2023; Poe et al., 2020; Samstag et al., 2025; Stratmann et al., 2016; Toniolo et al.,
2023, 2020; Zhang et al., 2026). Finally, chronic neuroinflammation and BBB disruption accompany overt cognitive decline (Cuello, 2017; Eimer et al., 2025; Heneka
et al., 2025; Knox et al., 2022). Panel B shows the network-level interactions underlying these processes. Solid red arrows indicate early functional compensatory
pathways between the peripheral olfactory system and the LC, the cortical olfactory network, and the cerebellum, whereas solid yellow arrows represent secondary
compensatory routes (B. Chen et al., 2022; Mitoma et al., 2020; Mormino et al., 2012; X. Zhang et al., 2024; Zhu et al., 2025). Dashed red arrows indicate primary
pTau propagation from the LC, while dashed yellow arrows indicate secondary dissemination from downstream sites (Braak et al., 2011; Mudher et al., 2017; Thal
et al., 2002). Red amyloid plaques indicate early Ap accumulation within regions engaged in functional compensation (speculatively in the olfactory epithelium),
which are frequently surrounded by red microglia, i.e., an early, protective inflammatory response (Arnsten et al., 2021; Cuello, 2017; Fan et al., 2017; Herz, 2025;
Huang, 2024; M. Liu et al., 2024). Yellow plaques represent secondary Ap accumulation associated with the spread of neuropathology (Iadanza et al., 2018; Thal
et al., 2002, 2000). The dashed yellow inset highlights late-stage chronic neuroinflammation (Barisano et al., 2022; Fan et al., 2017; Heneka et al., 2025).
Microglial-driven maladaptive plasticity accelerates network failure (Pena-Ortega, 2025; G. Yang et al., 2025). ApoE4 facilitates pre-tangle pTau aggregation (Frisoni
et al., 2022; Martens et al., 2022). Overall, the figure presents a unified framework spanning the long preclinical phase to the later emergence of cognitive symptoms,
emphasizing the bidirectional, network-level nature of these alterations. Created with BioRender.com.
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aggregation (Kang et al., 2021; Silva et al., 2019; Weinshenker, 2018).
Third, chronic hyperactivity increases local energy demand while
impairing synaptic proteostasis, thereby reducing the efficiency of
autophagic and lysosomal degradation systems required for the clear-
ance of misfolded neurotoxic species (Jiang and Bhaskar, 2020; Malik
et al., 2019; Martinez et al., 2023; Morrone et al., 2023; Orr and Oddo,
2013; L. Yang et al., 2025).

Interestingly, predictive coding failure may also impair glymphatic
and neuroimmune clearance mechanisms. Consistently, LC activity ex-
erts major regulatory control over sleep architecture and arousal state,
both of which critically influence glymphatic flux and interstitial
clearance of soluble Ap and tau (Falgas et al., 2026; Nedergaard and
Goldman, 2020; van Hattem et al., 2025). During early compensatory
phases, persistent LC activation and elevated arousal likely reduce SWS
efficiency, thereby diminishing glymphatic clearance and favoring
extracellular accumulation of toxic proteins (Ross and Van Bockstaele,
2021; Swift et al., 2018). This mechanism provides a biologically
plausible link between early sleep disturbances, chronic prediction-error
signaling, and progressive pathological aggregate deposition. Simulta-
neously, prolonged neuronal hyperactivity activates microglia within
overloaded networks (Abiega et al., 2016; Dissing-Olesen et al., 2014).
Initially, this response may be protective, supporting synaptic remod-
eling and protein clearance; however, chronic activation progressively
shifts glial cells toward maladaptive inflammatory phenotypes marked
by impaired phagocytosis, excessive synaptic pruning, cytokine release,
and BBB destabilization (Heneka et al., 2025, 2015). Such changes
further compromise clearance efficiency and promote Ap accumulation
and the spread of pTau pathology across structurally and functionally
connected networks (Laurent et al., 2018; Roemer-Cassiano et al., 2025;
Webers et al., 2020).

From this perspective, predictive coding dysfunction is not merely a
computational abstraction but may reflect a biologically grounded
process linking chronic compensatory neural activity to progressive
failures across proteostasis, neuromodulatory regulation, sleep-
dependent clearance, and neuroimmune homeostasis. The model
therefore predicts that brain regions subjected to sustained prediction-
error burden and compensatory hyperactivity should preferentially
show early Ap accumulation, tau hyperphosphorylation, altered glial
states, and subsequent network degeneration—a pattern often consis-
tent with current observations in preclinical AD.

8. An integrative overview of early AD pathophysiology and its
clinical implications

Fig. 3 provides an overview of the pathophysiological process dis-
cussed here.

Although AD has traditionally been conceptualized as arising from
the sequential accumulation of Af and pTau, in cases not driven by
known genetic mutations, the mechanisms that trigger these processes
remain largely unclear (Kasper P Kepp et al., 2023). First, a weak cor-
relation has been reported between cerebral amyloid burden and
cognitive dysfunction, even years later, despite substantial hippocampal
deposition (Cohen et al., 2019; Dubois et al., 2018; Neve and Robakis,
1998; Schmitz et al., 2004; Sturchio et al., 2022, 2021). Thus, the
originally postulated direct cause-and-effect relationship appears at
least incomplete, particularly when considering the multitude of addi-
tional risk factors that may facilitate disease onset and modulate its
trajectory (Frisoni et al., 2022; Haass and Selkoe, 2022; Kasper P. Kepp
et al., 2023). Moreover, while newer disease-modifying therapies have
shown promising results—especially in carefully selected
patients—early monoclonal antibodies were able to remove a large
proportion of cerebral amyloid deposits without meaningfully altering
the trajectories of cognitive decline. Indeed, several clinical trials have
failed, even when treatment was initiated at the MCI stage (Ayton and
Bush, 2021; Castellani and Perry, 2012; Chhabra et al., 2024; Doody
et al., 2014; Fox et al., 2025; Imbimbo et al., 2021; Karran and De
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Strooper, 2022; Nicoll et al., 2019; van Dyck et al., 2025). In genetic
animal models of disease—often characterized by rapid, extensive
development of AD neuropathological features within short timeframes,
without additional risk factors, and sometimes dependent solely on Ap
or tau, thus significantly differing from human AD—these monoclonal
antibodies appear to reverse cognitive impairments (Games et al., 1995;
Herrup, 2015; Hsiao et al., 1996; Padmanabhan and Gotz, 2023; Puzzo
et al., 2015; Singhaarachchi et al., 2025). Hence, in controlled experi-
mental settings where dysfunction can be directly attributed to the
accumulation of neurotoxic products, removing amyloid leads to
cognitive improvement; however, this does not always hold true in
humans. Therefore, although Ap and pTau are undoubtedly central to
AD pathophysiology, they may not constitute the primary initiating
event in the disorder, at least in isolation (Kasper P Kepp et al., 2023).
Importantly, at physiological nanomolar concentrations, monomeric Af
exerts neurotrophic effects and may contribute to proper synaptic
transmission, BBB integrity, regulation of ion channel dynamics, and
antimicrobial defense (Brothers et al., 2018; Kamenetz et al., 2003;
Kumar et al., 2016; Lee et al., 2007; Yu et al., 2006). Consequently,
indiscriminate removal of amyloid may have significant implications for
CNS health, and it remains uncertain to what extent Af clearance alone
can yield enduring therapeutic benefits. Targeting amyloid plaques,
which may be deposits that impede the spread of oligomers, could
exacerbate the toxic effects of Ap fibrillar products (Tolar et al., 2021).
Instead, the ideal target may be the Ap oligomers themselves, to prevent
synaptic damage caused by their accumulation and to restore the
monomeric forms that are important for physiological function (Fantini
et al., 2020; Kepp, 2016). However, because Af oligomers are in equi-
librium with both monomeric and aggregated species, the lack of clinical
efficacy of previous treatments, despite the removal of Ap monomers or
plaques, raises concerns (Panza et al., 2019). Moreover, even drugs
specifically designed to target Af oligomers failed to provide significant
clinical benefits (Arndt et al., 2018; Heidebrink and Paulson, 2024). If
amyloid accumulation indeed reflects, at least in the earliest stages, a
compensatory response of the regions in which it arises, it follows that
the timing of therapeutic intervention is likely to be a critical determi-
nant of treatment efficacy. Specifically, interventions should be
administered within a window that does not undermine these early
compensatory mechanisms yet is sufficiently timely to prevent the
synaptic damage associated with the accumulation of toxic oligomeric
species. When the risks associated with these treatments are considered,
it becomes evident that their use requires careful evaluation, particu-
larly in the absence of a comprehensive understanding of the disease
(Avgerinos et al., 2021). Finally, significant Ap deposition is a common
finding even in cognitively healthy older adults, further raising concern
about this hypothetical sequence of events (Bennett et al., 2006; Filip
et al., 2025; Jagust, 2016; Morris et al., 2010).

Against this background, the aim of the present work was not to
challenge the amyloid cascade hypothesis, which provided crucial in-
sights into the complex biology of AD. Instead, it is important to
emphasize that this theory appears incomplete because it does not fully
account for factors that may be essential to understand AD pathophys-
iology, particularly given that the traditional focus on hippocampal Ap
accumulation may not invariably reflect the true starting point. Here, it
is hypothesized that the accumulation of AD neuropathological
hallmarks—primarily tau, as supported by its much stronger correlation
with clinical progression than Ap—may be triggered by sensory deficits,
particularly olfactory impairment, which is almost invariably present
with aging (Murphy, 2019; Musiek and Holtzman, 2015). This, in turn,
may promote the accumulation and spread of neurotoxic species in
critical regions of the CNS, foremost the LC, which initially undergoes
compensatory changes in activity but becomes increasingly vulnerable
to neurodegeneration over time (Krohn et al., 2023). In rapid succession,
this process may reasonably induce dysfunction in cerebellar circuits
and medial temporal lobe networks, both of which may be affected not
only by neuropathology propagated from the LC but also by functional
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disturbances secondary to olfactory system dysfunction, with which
they are tightly interconnected. These processes might give rise to sleep
complaints, blood pressure alterations, and mood disturbances that
precede, by a substantial margin, the cognitive impairments classically
associated with AD, which typically emerge only at later stages, likely
when compensatory mechanisms have been exhausted, pTau has spread
widely, and neural damage has become extensive. Neuroinflammatory
changes secondary to these alterations may initially serve a compensa-
tory role but later become sources of additional injury, synergizing with
LC dysfunction to promote BBB disruption. This, in turn, exposes the
CNS to peripheral toxic and infectious agents, further amplifying the
vicious cycle of damage (Sweeney et al., 2018). Consistently, both Ap
and pTau exhibit antimicrobial activity, suggesting that both Ap plaques
and NFTs may also represent an orchestrated innate immune defense
response to microbial infection in the CNS, at least in some cases and at
some stages of the disease course, when the BBB is significantly
damaged, or the neuroinflammatory environment is permissive to direct
neuronal infection (Eimer et al., 2025; Heneka et al., 2025; Knox et al.,
2022; Sian-Hulsmann and Riederer, 2024; Vojtechova et al., 2022).
Interestingly, two peaks of microglial activation have been observed
during the longitudinal progression of AD: an early peak with a pro-
tective role and a second, pro-inflammatory peak (Cuello, 2017; Fan
et al., 2017). Glial cells also exhibit plasticity mechanisms that interact
with neuronal mechanisms to shape adaptation to diverse stimuli
(Dzyubenko and Hermann, 2023). In chronic inflammation, microglia
may induce various forms of maladaptive plasticity, particularly when
LC damage is present (Pena-Ortega, 2025; Schramm and Waisman,
2022; G. Yang et al, 2025; Zhao et al., 2024). Therefore,
anti-inflammatory agents targeting microglia may be most effective in
the later stages of the disease, whereas in the early stages, they may be
detrimental without a pathophysiologically informed modulation
strategy (Topalis et al., 2026; Villarejo-Galende et al., 2020).
Collectively, these observations suggest that the olfactory system, the
cerebellum, and sleep—both directly and through LC-mediated
mechanisms—might be key players in the earliest stages of AD. Thus,
even if this is merely speculation for the moment, several important
implications follow. First, olfactory impairment, even if often over-
looked in current clinical practice, may be among the most noninvasive,
cost-effective, and sensitive tools for early screening and identification
of individuals who are candidates for disease-modifying therapies,
particularly when combined with subtle cognitive deficits (especially
SCD) and early biomarkers, and potentially even in isolation, before
other markers of more advanced damage emerge (Jobin et al., 2025;
Dongming Liu et al.,, 2024; Liu et al., 2025; Shrestha et al., 2025).
Moreover, this framework opens the possibility of targeting olfactory
dysfunction through broader, mechanism-informed interventions to
reduce maladaptive network stress and restore physiological predictive
processing. From this perspective, olfactory impairment may not only
serve as a clinical biomarker of early AD but also be a modifiable source
of chronic compensatory neural activity within olfactory-limbic-LC
circuits. Accordingly, interventions aimed at preserving or restoring
sensory fidelity could theoretically reduce aberrant network hyperac-
tivity and downstream neuromodulatory stress. Consistently, recent
work has demonstrated that olfactory training can improve not only
olfactory function but also cognition and promote structural and func-
tional changes (Vance et al., 2023). Although speculative, this could be
useful in this context, as realigning the LC’s activity toward patterns
more akin to physiological ones could justify a reduction in harmful
hyperactivity, as discussed in the previous sections. Furthermore, given
that age-related degeneration of other sensory modalities (primarily
hearing and sight) likely synergizes with the onset and progression of the
neuropathological cascade described, interventions that improve these
modalities, both from a peripheral perspective and through promising
strategies that modulate the brain network, could be equally useful in
the early stages of the disease to slow its progression (Chadha et al.,
2023; Lin, 2024; Martorell et al., 2019; Monteiro et al., 2022; Sprinzl
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and Riechelmann, 2010; Thamizhmani et al., 2024; US Preventive
Services Task Force, 2022). Thus, in addition to structured olfactory
training paradigms, future strategies could include multimodal
sensory-enrichment programs that integrate olfactory, auditory, visuo-
spatial, and somatosensory stimulation to reinforce adaptive
cross-network interactions and support efficient updating of sensory
predictions (Gkintoni et al., 2025; Mathias and von Kriegstein, 2023).
Such interventions may be particularly relevant during the preclinical or
prodromal stages, when large-scale network integrity remains partially
preserved (Guo et al., 2016a). Experimental evidence from environ-
mental enrichment paradigms further suggests that sustained sensory
and cognitive stimulation may modulate synaptic plasticity, neuro-
inflammatory and neurotrophic pathways, and stress-related neuro-
modulatory  systems, including LC-dependent noradrenergic
transmission (Dinse and Tegenthoff, 2015; Mather and Harley, 2016; Q.
Zhang et al., 2025). Although these approaches remain largely under-
explored in AD, they align with the evidence presented in the present
work (Yang et al., 2021). Additional olfactory-targeted strategies may
also warrant investigation. For example, interventions aimed at
improving nasal airflow and the quality of olfactory input—such as
treating chronic rhinosinusitis, reducing environmental pollutants, or
managing sinonasal inflammatory conditions—could theoretically
mitigate persistent sensory degradation and the compensatory hyper-
activation hypothesized in this framework (Ajmani et al., 2016; Dan Liu
et al., 2024a; Wei et al., 2025). Furthermore, strengthening public
health strategies for smoking prevention and cessation may be highly
relevant. Indeed, beyond its well-established multisystem detrimental
effects on human health, chronic tobacco exposure profoundly impairs
olfactory function in a dose-dependent manner, contributing to sensory
degradation and altered olfactory processing (Glennon et al., 2019;
Maritz and Mutemwa, 2012; Walchli et al., 2025). Importantly, olfac-
tory loss associated with smoking may be reversible, which is funda-
mental from a preventive perspective (Ajmani et al., 2017). Finally,
although still highly speculative, interventions aimed at preserving or
enhancing olfactory neurogenic capacity during aging may also deserve
consideration. Adult neurogenesis, particularly within olfactory-related
and hippocampal circuits, has been implicated in sensory adaptation,
memory processing, and network plasticity (Malvaut and Saghatelyan,
2016; Sakelaris and Riecke, 2025; Surget and Belzung, 2022). Strategies
capable of sustaining these regenerative and plastic processes
throughout aging could theoretically improve the adaptive updating of
internal models, maintain network flexibility, and increase resilience to
the pathological cascades described in this framework (Kim et al., 2025;
Lledo and Saghatelyan, 2005). However, the translational relevance of
these approaches in humans remains hypothetical and will require
substantial experimental validation.

Conversely, clinically applicable treatment strategies could be
developed much more quickly using non-invasive neuromodulation
techniques. Indeed, the cerebellum may be a critical target not only for
early disease detection but also, perhaps more importantly, for thera-
peutic intervention. Given the cerebellar involvement in a wide range of
cognitive, sensory, and affective functions and the selective early
involvement of posterolateral cerebellar regions along the AD contin-
uum, clinical assessment should extend beyond the exclusion of overt
motor coordination abnormalities (Antonioni et al., 2024c; Bernard
et al., 2025; Y. Chen et al., 2023b; Schmahmann, 2019). Instead, sen-
sitive tools specifically designed to detect subtle and insidious deficits at
the earliest stages are required. Indeed, identifying
patients—particularly those with olfactory impairment—who exhibit
features consistent with the so-called cerebellar cognitive affective
syndrome (CCAS) may serve as an additional criterion for selecting in-
dividuals who could benefit from early intervention (Hirsch et al., 2025;
Hoche et al., 2018). Furthermore, the cerebellum may serve as a central
node in the early pathophysiology from multiple perspectives. Indeed, it
may be involved in the genesis of cholinergic dysfunction. This is not
surprising, given that the basal forebrain cholinergic
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system—particularly the nucleus basalis of Meynert—represents a
cholinergic relay station that modulates activity across the entire
neocortex, effectively constituting a telencephalic extension of the
ascending reticular activating system, of which the LC is a key compo-
nent (Edlow et al., 2012; Miyawaki et al., 2023). Consistently, orex-
inergic neurons of the lateral hypothalamus, which are instrumental in
sustaining wakefulness, send dense projections to the LC (Hagan et al.,
1999; Soya et al., 2017). Degeneration of the olivo—ponto-cerebellar
system is associated with morphological alterations in the Meynert nu-
cleus, suggesting that the cerebello—cortical loop, at least indirectly,
modulates these basal forebrain structures, while it is also a major target
of cholinergic modulation (He et al., 2023; Tagliavini and Pilleri, 1985;
Turner et al., 2011). In AD, the nucleus basalis of Meynert exhibits
significant neuronal loss (Hanna Al-Shaikh et al., 2020). This loss leads
to central cholinergic deficits and related cognitive dysfunction and
underlies the neurobiological basis for primary symptomatic treatments
in AD, such as cholinesterase inhibitors (Giacobini et al., 2022;, 2018).
This is particularly relevant not only because acetylcholine plays a
well-established role in memory and sleep-wake regulation, but also
because it serves as a key neurobiological substrate of sensorimotor
integration—one of the functions most markedly altered, from a
neurophysiological standpoint, in AD (Allard and Hussain Shuler, 2023;
Ananth et al., 2023; Fore et al., 2020; Liu et al., 2018; Ozen Irmak and de
Lecea, 2014; Platt and Riedel, 2011; Yang et al., 2022). Moreover,
altered sensorimotor integration is a common feature of olfactory
dysfunction, cerebellar alterations, and sleep disturbances, further
strengthening this pathophysiological link (Cross et al., 2021; Iravani
et al., 2021; Stone et al., 2019; Tamburin et al., 2003; Xu et al., 2026;
Yan et al., 2022). Crucially, patients with AD exhibit specific impair-
ments in anticipatory behaviors—processes that depend on the integrity
of internal models generated and continuously updated by the cere-
bellum, together with the noradrenergic and cholinergic circuitries (de
Nobile et al., 2025; Fore et al., 2020; Iosif et al., 2026; Prestori et al.,
2013).

In AD, various neuromodulation approaches have recently shown
promise, both in the short and long term, with a safe profile, particularly
when targeting a crucial node of the DMN, such as the precuneus
(Antonioni et al., 2025c¢; Koch et al., 2022, 2024, 2025; Mencarelli et al.,
2024). Therefore, the cerebellum may be a valuable target, particularly
in early disease stages, such as SCD and MCI (Manto et al., 2022).
Indeed, TMS-EEG studies have shown that cerebellar repetitive TMS
(rTMS) protocols, which induce long-lasting neuroplastic changes, can
significantly modulate cerebellar-cortical connections, thereby influ-
encing inhibitory interneuron activity and the intrinsic EEG oscillations
of interconnected areas (Casula et al., 2016; Koch et al., 2008). Given
that alterations in excitation/inhibition balance are central to AD
pathophysiology, cerebellar NIBS protocols, which primarily act on
GABAergic circuits in interconnected brain regions via the thalamus,
could normalize this imbalance, leading to significant clinical im-
provements, as already shown in other pathological contexts (Antonioni
et al., 2024c; Baroni et al., 2024; Burns et al., 2026; Fortel et al., 2023;
Koch et al., 2019; Maestd et al., 2021; Martino Cinnera et al., 2025; Taub
et al., 2013). Moreover, dysfunction of the cholinergic, dopaminergic,
and noradrenergic systems, which are key players in sleep regulation,
neurodegeneration, and neuroinflammation, is fundamental to AD
pathophysiology (Craig et al., 2011; Koch et al., 2014; Martorana and
Koch, 2014; Motta et al., 2023; Oh et al., 2019b). Since rTMS may
modulate these circuits, the therapeutic potential of these protocols
extends to this dimension of AD pathophysiology as well (Sharbafshaaer
et al., 2024). Notably, cholinergic circuit dysfunction manifests as an
alteration in a distinctive neurophysiological biomarker—namely,
short-latency afferent inhibition (SAI)—a hallmark of AD (Koch and
Spampinato, 2022). Cerebellar rTMS has been shown to modulate SAI
exclusively in patients with AD, not in healthy subjects (Di Lorenzo
et al., 2013). This further supports the hypothesis that the cerebellum
may be involved in AD pathophysiology and that its modulation could
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target neurobiological mechanisms underlying the disease. Interest-
ingly, beyond cerebellar stimulation, promising experimental neuro-
modulatory approaches, including vagus nerve stimulation and other
brainstem-targeting paradigms, have been hypothesized to modulate
LC firing patterns and noradrenergic signaling, potentially reducing
maladaptive hyperactivation while preserving network flexibility and
sleep architecture (Hulsey et al., 2017; Seminck et al., 2024). This could
hold promise for fine-tuning LC activity, preventing a shift toward
chronic hyperactivity associated with functional exhaustion while still
ensuring compensatory function, ideally in combination with other in-
terventions (such as those discussed above) that, at least in theory, can
counteract the underlying pathophysiology. Although the potential of
neuromodulatory treatments in clinical neurorehabilitation is extremely
promising, significant gaps remain, particularly in real-world clinical
practice (Pournajaf et al., 2026). Consequently, attention should also be
directed towards more established strategies that are already widely
applicable, even beyond highly specialized centers.

Importantly, the cerebellum is also a pivotal region in the mirror
neuron system (MNS), i.e, a network of neurons active during both the
execution of an action and the observation of the same or a logically
related action (Errante et al., 2023; Errante and Fogassi, 2020). Impor-
tantly, the MNS is altered in AD (Farina et al., 2020). Although the
MNS’s functions appear to be preserved with physiological aging, they
are altered in MCI and, most notably, in patients with AD (Farina et al.,
2017). Notably, the EEG mu rhythm, widely regarded as a neurophysi-
ological biomarker of sensorimotor integration associated with MNS
activity, is typically disrupted in this patient population (Fox et al.,
2016, p. 201; Moretti et al., 2011). Therefore, even in the context of
AD, MNS could play an important role in diagnosis, prognosis, and
treatment response, as suggested in other patient populations
(Antonioni et al., 2024a, 2024c; Ciullo et al., 2026; Milani et al., 2025).
Beyond damage to cortical regions—which, as noted above, may be
more closely associated with later pathological stages—it is reasonable
that early cerebellar dysfunction may also account for these findings
(Antonioni et al., 2024c; Yang et al., 2024). Additionally, because the
cerebellum is connected to cortical inhibitory interneurons with mirror
properties, alterations in these interneurons may also contribute to these
abnormalities, particularly given that parvalbumin-positive
terneurons are key targets of AD neuropathology (Antonioni et al.,
2024c; Smeralda et al., 2024). Finally, as the cerebellum modulates
brain networks by influencing the thalamus, thalamic dysfunction may
also underlie the EEG alterations associated with MNS functioning (as
well as, in part, alpha-band alterations discussed in the previous sec-
tions) (Biesbroek et al., 2024; Habas et al., 2019). Overall, the cere-
bellum plays a fundamental role, directly or indirectly, in accounting for
these converging lines of evidence, as already suggested in other
(though in some pathophysiological respects similar) neurodegenerative
disorders, such as frontotemporal dementia (FTD) (Antonioni et al.,
2023c, 2025f, 2025h; Manto et al., 2022). Therefore, early identification
of individuals with AD neuropathology could enable the timely imple-
mentation of both pharmacological and non-pharmacological thera-
peutic strategies. These may include NIBS—especially targeting the
cerebellum—and interventions based on MNS function to improve
sensorimotor integration.

Finally, sleep disturbances—particularly those linked to anxiety- or
mood-related symptoms, especially if new or worsening around midlife,
and in patients with recently developed, treatment-resistant
hypertension—may serve as an additional indicator for the earliest
stages of disease (Alvaro et al., 2013; J. Chen et al., 2023; Makarem
et al., 2021; Palta et al., 2021; Santisteban et al., 2023; Ungvari et al.,
2025; Jinhuan Zhang et al., 2025). Beyond their diagnostic relevance,
they are essential from a therapeutic perspective. Indeed, sleep-focused
interventions may have even broader translational potential because
sleep directly influences several mechanisms implicated in AD patho-
physiology, including glymphatic clearance, synaptic homeostasis,
neuroimmune regulation, metabolic stress, and tau propagation

in-
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(Proserpio et al., 2018). Thus, normalizing sleep patterns through sleep
hygiene, circadian rhythm alignment, management of comorbid condi-
tions (e.g., OSAS, systemic illnesses), and careful wuse of
sleep-modulating medications may counteract key pathophysiological
mechanisms, thereby substantially slowing disease progression and
widening the therapeutic window for effective interventions (Aktan
Siizgiin et al., 2025; Javed et al., 2023; Lacerda et al., 2024; Van Egroo
etal., 2019; Xia and Hu, 2025). In particular, treating insomnia, which is
very common in this patient population, with safe, evidence-based ap-
proaches such as cognitive behavioral therapy for insomnia (CBT-I) may
be relevant not only for slowing disease-related pathological processes
but also for improving quality of life and mood, and reducing the
pharmacological burden (Ferini-Strambi et al., 2020; Latella et al.,
2025). Consistently, by improving sleep continuity and restoring a more
physiological sleep architecture, CBT-I could theoretically mitigate
several mechanisms implicated in AD pathophysiology, including
chronic hyperarousal, impaired glymphatic clearance, and neuro-
inflammatory activation (Mander et al., 2016). Similarly, early treat-
ment of sleep breathing disorders with continuous positive airway
pressure (CPAP) or other targeted interventions—such as mandibular
advancement devices or positional therapies—may be especially
important for reducing sleep fragmentation and intermittent hypoxic
burden (Blackman et al., 2021; Ciavarella et al., 2025; Rollo et al.,
2024). These factors are increasingly recognized as potential contribu-
tors to AD-related neurodegeneration, which can synergize with
neuropathological hallmarks through oxidative stress, vascular
dysfunction, neuroinflammation, and altered neuronal excitability (J.
Zhang et al., 2025; W. Zhang et al., 2025). Consequently, prompt
identification and management of sleep disorders may represent a
clinically actionable strategy not only for symptomatic improvement,
but also for potentially attenuating the progression of neuropathological
processes associated with AD. Moreover, chronobiological interventions
aimed at stabilizing circadian rhythmicity may represent an important
complementary strategy. Timed bright-light exposure, circadian rein-
forcement protocols, sleep-wake schedule regularization, and in-
terventions targeting social and behavioral zeitgebers may help preserve
physiological oscillatory dynamics and reduce chronic LC activation
associated with sleep fragmentation and nocturnal arousal instability
(Ferini-Strambi et al., 2020; Landry and Liu-Ambrose, 2014). Emerging
evidence also supports the potential relevance of strategies to enhance
SWS. For instance, acoustic closed-loop stimulation and NIBS techniques
synchronized with slow oscillations may improve glymphatic function
and reduce activity-dependent accumulation of toxic protein species
(Krone et al., 2025; Ngo et al., 2013). Similarly, pharmacological ap-
proaches targeting orexin signaling are attracting increasing interest,
given orexin's central role in arousal regulation and neuronal activity
(Hung and Yamanaka, 2023). Consistently, recent preclinical findings
suggest that dual orexin receptor antagonists (DORAs) may not only
improve insomnia symptoms but also restore the sleep-wake cycle and
sleep continuity, thereby enhancing glymphatic clearance and reducing
Ap accumulation (Ragsdale et al., 2025). Moreover, DORAs could reduce
tau-mediated neurodegeneration and pTau levels in a mouse model of
tauopathy, possibly exerting a neuroprotective effect (Parhizkar et al.,
2025). Although these findings will require confirmation in dedicated
clinical populations, they suggest that treating sleep disturbances with
these pharmacological agents could be particularly valuable in AD pa-
tients, not only to improve sleep quality but also to potentially coun-
teract disease-related pathophysiological mechanisms at the earliest
stages (Carpi et al., 2024). This possibility is especially relevant in light
of recent studies demonstrating the efficacy and safety of DORAs in older
adults, supporting the view that these compounds may represent a
clinically feasible strategy to exert meaningful effects on disease-related
neurobiology while maintaining a favorable safety profile (Rollo et al.,
2026b).

However, it is essential to emphasize that these therapeutic per-
spectives should currently be considered hypothesis-generating rather
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than disease-modifying strategies with established efficacy. Conse-
quently, future translational studies will require longitudinal,
biomarker-driven designs that integrate neurophysiological, sleep-
architecture, and sensory testing to determine whether interventions
targeting these systems can meaningfully alter disease trajectories rather
than merely improve symptoms or quality of life. Importantly, the
neurophysiological insights gained over recent decades into how inter-
nal models of sensorimotor relationships function could prove highly
useful in demonstrating the validity of the theoretical framework dis-
cussed here. The concept of “impaired internal model updating” refers to
a progressive failure of the brain’s predictive-processing architecture to
efficiently revise internal representations of the environment in
response to changing sensory inputs and prediction errors (Friston et al.,
2017; Qela et al., 2025). Within predictive coding frameworks, the brain
continuously generates hierarchical models that anticipate incoming
sensory information, while neuromodulatory systems—particularly the
LC-NE system—regulate the precision and salience of prediction-error
signals that are required for adaptive model updating (Friston, 2008;
Jordan, 2024; Pezzulo et al., 2021b). In the proposed model of early AD,
age-related sensory degradation (especially olfactory dysfunction)
chronically increases uncertainty and mismatch between expected and
incoming signals, thereby persistently engaging LC-dependent
compensatory mechanisms (Jordan, 2024; Jordan and Keller, 2023).
Initially, this state may enhance arousal, attentional gain, and network
flexibility; however, sustained overactivation is likely to produce mal-
adaptive consequences. In this framework, “impaired internal model
updating” denotes a transition from adaptive, compensatory
prediction-error processing to a rigid, energetically inefficient state in
which neural systems can no longer appropriately recalibrate priors,
contextual expectations, and behavioral responses (Keller and Sterzer,
2024). Empirically, this hypothesis is testable at multiple levels. For
instance, a specific EEG biomarker associated with predictive coding
and the neural representation of a stimulus, namely the mismatch
negativity, is already consistently altered at the MCI stage (Lindin et al.,
2013; Mowszowski et al., 2012). Similarly, MCI patients are character-
ized by alterations in the P300, an event-related potential that, partic-
ularly in its late components, has been linked to the cognitive processes
required to update internal models in response to prediction errors, and
to the ability to detect such errors (Papaliagkas et al., 2008; Qela et al.,
2025; Tsolaki et al., 2017). Crucially, these metrics show characteristic
alterations in both AD patients and those with MCI, even when assessed
with olfactory stimuli, suggesting their potential as useful metrics for
characterizing the neurophysiological correlates of changes in internal
models from the earliest stages of age-related sensory decline (Fatima
and Nabi, 2025; Morgan and Murphy, 2002; Tripanpitak et al., 2026).
Moreover, interestingly, pupillometry-based indices of LC activity could
provide noninvasive, albeit indirect, measures of dysfunctional model
updating and NE dysregulation in the AD continuum (Junjie Wu et al.,
2025). In  addition, fluid  biomarkers related to LC
activity—particularly those reflecting NE metabolism—along with
markers of neuroinflammation that reflect adaptive responses in early
disease stages and more chronic, maladaptive inflammatory states
during neuropathological progression, and disease-specific indices of
pathological processes such as pTau, could provide valuable tools not
only for obtaining a static snapshot of disease stage from a pathophys-
iological perspective but, more importantly, for capturing longitudinal
trajectories of disease progression (Antonioni et al., 2023b, 2025e,
2025g; Galgani et al., 2025a; Heneka et al., 2025; Riphagen et al., 2021;
van Hooren et al., 2021). As neuroimaging has proved essential in many
areas of research into neurodegenerative diseases, it is likely to play a
key role in this context by deepening the brain regions involved in the
processes under investigation (Risacher and Apostolova, 2023). For
example, functional neuroimaging studies examining altered coupling
between the LC, the olfactory network, and the cerebellum, or between
cerebellar circuits and large-scale networks involved in internal model
updating and predictive processing, may provide particularly relevant
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mechanistic insights, even if further research is needed to confirm this
possibility across the AD spectrum (Huang et al., 2026; Kakei et al.,
2026; Khatun et al., 2026; Kim et al., 2026; Liebe et al., 2020).
Furthermore, advanced neuroimaging approaches that characterize LC
metabolic activity or functional integrity could help identify biological
correlates of disrupted predictive coding mechanisms (Aghakhanyan
et al., 2023; Ciampa et al., 2022; Weinshenker, 2018). These biomarkers
could serve as objective correlates of alterations in sensorimotor pre-
dictive coding, as they may reflect the complex dynamics of LC and
internal-model updating in brain regions, including the hippocampus
and the cerebellum (Antonioni et al., 2024c; Jordan, 2024; Kim et al.,
2026; Weinshenker, 2018). Although most currently available evidence
remains preliminary and is still largely used to distinguish patients from
healthy controls in overt disease stages, these approaches may hold
considerable promise for the early identification of individuals with
ongoing neuropathological processes during the preclinical phases.
Importantly, if the present model is validated, these biomarkers could
eventually serve not only diagnostic purposes but also as surrogate
endpoints for monitoring the biological effects of interventions, such as
those discussed above, aimed at improving or normalizing internal
model updating mechanisms. Indeed, if these strategies effectively
reduce the compensatory burden on LC-dependent networks, they could
theoretically normalize neuroimaging activity patterns, decrease the
excessive production of potentially neurotoxic NE metabolites, shift
neuroinflammatory responses toward more adaptive, less chronically
maladaptive phenotypes, and potentially facilitate the reduction or
stabilization of the neuropathological hallmarks of AD. Such applica-
tions would not only help test and refine the speculative framework
proposed here but, more importantly, could substantially advance un-
derstanding of the complex pathophysiology underlying AD. This deeper
mechanistic insight will likely be essential to the future development of
biologically informed, personalized therapeutic strategies implemented
at the earliest stages of disease. Collectively, these approaches would
hopefully enable the proposed framework to move from a theoretical
construct to a falsifiable, multimodal model of preclinical AD
progression.

9. Different interpretations and future perspectives

Importantly, several key components of the present
framework—including olfactory dysfunction, sleep disturbances, affec-
tive symptoms, autonomic dysregulation, LC involvement, and cere-
bellar alterations—are not unique to AD, but are instead transdiagnostic
features shared across neurodegenerative and neuropsychiatric condi-
tions, including PD, dementia with Lewy bodies, vascular cognitive
impairment, traumatic brain injury, depression, and even normal aging
(Bain et al.,, 2026; Chen and Nakagawa, 2023; Hilz et al., 2020;
Guangdong Liu et al., 2024b; S.-Y. Liu et al., 2017; Marin et al., 2023;
Mather, 2025; Murphy, 2019; Nakagawa and Yamada, 2023; Pur-
kayastha et al., 2019; van der Flier et al., 2018; Van Egroo et al., 2022).
Indeed, although the focus has been on the role of LC degeneration in
AD, it is now known that this finding is common across various neuro-
degenerative conditions (Betts et al., 2019b; Mir et al., 2025). However,
in AD, this finding may not merely be an epiphenomenon associated
with the spread of neurodegeneration but rather a cardinal mechanism
of the process from its early stages. Indeed, the consequences of tau
accumulation in the LC are disease-specific in AD, and marked neuronal
loss in the LC has emerged as a distinctive AD phenotype (Oh et al.,
2019a). Consistently, even in so-called “atypical” AD phenotypes char-
acterized by early clinical manifestations distinct from the prototypical
short-term memory impairment, pTau accumulation is invariably pre-
sent in the LC from the earliest disease stages, potentially reflecting
underlying olfactory dysfunction in these patients (Bateman et al., 2012;
Y. Chen et al., 2022; Dunlop et al., 2025; Graff-Radford et al., 2021;
Olivieri et al., 2019). In contrast, amyloid deposition, which influences
the subsequent spread of pTau, initially predominates within selectively
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vulnerable cortical networks that differ from those affected in proto-
typical AD and are often shaped by distinct genetic backgrounds
(Constantinides et al., 2019; Cuyvers and Sleegers, 2016; Henry and
Gorno-Tempini, 2010; Ossenkoppele et al., 2022; Schott et al., 2016).
Interestingly, among LC neurons, there is a division between those that
project to the primary motor cortex and those that send axons to the
prefrontal regions (Aston-Jones and Waterhouse, 2016). These neurons
differ in excitability thresholds and protein expression, highlighting that
functional subdivision can also occur at the level of individual LC neu-
rons. Moreover, the dorsal regions of the LC primarily project to the
hippocampus, whereas the ventral regions project to the cerebellum,
putamen, and caudate nucleus (Mason and Fibiger, 1979; Nikolenko
et al., 2024). Furthermore, neurons at the posterior pole project to the
thalamus, whereas those at the anterior pole project to the hypothala-
mus. In contrast, LC neurons that project to the olfactory network and
the amygdala are often more widely distributed (Mason and Fibiger,
1979). Therefore, it seems reasonable that, at least during the early
stages, a selective topography of neuropathological damage critically
shapes the subsequent clinical trajectory. Within this hypothetical
framework, cerebellar dysfunction observed in AD may primarily stem
from olfactory impairment rather than from direct LC damage. Indeed,
AD-related neuropathology initially affects the rostral and intermediate
portions of the LC, consistent with the proposed pathophysiological
progression (Beardmore et al., 2021; Betts et al., 2019a; Dahl et al.,
2022; Krohn et al., 2023; Matchett et al., 2021; Theofilas et al., 2017).
Accordingly, cerebellar dysfunction secondary to LC degeneration may
emerge at later stages when neuropathology extends to the caudal LC.
In contrast, in PD, the temporal sequence may be reversed. Consis-
tent with the hypothesis of a peripheral—most likely enteric—origin of
pathological a-synuclein aggregation, neuropathological changes may
initially involve the caudal LC, thereby possibly leading to a lesion
topography pattern opposite to that observed in AD (Borghammer et al.,
2021; Kim et al., 2019; Takahashi et al., 2025). Moreover, because
neurons connected to the olfactory network are more widely distributed
across the LC, a more extensive spread of a-synuclein within the LC may
be required to mediate the emergence of olfactory dysfunction, either by
disrupting NE-dependent regulation of synaptic plasticity in the OB and
piriform cortex or by prion-like propagation of a-synuclein pathology to
these regions (Biagioni et al., 2024; Chandler et al., 2019; Geng et al.,
2025; Henrich et al., 2018; Steiner et al., 2018). This distinction aligns
with the contrasting clinical presentations of the two disorders, namely
an early motor phenotype in PD and a predominantly cognitive onset in
AD (Frisoni et al., 2022, 2025b; Sveinbjornsdottir, 2016). In this context,
olfactory impairment may play a less causal pathophysiological role in
PD, as the rostral LC—thought to survive longer—may continue to
support hippocampal integration more effectively and for longer than in
AD (Krohn et al., 2023; Mason and Fibiger, 1979; Nikolenko et al.,
2024). Thus, even if only hypothetically, in PD, an olfactory deficit could
be an epiphenomenon linked to a breakdown of the LC (and therefore to
the loss of its modulatory action at both the olfactory stations and the
interconnected medial temporal regions), caused by ascending neuro-
pathological damage rather than being the initial trigger, as in AD.
Consistently, REM sleep behavior disorder (RBD), a well-established
prodromal marker of PD, is associated with a later clinical onset than
in individuals without RBD (Hogl et al., 2018; Iranzo et al., 2016). RBD
reflects dysfunction of brainstem regions caudal to the LC, including the
sublaterodorsal nucleus and the pedunculopontine tegmental nucleus.
Beyond supporting a topographically driven model of disease progres-
sion, RBD may represent a compensatory response to early neuropath-
ological damage, thereby delaying overt clinical
manifestation—analogous to what is hypothesized to occur in AD,
where increased noradrenergic tone and its effects on olfactory and
hippocampal networks may initially sustain function despite ongoing
pathology (Antonioni et al., 2024b). Moreover, in PD, a significant
reduction in NE release in the cerebellum has been observed, consistent
with known LC alterations in this patient population, which lead to
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significant changes in motor coordination, gait, autonomic regulation,
and cognitive-motivational function (Hirano et al., 2023; Wu and Hal-
lett, 2013). Consistently, LC degeneration exceeds that of the Meynert
nucleus in AD and the substantia nigra in PD, suggesting a crucial role in
both diseases (Zarow et al., 2003). This supports a common patho-
physiological process underlying both conditions while preserving spe-
cific features, at least across time points, owing to the distinct
topography of damage progression. Therefore, despite the common
finding of an olfactory deficit preceding the clinical onset, the role of
olfaction may be profoundly different between the two conditions.
Indeed, it could represent an extremely early marker for intervention in
AD, but not necessarily in PD, where, according to the proposed model, a
possible equivalent could be constipation and, subsequently, RBD, as
neuropathological damage is likely to originate primarily from the pe-
riphery, particularly the gut (Borghammer et al., 2021; Doty, 2017;
Kalia and Lang, 2015; Marin et al., 2018; Takahashi et al., 2025).
However, these relationships are complicated by the fact that, in the
general population, olfactory deficits and constipation have multiple
causes beyond primary neurodegeneration (Barberio et al., 2021; Mur-
phy et al.,, 2002). Despite this, the potential of these time windows
preceding clinical onset may be fundamental and should be appropri-
ately exploited within a sound anamnestic and clinical approach to in-
crease confidence in the underlying cause.

The present model therefore emphasizes not merely the presence of
these clinical or biological alterations but their integration into a
predictive-processing and compensation-based cascade centered on
chronic sensory uncertainty, sustained LC engagement, maladaptive
network plasticity, and synergistic interactions among tau pathology, Af
accumulation, and neuroinflammation. At the same time, the framework
is compatible with the increasingly recognized concept of mixed and
overlapping pathologies in late-life neurodegeneration. In particular,
sporadic AD frequently coexists with vascular lesions, a-synuclein pa-
thology, TDP-43 pathology, or systemic inflammatory processes, all of
which may modulate compensatory capacity and accelerate network
failure (Attems and Jellinger, 2014; Baiardi et al., 2024; Bayraktaroglu
et al., 2025; Frisoni et al., 2022; James et al., 2016). Accordingly, the
model should not be interpreted as exclusively AD-specific but rather as
a mechanistic framework that may be particularly relevant to sporadic
AD while retaining broader transdiagnostic applicability across neuro-
degenerative conditions characterized by chronic impairment of pre-
dictive regulation and progressive failure of adaptive network
compensation. Importantly, although age-related sensory dysfunction
and the consequent compensatory alterations in predictive coding may
plausibly accelerate neuropathological progression across multiple
neurodegenerative disorders, the evidence discussed here suggest that,
especially in the presence of permissive risk factors—most notably the
ApoE4 genotype, although additional genetic and environmental mod-
ulators are likely involved—these mechanisms may serve as a very early
pathogenic trigger, or at least a relevant upstream contributor, in spo-
radic AD (Frisoni et al., 2022; Kang et al., 2021). By contrast, in other
neurodegenerative conditions, these same processes may exert a more
secondary or modulatory role within disease progression. For instance,
in synucleinopathies such as PD, the characteristic caudo-rostral prop-
agation patterns suggest partially distinct initiating mechanisms,
whereas in disorders such as FTD, the strong genetic and
immune-mediated background may reduce the relative causal weight of
sensory-driven predictive dysregulation (Benussi et al., 2019; Borg-
hammer et al., 2021; Borroni et al., 2017; Bright et al., 2019; Kim et al.,
2019; Takahashi et al., 2025). Therefore, the transdiagnostic relevance
of this framework likely lies less in a uniform etiological role and more in
the possibility that similar maladaptive network responses may interact
with disease-specific vulnerabilities and propagation pathways, ulti-
mately contributing to neurodegeneration through partially shared yet
hierarchically distinct mechanisms. In contrast, in genetic AD cases, the
picture is more controversial, given that the abnormal overproduction of
Ap from a relatively early age could lead to widespread synaptic
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alterations that are not necessarily aligned with the causal sequence of
age-related events discussed here (Lanoiselée et al., 2017; Nan et al.,
2025; Tavalin, 2024). Therefore, the possibility of generalizing this
model to genetic cases requires further study, particularly to better
understand the longitudinal trajectories of neuropathological damage
accumulation and the pathophysiology of cognitive impairment in this
specific category of AD patients.

Although this work focused on olfactory dysfunction, it cannot be
excluded that analogous considerations—albeit, as hypothesized, less
directly implicated pathophysiologically—may also apply to other sen-
sory modalities. Consistently, in animal models of AD, alterations in
visuomotor integration are frequently observed from the early stages
(Liebscher et al., 2016). Several core mechanisms of sensorimotor
integration, including LTP-like plasticity and the modulatory roles of NE
and acetylcholine, are broadly disrupted in AD, suggesting that deficits
arise in a transmodal manner (Benussi et al., 2021, 2017; Di Lorenzo
et al., 2020; Hampel et al., 2019; Krohn et al., 2023). Moreover, hearing
loss has been identified as a key and potentially modifiable risk factor for
dementia (Lin, 2024; Livingston et al., 2020). Reasonably, this reflects
not only the essential function of this sensory modality—which, like
olfaction, is subject to age-related physiological decline known as
presbycusis—in forming internal models, but also differences in clinical
awareness and management (Beckmann et al., 2020; Campos et al.,
2018; Froese and Gonzalez-Grandén, 2020; Gates and Mills, 2005;
Schulte et al., 2020). Indeed, auditory deficits are less likely to be
overlooked or underdiagnosed, in part because of their critical impact
on daily life, and effective treatments are widely known and accessible
(Lin, 2024; Pacala and Yueh, 2012; Wilson et al., 2017; Yueh et al.,
2003). In contrast, olfactory decline is often perceived as less relevant
and is commonly underassessed in both clinical practice and by patients,
even in cases of severe deficits (Cao et al., 2022; Toro et al., 2023;
Whitcroft and Hummel, 2019). These considerations, together with the
particularly strong links between the olfactory network and key early
drivers of AD pathophysiology, suggest that olfactory impairment may
play an even more prominent role. Hopefully, the arguments presented
will raise awareness of the importance of systematically evaluating ol-
factory function in elderly patients, not least because identifying and
treating potentially reversible causes of olfactory dysfunction may hy-
pothetically help counteract or slow the cascade of events outlined
above (Dan et al., 2021; Dongming Liu et al., 2024; Liu et al., 2025; Tian
et al., 2023). Indeed, if the pathophysiological sequence proposed here
is correct, distinct sensory deficits are hypothesized to emerge after ol-
factory impairments, or, if they occur concurrently, to play a less deci-
sive role because of their weaker interaction with the principal early
drivers of AD pathophysiology. Future studies will be essential to
confirm whether the temporal ordering of events follows the sequence
outlined here and, if so, to determine how early interventions might
modify the natural history of the disease from its earliest stages.
Although speculative, the comparatively less direct involvement of
sensory modalities other than olfaction in mediating the deficits
described here may also depend on the thalamus's presence within their
processing pathways. Indeed, the thalamus does not merely serve as a
passive relay station for afferent information en route to the cortex;
rather, it is a critical modulatory hub that actively shapes sensory pro-
cessing by dynamically segregating, integrating, and coordinating
distributed cortical networks in a context-dependent manner (Rikhye
et al., 2018; Shine, 2021; Shine et al., 2023). Notably, a substantial
proportion of thalamic inputs do not arise from the periphery but instead
originate from cortical regions to which the thalamus projects. These
cortico-thalamic loops exert top—down control over thalamic processing
and, crucially in the present context, enable the thalamus to play a role
in comparing incoming sensory signals with prior expectations (Guo
et al., 2020; Miller-Hansen and Sherman, 2022; Sampathkumar et al.,
2021; Sherman, 2016). As such, the thalamus may, at least transiently,
enable compensatory or vicarious processing of deficits affecting sen-
sory modalities such as vision and audition (Guillamon-Vivancos et al.,
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2025; Paricio-Montesinos and Griindemann, 2025; Whitt et al., 2022, p.
20). This compensatory mechanism, however, may be unavailable to
olfaction, further underscoring the functional significance of olfactory
deficits.

It is also essential to note that the relationship among AD neuropa-
thology, olfactory dysfunction, and sleep disturbances remains contro-
versial with respect to both causality and temporal progression. For
example, a recent study showed that long sleep duration may represent a
risk factor for AD (Xiang et al., 2024). Moreover, although the vast
majority of AD patients have impaired olfactory function, a significant
10-15 % retain normal olfactory function, even in the overt stages of the
disease (Murphy, 2019). It is therefore plausible that, beyond acting
either as potential triggers of the neuropathological cascade (in the case
of olfactory dysfunction) or as early manifestations of ongoing neuro-
degenerative processes (in the case of sleep disturbances), as proposed
within the present conceptual framework, these alterations may also
contribute dynamically and interactively to disease pathophysiology.
Their impact is likely modulated by disease stage, network vulnerability,
and genetic background, which may interact with additional risk factors
in a complex, bidirectional manner throughout the disease course.
However, several longitudinal studies have consistently shown that ol-
factory impairment is a strong predictor of dementia development from
very early stages (Adams et al., 2018; Laukka et al., 2023b; Oltra et al.,
2026). Furthermore, crucially, a different Mendelian randomization
analysis has shown that AD may causally influence sleep patterns,
whereas no evidence emerged of a causal role for disturbed sleep pat-
terns in AD (Huang et al., 2020). In other words, the results highlight
that altered sleep may be an early manifestation of AD neuropathology
rather than an independent causal factor in the disease. This could
suggest that AD neuropathology alters sleep patterns, which, in turn,
could exacerbate and facilitate the progression of ongoing neuropatho-
logical accumulation. Indeed, sleep fragmentation and impaired SWS
can promote tau and AP accumulation through altered glymphatic
clearance, neuronal hyperactivity, and neuroinflammatory mechanisms,
while the accumulation of tau and amyloid pathology within hypotha-
lamic, brainstem, and cortical sleep-regulatory circuits further exacer-
bates sleep disruption (Heneka et al., 2025; Nedergaard and Goldman,
2020; Slutsky, 2024; Wang and Holtzman, 2020). Considering its crucial
role in sleep regulation, it is reasonable to propose that changes in the
LC—resulting from the discussed age-related olfactory alterations, as a
compensatory mechanism, and from its being the main site of pTau
accumulation—are key contributors to these sleep disturbances, at least
in some cases (Van Egroo et al., 2022). However, based on current ev-
idence, these non-cognitive symptoms could be better conceptualized as
early network-level modifiers and amplifiers that interact recursively
with evolving neuropathology, and further studies are needed to
establish their causal or epiphenomenal role at a specific time point.

Importantly, although the primary damage initially affects the sen-
sory domain, it is equally true that sensory stimuli must be embodied to
acquire meaning for the CNS, particularly in the context of aging and AD
(Buzsaki and and Watson, 2012; Dzwiza-Ohlsen and Kempermann,
2023; Friston et al., 2016). This principle may help explain why sniffing
modulates activity within the olfactory network even in the absence of
odorants and why analogous mechanisms may operate across other
sensory domains (Granget et al., 2025). Moreover, it may partially
substantiate the well-documented benefits of physical exercise, partic-
ularly moderate aerobic activity (Behrad et al., 2024; Chen and Naka-
gawa, 2023; Miiller et al., 2018; Silva et al., 2024; Tari et al., 2025).
Beyond reducing exposure to risk factors, such as obesity, and by pro-
moting the release of neurotrophic factors, physical activity may
contribute to the embedding of sensory information within coherent
internal models (Buzsaki, 2026; Fischer, 2016; Khalil, 2024; Nithia-
nantharajah and Hannan, 2009). It strengthens the functional coupling
between sensory inputs and motor outputs, reinforces sensorimotor
representations, and enhances the updating and stability of internal
models. Indeed, increased motor engagement enriches experiential
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input and cognitive demand, thereby enhancing learning (Antonioni
et al., 2025a, 2024c; Dzwiza-Ohlsen and Kempermann, 2023). As pre-
dictive abilities improve, individuals become better able to anticipate
future events and adjust more effectively to environmental challenges,
including the outcomes of their own actions and those of others.

Another relevant ongoing debate concerns the extent and timing of
cerebellar involvement in AD. Previous neuropathological studies have
reported relatively limited classical AD pathology in the cerebellar
cortex compared with the neocortex and limbic regions (Hirano and
Zimmerman, 1962; McElroy et al., 2024). It is important to consider
that, until relatively recent years, the cerebellum was largely regarded as
a “silent bystander” in the context of neurodegenerative diseases
(Schmahmann, 2016). Consequently, it was frequently used as a refer-
ence region to normalize pathological alterations in other brain
areas—considered more directly relevant to disease
pathophysiology—or was even excluded altogether from analytical
templates and network-based investigations (Arleo et al., 2024; Lyoo
et al., 2015; Tissot et al., 2023; Vemuri et al., 2017). In this light, many
historically negative or inconclusive findings regarding cerebellar
involvement should be interpreted with caution, as they may partly
reflect methodological and conceptual limitations rather than a true
absence of cerebellar contribution to disease processes. Importantly, as
previously discussed, growing evidence supports structural, functional,
and neuropathological alterations in cerebellar circuits, often beginning
in the prodromal stage (Y. Chen et al., 2023a; Guo et al., 2016; Jacobs
et al., 2018). A recent longitudinal study has confirmed that cerebellar
degeneration is not confined to advanced stages but emerges early and
interacts dynamically with cortical networks (Um et al, 2026).
Furthermore, structural covariance research has shown that disruptions
in LC—cerebellar connectivity appear early in AD, further reinforcing the
conceptual framework outlined here (Tang et al., 2023). However,
although it now seems well established that this structure is affected by
neuropathological damage as the disease progresses, the extent to which
the cerebellum is involved in the earliest stages of AD remains poorly
understood. In fact, some of the factors that contribute to the cerebel-
lum’s selective vulnerability in the context of AD are also associated
with normal aging (McElroy et al., 2024). Consistently, recent research
indicates that alterations characteristic of physiological aging in the
cerebellum partially overlap with those observed in AD, thereby
complicating the interpretation of their role in disease progression
(Gellersen et al., 2021). This makes it difficult, at present, to establish a
primary role for the cerebellum in the early pathophysiology of AD,
rather than secondary involvement arising from changes that primarily
affect other brain regions, because cerebellar alterations may be sec-
ondary, compensatory, or network-mediated rather than primary
drivers of disease progression. Notably, the present model is also broadly
compatible with this second possibility. Specifically, it does not require
the cerebellum to represent an initial locus of irreversible neuro-
degeneration; instead, it proposes that cerebellar engagement emerges
early as part of a distributed compensatory network recruited in
response to sensory uncertainty, predictive-processing imbalance, and
increased demands on LC-mediated neuromodulatory systems. Under
this interpretation, early cerebellar hyperconnectivity or functional
reorganization may initially reflect adaptive compensation rather than
overt pathology, whereas later cerebellar dysfunction may arise
secondarily through transneuronal spread, diaschisis-like processes,
chronic neuroinflammation, or progressive network disintegration.
Given that evidence of cerebellar involvement in the early stages of AD
remains limited, further studies will be essential to clarify the cerebel-
lum's role in the early pathophysiology of AD and to determine the
extent to which its alterations are relevant to the progression described
here.

Finally, and importantly, this view aligns with recent evidence sug-
gesting that, from an evolutionary perspective, memory is not only—or
even primarily—designed to support recollection but also to enable
prediction (Vecchi and Gatti, 2020). Indeed, memory allows fragments
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of past experience to be flexibly recombined into dynamic configura-
tions that support internal simulation and anticipatory behavior (Barron
et al., 2020; Pezzulo et al., 2021a). Within this framework, the interplay
among the hippocampus—critical for encoding and defining the
spatiotemporal organization of neuronal ensembles underlying episodic
representations—the LC, which dynamically modulates the coupling
between memory and ongoing experience through NE and dopamine,
and the cerebellum, which plays a pivotal role in generating and
updating internal models based on prediction errors, appears essential,
particularly in the context of sleep, as this work aimed to underscore
(Groves et al., 2025; Krohn et al., 2023; Spampinato and Celnik, 2021).

10. Conclusions

Starting with the simple metaphor of a highly efficient company
whose mainframes show declining performance due to disruptions in the
input system, this work discussed possible converging evidence that
dysfunction first arises within the olfactory system and then, in rapid
succession or perhaps in parallel, involves the LC, the cerebellum, sleep
regulation, and medial temporal lobe networks. At this point, the reader
will have appreciated that the “company” represents the CNS; the
mainframes correspond to hubs that compute our interactions with the
external world in terms of prediction errors—here, primarily the LC and
the cerebellum. The input systems, as in real life, are our sensory mo-
dalities (chiefly olfaction, though not exclusively), whereas the “cooling
system” metaphorically captures the mechanisms that enable plasticity
and learning, such as Ap synthesis and the release of NE and dopamine,
which are replenished overnight to ensure readiness for the following
day. The specialized waste-removal company encompasses sleep in
general—through its LC-silencing effects—and, more specifically, the
glymphatic system, with regard to the clearance of neurotoxic by-
products (here symbolized by the coolant tanks). The “mercenaries”
hired for disposal partially overlap with the “security forces,” namely,
neuroinflammatory processes that are initially recruited to sustain
compensation and contain sites of toxic accumulation, but that later act
to ultimately exacerbate neural damage. Notably, these processes also
include intracellular degradation mechanisms, involving dedicated
pathways that attempt to dismantle accumulated neurotoxic products at
the cost of further damaging the “mainframes” themselves (a topic
beyond the scope of the present work) (Bhushan et al., 2025; Fleming
et al., 2022; Nixon, 2024). Subsequently, the infrastructural damage
mirrors BBB dysfunction, which permits the entry of “animals”—here
representing systemic toxins and infectious agents—thereby further
amplifying the pathological cascade. Ultimately, the collapse of the
“mainframes” leads workers to leave—or, in biological terms, neurons to
die—thereby causing the company's failure, that is, the onset of cogni-
tive decline. Although this story is only a hypothesis about one possible
course of events leading to the neuropathological hallmarks of AD, the
findings reviewed may provide important insights into the pathophysi-
ology of sporadic AD and critically inform how individuals might be
identified—and potentially treated—at the earliest stages, well before
the onset of MCI. Such an approach could maximize the efficacy of
emerging disease-modifying therapies while likely providing substan-
tially improved safety, given that, with aging, neuropathological pro-
cesses and comorbidities increase the risk profile (Dolphin et al., 2024;
Fox et al., 2025; Frisoni et al., 2025a; Jellinger and Attems, 2015).

In summary, the framework proposed here integrates several previ-
ously disconnected observations into a unified mechanistic account of
the prolonged preclinical phase of AD, centered on the interplay among
sensory dysfunction, LC-noradrenergic compensation, progressive pro-
teinopathy, cerebellar and medial temporal lobe involvement, and
neuroinflammatory remodeling. Several components of this model are
strongly supported by existing evidence. These include the very early
accumulation of pretangle tau within the LC in cognitively intact in-
dividuals (Braak and Del Tredici, 2012b, 2011), the essential involve-
ment of the olfactory system in the sensorimotor predictive coding
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nework (Lyons and Gottfried, 2025; Pierzchajlo et al., 2024; Zelano
et al., 2011), the early olfactory dysfunction in AD pathophysiology
(Adams et al., 2018; Laukka et al., 2023b; Murphy, 2019; Oltra et al.,
2026), the vulnerability of the LC to metabolic stress and tau-related
degeneration (Kang et al., 2021; Matchett et al., 2021; Weinshenker,
2018), and the close relationship between the LC and sensorimotor
predictive coding (Groves et al., 2025; Jordan, 2024). Likewise, sub-
stantial evidence supports the existence of an initially adaptive neuro-
inflammatory response that may transiently preserve tissue homeostasis
before transitioning to chronic, maladaptive activation (Cuello, 2017;
Fan et al., 2017; Heneka et al., 2025). Building on these established
findings, the present model proposes a more speculative hypothesis that
age-related sensory degradation is an upstream, systems-level stressor
that chronically increases predictive-processing demands across
distributed networks, thereby driving sustained LC-dependent
compensatory activity. According to this interpretation, prolonged
noradrenergic compensation initially preserves cognitive performance
but also creates conditions that favor pTau aggregation, Ap accumula-
tion, sleep dysregulation, and progressive network instability
(Weinshenker, 2018). The cerebellum is further hypothesized to actively
participate in these early compensatory adaptations, rather than merely
serving as a passive site of secondary pathology (Chaudhari et al., 2021;
Guo et al., 2016a; Mitoma et al., 2020). In this framework, SCD may
reflect the clinical correlate of a still-compensated but increasingly
metabolically strained network state. As compensation progressively
fails, tau pathology spreads through anatomically and functionally
connected systems, likely via prion-like mechanisms, while chronic
neuroinflammation, BBB dysfunction, and neurotransmitter-system
breakdown amplify large-scale network disintegration and overt
cognitive decline (Heneka et al., 2025; Mudher et al., 2017; J. Zhang
et al., 2024). Importantly, several key aspects of this model remain
unresolved and require direct experimental validation in clinical pop-
ulations. These include whether sensory dysfunction is truly causal
rather than epiphenomenal, the precise mechanisms linking NE meta-
bolism to tau aggregation and dissemination, the extent to which cere-
bellar compensatory recruitment modifies disease trajectory, and, most
importantly, whether early modulation of LC activity, sensory input, or
sleep can alter long-term progression. Consequently, the model should
be regarded not as a definitive pathogenic sequence but as an integra-
tive, testable systems-neuroscience framework that yields experimen-
tally falsifiable predictions and may help reconcile the long temporal
gap between the earliest molecular alterations and the delayed emer-
gence of classic cognitive symptoms in AD. Hopefully, this review will
stimulate further research along this trajectory, generating additional
evidence to support the proposed sequence of events and ultimately
bringing the scientific community closer to identifying a truly curative
intervention for a condition that affects millions of individuals world-
wide and represents an ever-growing global public health challenge.

List of abbreviations

Ap: amyloid-p

AD: Alzheimer’s disease

ApoE: apolipoprotein E

APP: amyloid precursor protein

BBB: blood-brain barrier

BC: basket cells

CBT-I: cognitive behavioral therapy for insomnia
CCAS: cerebellar cognitive-affective syndrome
CF: climbing fibers

CNS: central nervous system

CPAP: continuous positive airway pressure
CSF: cerebrospinal fluid

DCN: deep cerebellar nuclei

DMN: default mode network

DORAs: dual orexin receptor antagonists



A. Antonioni

EEG: electroencephalography

fMRI: functional MRI

FTD: frontotemporal dementia
GABA: gamma-aminobutyric acid
GL: granule cell layer

GoC: Golgi cells

GrC: granule cells

IO: inferior olive

LC: locus coeruleus

LTD: long-term depression

LTP: long-term potentiation

MCI: mild cognitive impairment
MF: mossy fibers

ML: molecular layer

MNS: mirror neuron system

MRI: magnetic resonance imaging
NE: noradrenaline

NFTs: neurofibrillary tangles

NIBS: non-invasive brain stimulation
NREM: non-rapid eye movement
OB: olfactory bulb

OSAS: obstructive sleep apnea syndrome
PC: Purkinje cells

PcL: Purkinje cell layer

PD: Parkinson’s disease

PN: pontine nuclei

pTau: hyperphosphorylated tau
RBD: REM sleep behavior disorder
REM: rapid eye movement

rTMS: repetitive TMS

SALI: short-latency afferent inhibition
SC: stellate cells

SCD: subjective cognitive decline
SWS: slow-wave sleep

TMS: transcranial magnetic stimulation

Authors' contributions

The author conceived the review, conducted the literature search,
and drafted the manuscript.

Consent for publication

Not applicable.

Ethics approval and consent to participate

Not applicable.

Funding

This work did not receive external funding.

Declaration of Competing Interest

The author declares that he has no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Abadin, X., de Dios, C., Zubsillaga, M., Ivars, E., Puigros, M., Mari, M., Morales, A.,
Vizuete, M., Vitorica, J., Trullas, R., Colell, A., Roca-Agujetas, V., 2024.
Neuroinflammation in age-related neurodegenerative diseases: role of mitochondrial
oxidative stress. Antioxidants 13, 1440. https://doi.org/10.3390/antiox13121440.

23

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Abbas, M., Szpiro, S.F.A., Karawani, H., 2024. Interconnected declines in audition vision
and cognition in healthy aging. Sci. Rep. 14, 30805. https://doi.org/10.1038/
$41598-024-81154-y.

Abdulrahman, H., van Dalen, J.W., den Brok, M., Latimer, C.S., Larson, E.B., Richard, E.,
2022. Hypertension and Alzheimer’s disease pathology at autopsy: A systematic
review. Alzheimers Dement 18, 2308-2326. https://doi.org/10.1002/alz.12707.

Abele, M., Riet, A., Hummel, T., Klockgether, T., Wiillner, U., 2003. Olfactory
dysfunction in cerebellar ataxia and multiple system atrophy. J. Neurol. 250,
1453-1455. https://doi.org/10.1007/s00415-003-0248-4.

Abiega, O., Beccari, S., Diaz-Aparicio, 1., Nadjar, A., Layé, S., Leyrolle, Q., Gémez-
Nicola, D., Domercq, M., Pérez-Samartin, A., Sanchez-Zafra, V., Paris, L., Valero, J.,
Savage, J.C., Hui, C.-W., Tremblay, M.-E., Deudero, J.J.P., Brewster, A.L.,
Anderson, A.E., Zaldumbide, L., Galbarriatu, L., Marinas, A., Vivanco, M. dM.,
Matute, C., Maletic-Savatic, M., Encinas, J.M., Sierra, A., 2016. Neuronal
Hyperactivity Disturbs ATP Microgradients, Impairs Microglial Motility, and
Reduces Phagocytic Receptor Expression Triggering Apoptosis/Microglial
Phagocytosis Uncoupling. PLOS Biol. 14, e1002466. https://doi.org/10.1371/
journal.pbio.1002466.

Abolmaali, N., Gudziol, V., Hummel, T., 2008. Pathology of the olfactory nerve
(preceding x). Neuroimaging Clin. N. Am. 18, 233-242. https://doi.org/10.1016/j.
nic.2007.10.002.

Adams, D.R., Kern, D.W., Wroblewski, K.E., McClintock, M.K., Dale, W., Pinto, J.M.,
2018. Olfactory Dysfunction Predicts Subsequent Dementia in Older U.S. Adults.

J. Am. Geriatr. Soc. 66, 140-144. https://doi.org/10.1111/jgs.15048.

Adams, J.N., Kim, S., Rizvi, B., Sathishkumar, M., Taylor, L., Harris, A.L., Mikhail, A.,
Keator, D.B., McMillan, L., Yassa, M.A., 2022. Entorhinal-Hippocampal Circuit
Integrity Is Related to Mnemonic Discrimination and Amyloid-p Pathology in Older
Adults. J. Neurosci. 42, 8742-8753. https://doi.org/10.1523/JNEUROSCI.1165-
22.2022.

Adams, W., Graham, J.N., Han, X., Riecke, H., 2019. Top-down inputs drive neuronal
network rewiring and context-enhanced sensory processing in olfaction. PLoS
Comput. Biol. 15, €1006611. https://doi.org/10.1371/journal.pcbi.1006611.

Aghakhanyan, G., Galgani, A., Vergallo, A., Lombardo, F., Martini, N., Baldacci, F.,
Tognoni, G., Leo, A., Guidoccio, F., Siciliano, G., Fornai, F., Pavese, N.,

Volterrani, D., Giorgi, F.S., 2023. Brain metabolic correlates of Locus Coeruleus
degeneration in Alzheimer’s disease: a multimodal neuroimaging study. Neurobiol.
Aging 122, 12-21. https://doi.org/10.1016/j.neurobiolaging.2022.11.002.

Ahmed, Z., Cooper, J., Murray, T.K., Garn, K., McNaughton, E., Clarke, H., Parhizkar, S.,
Ward, M.A., Cavallini, A., Jackson, S., Bose, S., Clavaguera, F., Tolnay, M.,
Lavenir, 1., Goedert, M., Hutton, M.L., O’Neill, M.J., 2014. A novel in vivo model of
tau propagation with rapid and progressive neurofibrillary tangle pathology: the
pattern of spread is determined by connectivity, not proximity. Acta Neuropathol.
127, 667-683. https://doi.org/10.1007/5s00401-014-1254-6.

Ajmani, G.S., Suh, H.H., Pinto, J.M., 2016. Effects of ambient air pollution exposure on
olfaction: a review. Environ. Health Perspect. 124, 1683-1693. https://doi.org/
10.1289/EHP136.

Ajmani, G.S., Suh, H.H., Wroblewski, K.E., Pinto, J.M., 2017. Smoking and olfactory
dysfunction: A systematic literature review and meta-analysis. Laryngoscope 127,
1753-1761. https://doi.org/10.1002/lary.26558.

Aktan Siizgiin, M., Tang, Q., Stefani, A., 2025. Sleep abnormalities and risk of
Alzheimer’s Disease. Curr. Neurol. Neurosci. Rep. 25, 67. https://doi.org/10.1007/
§11910-025-01451-5.

Alain, C., Zhu, K.D., He, Y., Ross, B., 2015. Sleep-dependent neuroplastic changes during
auditory perceptual learning. Neurobiol. Learn. Mem. 118, 133-142. https://doi.
0rg/10.1016/j.nlm.2014.12.001.

Alain, C., Chow, R., Lu, J., Rabi, R., Sharma, V.V., Shen, D., Anderson, N.D., Binns, M.,
Hasher, L., Yao, D., Freedman, M., 2022. Aging Enhances Neural Activity in
Auditory, Visual, and Somatosensory Cortices: The Common Cause Revisited.

J. Neurosci. 42, 264-275. https://doi.org/10.1523/JNEUROSCL.0864-21.2021.

Albrecht, J., Kopietz, R., Frasnelli, J., Wiesmann, M., Hummel, T., Lundstrom, J.N., 2010.
The neuronal correlates of intranasal trigeminal function-an ALE meta-analysis of
human functional brain imaging data. Brain Res Rev. 62, 183-196. https://doi.org/
10.1016/j.brainresrev.2009.11.001.

Allard, S., Hussain Shuler, M.G., 2023. Cholinergic reinforcement signaling is impaired
by amyloidosis prior to its synaptic loss. J. Neurosci. 43, 6988-7005. https://doi.
org/10.1523/JNEUROSCI.0967-23.2023.

de Almeida, L., Idiart, M., Linster, C., 2013. A model of cholinergic modulation in
olfactory bulb and piriform cortex. J. Neurophysiol. 109, 1360-1377. https://doi.
org/10.1152/jn.00577.2012.

de Almeida, L., Reiner, S.J., Ennis, M., Linster, C., 2015. Computational modeling
suggests distinct, location-specific function of norepinephrine in olfactory bulb and
piriform cortex. Front Comput. Neurosci. 9, 73. https://doi.org/10.3389/
fncom.2015.00073.

Altmann, A., Tian, L., Henderson, V.W., Greicius, M.D., Alzheimer’s Disease
Neuroimaging Initiative Investigators, 2014. Sex modifies the APOE-related risk of
developing Alzheimer disease. Ann. Neurol. 75, 563-573. https://doi.org/10.1002/
ana.24135.

Alvarez, M.-1., Rivas, L., Lacruz, C., Toledano, A., 2015. Astroglial cell subtypes in the
cerebella of normal adults, elderly adults, and patients with Alzheimer’s disease: a
histological and immunohistochemical comparison. Glia 63, 287-312. https://doi.
org/10.1002/glia.22751.

Alvaro, P.K., Roberts, R.M., Harris, J.K., 2013. A systematic review assessing
bidirectionality between sleep disturbances, anxiety, and depression. Sleep 36,
1059-1068. https://doi.org/10.5665/sleep.2810.


https://doi.org/10.3390/antiox13121440
https://doi.org/10.1038/s41598-024-81154-y
https://doi.org/10.1038/s41598-024-81154-y
https://doi.org/10.1002/alz.12707
https://doi.org/10.1007/s00415-003-0248-4
https://doi.org/10.1371/journal.pbio.1002466
https://doi.org/10.1371/journal.pbio.1002466
https://doi.org/10.1016/j.nic.2007.10.002
https://doi.org/10.1016/j.nic.2007.10.002
https://doi.org/10.1111/jgs.15048
https://doi.org/10.1523/JNEUROSCI.1165-22.2022
https://doi.org/10.1523/JNEUROSCI.1165-22.2022
https://doi.org/10.1371/journal.pcbi.1006611
https://doi.org/10.1016/j.neurobiolaging.2022.11.002
https://doi.org/10.1007/s00401-014-1254-6
https://doi.org/10.1289/EHP136
https://doi.org/10.1289/EHP136
https://doi.org/10.1002/lary.26558
https://doi.org/10.1007/s11910-025-01451-5
https://doi.org/10.1007/s11910-025-01451-5
https://doi.org/10.1016/j.nlm.2014.12.001
https://doi.org/10.1016/j.nlm.2014.12.001
https://doi.org/10.1523/JNEUROSCI.0864-21.2021
https://doi.org/10.1016/j.brainresrev.2009.11.001
https://doi.org/10.1016/j.brainresrev.2009.11.001
https://doi.org/10.1523/JNEUROSCI.0967-23.2023
https://doi.org/10.1523/JNEUROSCI.0967-23.2023
https://doi.org/10.1152/jn.00577.2012
https://doi.org/10.1152/jn.00577.2012
https://doi.org/10.3389/fncom.2015.00073
https://doi.org/10.3389/fncom.2015.00073
https://doi.org/10.1002/ana.24135
https://doi.org/10.1002/ana.24135
https://doi.org/10.1002/glia.22751
https://doi.org/10.1002/glia.22751
https://doi.org/10.5665/sleep.2810

A. Antonioni

Alyssa, P., Daniel, B., Jeremy, V., Laura, R., Stuart, F., 2025. The role of phasic and tonic
rapid eye movement sleep in implicit memory consolidation. Sleep, zsaf306. https://
doi.org/10.1093/sleep/zsaf306.

Amar, M., Mallick, B.N., 2015. Rapid Eye Movement Sleep Deprivation Associated
Increase in Na-K ATPase Activity in the Rat Brain is Due to Noradrenaline Induced
al-Adrenoceptor Mediated Increased a-Subunit of the Enzyme. Neurochem. Res 40,
1747-1757. https://doi.org/10.1007/5s11064-015-1660-8.

Ananth, M.R., Rajebhosale, P., Kim, R., Talmage, D.A., Role, L.W., 2023. Basal forebrain
cholinergic signalling: development, connectivity and roles in cognition. Nat. Rev.
Neurosci. 24, 233-251. https://doi.org/10.1038/541583-023-00677-x.

Andre, P., Arrighi, P., 2003. Hipnic modulation of cerebellar information processing:
implications for the cerebro-cerebellar dialogue. Cerebellum 2, 84-95. https://doi.
org/10.1080/14734220309403.

Andrews, S.J., Renton, A.E., Fulton-Howard, B., Podlesny-Drabiniok, A., Marcora, E.,
Goate, A.M., 2023. The complex genetic architecture of Alzheimer’s disease: novel
insights and future directions. eBioMedicine 90. https://doi.org/10.1016/j.
ebiom.2023.104511.

Antonioni, A., Raho, E.M., Di Lorenzo, F., 2023b. Is blood pTau a reliable indicator of the
CSF status? A narrative review. Neurol. Sci. https://doi.org/10.1007/510072-02.3-
07258-x.

Antonioni, A., Raho, E.M., Lopriore, P., Pace, A.P., Latino, R.R., Assogna, M.,
Mancuso, M., Gragnaniello, D., Granieri, E., Pugliatti, M., Di Lorenzo, F., Koch, G.,
2023c. Frontotemporal Dementia, Where Do We Stand? A Narrative Review. IJMS
24, 11732. https://doi.org/10.3390/ijms241411732.

Antonioni, A., Govoni, V., Brancaleoni, L., Dona, A., Granieri, E., Bergamini, M.,
Gerdol, R., Pugliatti, M., 2023a. Amyotrophic Lateral Sclerosis and Air Pollutants in
the Province of Ferrara, Northern Italy: An Ecological Study. Int J. Environ. Res
Public Health 20, 5591. https://doi.org/10.3390/ijerph20085591.

Antonioni, A., Raho, E.M., Straudi, S., Granieri, E., Koch, G., Fadiga, L., 2024c. The
cerebellum and the Mirror Neuron System: A matter of inhibition? From
neurophysiological evidence to neuromodulatory implications. A narrative review.
Neurosci. Biobehav Rev. 164, 105830. https://doi.org/10.1016/j.
neubiorev.2024.105830.

Antonioni, A., Galluccio, M., Baroni, A., Fregna, G., Pozzo, T., Koch, G., Manfredini, F.,
Fadiga, L., Malerba, P., Straudi, S., 2024a. Event-related desynchronization during
action observation is an early predictor of recovery in subcortical stroke: An EEG
study. Ann. Phys. Rehabil. Med 67, 101817. https://doi.org/10.1016/j.
rehab.2024.101817.

Antonioni, A., Raho, E.M., Sensi, M., Di Lorenzo, F., Fadiga, L., Koch, G., 2024b. A new
perspective on positive symptoms: expression of damage or self-defence mechanism
of the brain? Neurol. Sci. https://doi.org/10.1007/510072-024-07395-x.

Antonioni, A., Della Valle, A., Leitner, C., Raho, E.M., Cesnik, E., Capone, J.G., Flacco, M.
E., Casoni, F., Proserpio, P., Ferini-Strambi, L., Galbiati, A., 2025b. Sleep
Disturbances Across Dementias and Cognitive Decline: Study Protocol for a
Systematic Review and Network Meta-Analysis of Polysomnographic Findings.

J. Clin. Med 14, 7437. https://doi.org/10.3390/jcm14207437.

Antonioni, A., Raho, E.M., Di Lorenzo, F., Manzoli, L., Flacco, M.E., Koch, G., 2025e.
Blood phosphorylated Tau217 distinguishes amyloid-positive from amyloid-negative
subjects in the Alzheimer’s disease continuum. A systematic review and meta-
analysis. J. Neurol. 272, 252. https://doi.org/10.1007/s00415-025-12996-3.

Antonioni, A., Raho, E.M., Spampinato, D.A., Granieri, E., Fadiga, L., Di Lorenzo, F.,
Koch, G., 2025h. The cerebellum in frontotemporal dementia: From neglected
bystander to potential neuromodulatory target. A narrative review. Neurosci.
Biobehav Rev. 174, 106194. https://doi.org/10.1016/j.neubiorev.2025.106194.

Antonioni, A., Cellini, N., Baroni, A., Fregna, G., Lamberti, N., Koch, G., Manfredini, F.,
Straudi, S., 2025a. Characterizing practice-dependent motor learning after a stroke.
Neurol. Sci. 46, 1245-1255. https://doi.org/10.1007/510072-024-07815-y.

Antonioni, A., Raho, E.M., Manzoli, L., Koch, G., Flacco, M.E., Di Lorenzo, F., 2025g.
Blood phosphorylated Taul81 reliably differentiates amyloid-positive from amyloid-
negative subjects in the Alzheimer’s disease continuum: A systematic review and
meta-analysis. Alzheimers Dement (Amst. 17, €70068. https://doi.org/10.1002/
dad2.70068.

Antonioni, A., Raho, E.M., Granieri, E., Koch, G., 2025f. Frontotemporal dementia. How
to deal with its diagnostic complexity? Expert Rev. Neurother. 0, 1-35. https://doi.
org/10.1080/14737175.2025.2461758.

Antonioni, A., Martorana, A., Santarnecchi, E., Hampel, H., Koch, G., 2025c. The
neurobiological foundation of effective repetitive transcranial magnetic brain
stimulation in Alzheimer’s disease. Alzheimers Dement 21, e70337. https://doi.org/
10.1002/alz.70337.

Antonioni, A., Raho, E.M., Capizzi, M., Gozzi, A., Antenucci, P., Casadei, E., Romeo, Z.,
Visalli, A., Gragnaniello, D., Mioni, G., Pugliatti, M., 2025d. Time perception in
cerebellar and basal ganglia stroke patients. Sci. Rep. 15, 4948. https://doi.org/
10.1038/541598-025-89311-7.

Arleo, A., Bares, M., Bernard, J.A., Bogoian, H.R., Bruchhage, M.M.K., Bryant, P.,
Carlson, E.S., Chan, C.C.H., Chen, L.-K., Chung, C.-P., Dotson, V.M., Filip, P.,
Guell, X., Habas, C., Jacobs, H.LL., Kakei, S., Lee, T.M.C., Leggio, M., Misiura, M.,
Mitoma, H., Olivito, G., Ramanoél, S., Rezaee, Z., Samstag, C.L., Schmahmann, J.D.,
Sekiyama, K., Wong, C.H.Y., Yamashita, M., Manto, M., 2024. Consensus paper:
cerebellum and ageing. Cerebellum 23, 802-832. https://doi.org/10.1007/s12311-
023-01577-7.

Arndt, J.W., Qian, F., Smith, B.A., Quan, C., Kilambi, K.P., Bush, M.W., Walz, T.,
Pepinsky, R.B., Bussiere, T., Hamann, S., Cameron, T.O., Weinreb, P.H., 2018.
Structural and kinetic basis for the selectivity of aducanumab for aggregated forms
of amyloid-p. Sci. Rep. 8, 6412. https://doi.org/10.1038/541598-018-24501-0.

24

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Arnsten, A.F.T., Datta, D., Del Tredici, K., Braak, H., 2021. Hypothesis: Tau pathology is
an initiating factor in sporadic Alzheimer’s disease. Alzheimer’S. Dement. 17,
115-124. https://doi.org/10.1002/alz.12192.

Aru, J., Siclari, F., Phillips, W.A., Storm, J.F., 2020. Apical drive-A cellular mechanism of
dreaming? Neurosci. Biobehav Rev. 119, 440-455. https://doi.org/10.1016/j.
neubiorev.2020.09.018.

Aston-Jones, G., Bloom, F.E., 1981. Activity of norepinephrine-containing locus
coeruleus neurons in behaving rats anticipates fluctuations in the sleep-waking
cycle. J. Neurosci. 1, 876-886. https://doi.org/10.1523/JNEUROSCI.01-08-
00876.1981.

Aston-Jones, G., Cohen, J.D., 2005. An integrative theory of locus coeruleus-
norepinephrine function: adaptive gain and optimal performance. Annu Rev.
Neurosci. 28, 403-450. https://doi.org/10.1146/annurev.neuro.28.061604.135709.

Aston-Jones, G., Waterhouse, B., 2016. Locus coeruleus: From global projection system
to adaptive regulation of behavior. Brain Res 1645, 75-78. https://doi.org/10.1016/
j.brainres.2016.03.001.

Attems, J., Jellinger, K.A., 2014. The overlap between vascular disease and Alzheimer’s
disease - lessons from pathology. BMC Med 12, 206. https://doi.org/10.1186/
512916-014-0206-2.

Avgerinos, K.I., Ferrucci, L., Kapogiannis, D., 2021. Effects of monoclonal antibodies
against amyloid-f on clinical and biomarker outcomes and adverse event risks: A
systematic review and meta-analysis of phase III RCTs in Alzheimer’s disease. Ageing
Res. Rev. 68, 101339. https://doi.org/10.1016/j.arr.2021.101339.

Ayton, S., Bush, A.L, 2021. p-amyloid: The known unknowns. Ageing Res Rev. 65,
101212. https://doi.org/10.1016/j.arr.2020.101212.

Babiloni, C., Lopez, S., Noce, G., Ferri, R., Panerai, S., Catania, V., Soricelli, A.,
Salvatore, M., Nobili, F., Arnaldi, D., Fama, F., Massa, F., Buttinelli, C., Giubilei, F.,
Stocchi, F., Vacca, L., Marizzoni, M., D’Antonio, F., Bruno, G., De Lena, C.,
Giintekin, B., Yildirim, E., Hanoglu, L., Yener, G., Yerlikaya, D., Taylor, J.P.,
Schumacher, J., McKeith, 1., Bonanni, L., Pantano, P., Piervincenzi, C., Petsas, N.,
Frisoni, G.B., Del Percio, C., Carducci, F., 2023. Relationship between default mode
network and resting-state electroencephalographic alpha rhythms in cognitively
unimpaired seniors and patients with dementia due to Alzheimer’s disease. Cereb.
Cortex 33, 10514-10527. https://doi.org/10.1093/cercor/bhad300.

Béckman, L., Andersson, J.L., Nyberg, L., Winblad, B., Nordberg, A., Almkvist, O., 1999.
Brain regions associated with episodic retrieval in normal aging and Alzheimer’s
disease. Neurology 52, 1861-1870. https://doi.org/10.1212/wnl.52.9.1861.

Bai, F., Liao, W., Watson, D.R., Shi, Y., Yuan, Y., Cohen, A.D., Xie, C., Wang, Y., Yue, C.,
Teng, Y., Wu, D., Jia, J., Zhang, Z., 2011. Mapping the altered patterns of cerebellar
resting-state function in longitudinal amnestic mild cognitive impairment patients.
J. Alzheimers Dis. 23, 87-99. https://doi.org/10.3233/JAD-2010-101533.

Baiardi, S., Hansson, O., Levin, J., Parchi, P., 2024. vivo detection of Alzheimer’s and
Lewy body disease concurrence: Clinical implications and future perspectives.
Alzheimer’S. Dement. 20, 5757-5770. https://doi.org/10.1002/alz.14039.

Bain, A., Tomeo, C., André, C., Garnier-Crussard, A., de Flores, R., Dautricourt, S., 2026.
Locus coeruleus alterations in dementia with Lewy bodies: A systematic review.
Alzheimer’S. Dement.: Transl. Res. Clin. Interv. 12, €70199. https://doi.org/
10.1002/trc2.70199.

Baker, J., Kimpinski, K., 2020. Evidence of Impaired Cerebellar Connectivity at Rest and
During Autonomic Maneuvers in Patients with Autonomic Failure. Cerebellum 19,
30-39. https://doi.org/10.1007/s12311-019-01076-8.

Bar, M., 2009. The proactive brain: memory for predictions. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 364, 1235-1243. https://doi.org/10.1098/rsth.2008.0310.

Baranwal, N., Yu, P.K,, Siegel, N.S., 2023. Sleep physiology, pathophysiology, and sleep
hygiene. Prog. Cardiovasc. Dis. 77, 59-69. https://doi.org/10.1016/j.
pcad.2023.02.005.

Barberio, B., Judge, C., Savarino, E.V., Ford, A.C., 2021. Global prevalence of functional
constipation according to the Rome criteria: a systematic review and meta-analysis.
Lancet Gastroenterol. Hepatol. 6, 638-648. https://doi.org/10.1016/52468-1253
(21)00111-4.

Barisano, G., Montagne, A., Kisler, K., Schneider, J.A., Wardlaw, J.M., Zlokovic, B.V.,
2022. Blood-brain barrier link to human cognitive impairment and Alzheimer’s
Disease. Nat. Cardiovasc Res 1, 108-115. https://doi.org/10.1038/544161-021-
00014-4.

Barnes, D.C., Wilson, D.A., 2014. Sleep and olfactory cortical plasticity. Front. Behav.
Neurosci. 8. https://doi.org/10.3389/fnbeh.2014.00134.

Barnes, D.C., Chapuis, J., Chaudhury, D., Wilson, D.A., 2011. Odor fear conditioning
modifies piriform cortex local field potentials both during conditioning and during
post-conditioning sleep. PLoS One 6, e18130. https://doi.org/10.1371/journal.
pone.0018130.

Barnett, A.J., Reilly, W., Dimsdale-Zucker, H.R., Mizrak, E., Reagh, Z., Ranganath, C.,
2021. Intrinsic connectivity reveals functionally distinct cortico-hippocampal
networks in the human brain. PLoS Biol. 19, e3001275. https://doi.org/10.1371/
journal.pbio.3001275.

Baroni, A., Antonioni, A., Fregna, G., Lamberti, N., Manfredini, F., Koch, G.,

D’Ausilio, A., Straudi, S., 2024. The Effectiveness of Paired Associative Stimulation
on Motor Recovery after Stroke: A Scoping Review. Neurol. Int. 16, 567-589.
https://doi.org/10.3390/neurolint16030043.

Barron, H.C., Auksztulewicz, R., Friston, K., 2020. Prediction and memory: A predictive
coding account. Prog. Neurobiol. 192, 101821. https://doi.org/10.1016/j.
pneurobio.2020.101821.

Barthélemy, N.R., Liu, H., Lu, W., Kotzbauer, P.T., Bateman, R.J., Lucey, B.P., 2020.
Sleep Deprivation Affects Tau Phosphorylation in Human Cerebrospinal Fluid. Ann.
Neurol. 87, 700-709. https://doi.org/10.1002/ana.25702.

Bateman, R.J., Xiong, C., Benzinger, T.L.S., Fagan, A.M., Goate, A., Fox, N.C., Marcus, D.
S., Cairns, N.J., Xie, X., Blazey, T.M., Holtzman, D.M., Santacruz, A., Buckles, V.,


https://doi.org/10.1093/sleep/zsaf306
https://doi.org/10.1093/sleep/zsaf306
https://doi.org/10.1007/s11064-015-1660-8
https://doi.org/10.1038/s41583-023-00677-x
https://doi.org/10.1080/14734220309403
https://doi.org/10.1080/14734220309403
https://doi.org/10.1016/j.ebiom.2023.104511
https://doi.org/10.1016/j.ebiom.2023.104511
https://doi.org/10.1007/s10072-023-07258-x
https://doi.org/10.1007/s10072-023-07258-x
https://doi.org/10.3390/ijms241411732
https://doi.org/10.3390/ijerph20085591
https://doi.org/10.1016/j.neubiorev.2024.105830
https://doi.org/10.1016/j.neubiorev.2024.105830
https://doi.org/10.1016/j.rehab.2024.101817
https://doi.org/10.1016/j.rehab.2024.101817
https://doi.org/10.1007/s10072-024-07395-x
https://doi.org/10.3390/jcm14207437
https://doi.org/10.1007/s00415-025-12996-3
https://doi.org/10.1016/j.neubiorev.2025.106194
https://doi.org/10.1007/s10072-024-07815-y
https://doi.org/10.1002/dad2.70068
https://doi.org/10.1002/dad2.70068
https://doi.org/10.1080/14737175.2025.2461758
https://doi.org/10.1080/14737175.2025.2461758
https://doi.org/10.1002/alz.70337
https://doi.org/10.1002/alz.70337
https://doi.org/10.1038/s41598-025-89311-7
https://doi.org/10.1038/s41598-025-89311-7
https://doi.org/10.1007/s12311-023-01577-7
https://doi.org/10.1007/s12311-023-01577-7
https://doi.org/10.1038/s41598-018-24501-0
https://doi.org/10.1002/alz.12192
https://doi.org/10.1016/j.neubiorev.2020.09.018
https://doi.org/10.1016/j.neubiorev.2020.09.018
https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981
https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1016/j.brainres.2016.03.001
https://doi.org/10.1016/j.brainres.2016.03.001
https://doi.org/10.1186/s12916-014-0206-2
https://doi.org/10.1186/s12916-014-0206-2
https://doi.org/10.1016/j.arr.2021.101339
https://doi.org/10.1016/j.arr.2020.101212
https://doi.org/10.1093/cercor/bhad300
https://doi.org/10.1212/wnl.52.9.1861
https://doi.org/10.3233/JAD-2010-101533
https://doi.org/10.1002/alz.14039
https://doi.org/10.1002/trc2.70199
https://doi.org/10.1002/trc2.70199
https://doi.org/10.1007/s12311-019-01076-8
https://doi.org/10.1098/rstb.2008.0310
https://doi.org/10.1016/j.pcad.2023.02.005
https://doi.org/10.1016/j.pcad.2023.02.005
https://doi.org/10.1016/S2468-1253(21)00111-4
https://doi.org/10.1016/S2468-1253(21)00111-4
https://doi.org/10.1038/s44161-021-00014-4
https://doi.org/10.1038/s44161-021-00014-4
https://doi.org/10.3389/fnbeh.2014.00134
https://doi.org/10.1371/journal.pone.0018130
https://doi.org/10.1371/journal.pone.0018130
https://doi.org/10.1371/journal.pbio.3001275
https://doi.org/10.1371/journal.pbio.3001275
https://doi.org/10.3390/neurolint16030043
https://doi.org/10.1016/j.pneurobio.2020.101821
https://doi.org/10.1016/j.pneurobio.2020.101821
https://doi.org/10.1002/ana.25702

A. Antonioni

Oliver, A., Moulder, K., Aisen, P.S., Ghetti, B., Klunk, W.E., McDade, E., Martins, R.
N., Masters, C.L., Mayeux, R., Ringman, J.M., Rossor, M.N., Schofield, P.R.,
Sperling, R.A., Salloway, S., Morris, J.C., Dominantly Inherited Alzheimer Network,
2012. Clinical and biomarker changes in dominantly inherited Alzheimer’s disease.
N. Engl. J. Med 367, 795-804. https://doi.org/10.1056/NEJMoal202753.

Baumann, O., Borra, R.J., Bower, J.M., Cullen, K.E., Habas, C., Ivry, R.B., Leggio, M.,
Mattingley, J.B., Molinari, M., Moulton, E.A., Paulin, M.G., Pavlova, M.A.,
Schmahmann, J.D., Sokolov, A.A., 2015. Consensus Paper: The Role of the
Cerebellum in Perceptual Processes. Cerebellum 14, 197-220. https://doi.org/
10.1007/s12311-014-0627-7.

Bayer, H., Bertoglio, L.J., Maren, S., Stern, C.A.J., 2025. Windows of change: Revisiting
temporal and molecular dynamics of memory reconsolidation and persistence.
Neurosci. Biobehav Rev. 174, 106198. https://doi.org/10.1016/j.
neubiorev.2025.106198.

Bayraktaroglu, I., Orti-Casan, N., Van Dam, D., De Deyn, P.P., Eisel, U.L.M., 2025.
Systemic inflammation as a central player in the initiation and development of
Alzheimer’s disease. Immun. Ageing 22, 33. https://doi.org/10.1186/512979-025-
00529-5.

Beardmore, R., Hou, R., Darekar, A., Holmes, C., Boche, D., 2021. The Locus Coeruleus in
Aging and Alzheimer’s Disease: A Postmortem and Brain Imaging Review.

J. Alzheimers Dis. 83, 5-22. https://doi.org/10.3233/JAD-210191.

Beckmann, D., Feldmann, M., Shchyglo, O., Manahan-Vaughan, D., 2020. Hippocampal
Synaptic Plasticity, Spatial Memory, and Neurotransmitter Receptor Expression Are
Profoundly Altered by Gradual Loss of Hearing Ability. Cereb. Cortex 30,
4581-4596. https://doi.org/10.1093/cercor/bhaa061.

Behrad, S., Dezfuli, S.A.T., Yazdani, R., Hayati, S., Shanjani, S.M., 2024. The effect of
physical exercise on circulating neurotrophic factors in healthy aged subjects: A
meta-analysis and meta-regression. Exp. Gerontol. 196, 112579. https://doi.org/
10.1016/j.exger.2024.112579.

Bekar, L.K., Wei, H.S., Nedergaard, M., 2012. The locus coeruleus-norepinephrine
network optimizes coupling of cerebral blood volume with oxygen demand. J. Cereb.
Blood Flow. Metab. 32, 2135-2145. https://doi.org/10.1038/jcbfm.2012.115.

Belloy, M.E., Napolioni, V., Greicius, M.D., 2019. A Quarter Century of APOE and
Alzheimer’s Disease: Progress to Date and the Path Forward. Neuron 101, 820-838.
https://doi.org/10.1016/j.neuron.2019.01.056.

Bellucci, G., Imada, H., Fett, A.-K., Ito, A., 2025. Neurocomputational mechanisms of
maladaptive behaviors in loneliness. Trends Cogn. Sci. 0. https://doi.org/10.1016/j.
tics.2025.07.007.

Bender, A.C., Berezuk, C., Pellerin, K.R., You, J.C., Sarkis, R.A., Lam, A.D., 2026.
Association of Sleep Spindle Activity With Cognitive Decline in Early Clinical Stages
of Alzheimer Disease. Neurology 106, e214459. https://doi.org/10.1212/
WNL.0000000000214459.

Benedek, M., Beaty, R.E., Schacter, D.L., Kenett, Y.N., 2023. The role of memory in
creative ideation. Nat. Rev. Psychol. 2, 246-257. https://doi.org/10.1038/s44159-
023-00158-z.

Bennett, D.A., Schneider, J.A., Arvanitakis, Z., Kelly, J.F., Aggarwal, N.T., Shah, R.C.,
Wilson, R.S., 2006. Neuropathology of older persons without cognitive impairment
from two community-based studies. Neurology 66, 1837-1844. https://doi.org/
10.1212/01.wnl.0000219668.47116.e6.

Bensafi, M., Iannilli, E., Gerber, J., Hummel, T., 2008. Neural coding of stimulus
concentration in the human olfactory and intranasal trigeminal systems.
Neuroscience 154, 832-838. https://doi.org/10.1016/j.neuroscience.2008.03.079.

Benussi, A., Di Lorenzo, F., Dell’Era, V., Cosseddu, M., Alberici, A., Caratozzolo, S.,
Cotelli, M.S., Micheli, A., Rozzini, L., Depari, A., Flammini, A., Ponzo, V.,
Martorana, A., Caltagirone, C., Padovani, A., Koch, G., Borroni, B., 2017.
Transcranial magnetic stimulation distinguishes Alzheimer disease from
frontotemporal dementia. Neurology 89, 665-672. https://doi.org/10.1212/
WNL.0000000000004232.

Benussi, A., Alberici, A., Buratti, E., Ghidoni, R., Gardoni, F., Di Luca, M., Padovani, A.,
Borroni, B., 2019. Toward a Glutamate Hypothesis of Frontotemporal Dementia.
Front. Neurosci. 13. https://doi.org/10.3389/fnins.2019.00304.

Benussi, A., Grassi, M., Palluzzi, F., Cantoni, V., Cotelli, M.S., Premi, E., Di Lorenzo, F.,
Pellicciari, M.C., Ranieri, F., Musumeci, G., Marra, C., Manganotti, P., Nardone, R.,
Di Lazzaro, V., Koch, G., Borroni, B., 2021. Classification accuracy of TMS for the
diagnosis of mild cognitive impairment. BRAIN STIMULATION 14, 241-249.
https://doi.org/10.1016/j.brs.2021.01.004.

Bernard, J.A., Herrejon, 1.A., An, E., Cina, Y., Dabbiru, S., Dempsey, J., Marrie, E.,
Medina, M., Praytor, J., 2025. Altered cerebellar activation patterns in Alzheimer’s
disease: An activation likelihood estimation Meta-Analysis. Neuroimage Clin. 46,
103770. https://doi.org/10.1016/j.nicl.2025.103770.

Bernardi, D., Casula, E.P., Rocchi, L., Fadiga, L., Koch, G., Papo, D., 2025. Multivariate
empirical mode decomposition reveals markers of Alzheimer’s Disease in the
oscillatory response to transcranial magnetic stimulation. Clin. Neurophysiol. 176,
2110756. https://doi.org/10.1016/j.clinph.2025.2110756.

Bero, A.W., Yan, P., Roh, J.H., Cirrito, J.R., Stewart, F.R., Raichle, M.E., Lee, J.-M.,
Holtzman, D.M., 2011. Neuronal activity regulates the regional vulnerability to
amyloid-p deposition. Nat. Neurosci. 14, 750-756. https://doi.org/10.1038/
nn.2801.

Berridge, C.W., Waterhouse, B.D., 2003. The locus coeruleus-noradrenergic system:
modulation of behavioral state and state-dependent cognitive processes. Brain Res
Brain Res Rev. 42, 33-84. https://doi.org/10.1016/s0165-0173(03)00143-7.

Berron, D., van Westen, D., Ossenkoppele, R., Strandberg, O., Hansson, O., 2020. Medial
temporal lobe connectivity and its associations with cognition in early Alzheimer’s
disease. Brain 143, 1233-1248. https://doi.org/10.1093/brain/awaa068.

Berron, D., Vogel, J.W., Insel, P.S., Pereira, J.B., Xie, L., Wisse, L.E.M., Yushkevich, P.A.,
Palmgqvist, S., Mattsson-Carlgren, N., Stomrud, E., Smith, R., Strandberg, O.,

25

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Hansson, O., 2021. Early stages of tau pathology and its associations with functional
connectivity, atrophy and memory. Brain 144, 2771-2783. https://doi.org/
10.1093/brain/awab114.

Beschorner, N., Nedergaard, M., 2024. Glymphatic system dysfunction in
neurodegenerative diseases. Curr. Opin. Neurol. 37, 182-188. https://doi.org/
10.1097/WC0.0000000000001252.

Bettcher, B.M., Kramer, J.H., 2014. Longitudinal inflammation, cognitive decline, and
Alzheimer’s disease: a mini-review. Clin. Pharm. Ther. 96, 464-4609. https://doi.org/
10.1038/clpt.2014.147.

Betts, M.J., Kirilina, E., Otaduy, M.C.G., Ivanov, D., Acosta-Cabronero, J., Callaghan, M.
F., Lambert, C., Cardenas-Blanco, A., Pine, K., Passamonti, L., Loane, C., Keuken, M.
C., Tryjillo, P., Liisebrink, F., Mattern, H., Liu, K.Y., Priovoulos, N., Fliessbach, K.,
Dahl, M.J., Maa8, A., Madelung, C.F., Meder, D., Ehrenberg, A.J., Speck, O.,
Weiskopf, N., Dolan, R., Inglis, B., Tosun, D., Morawski, M., Zucca, F.A., Siebner, H.
R., Mather, M., Uludag, K., Heinsen, H., Poser, B.A., Howard, R., Zecca, L., Rowe, J.
B., Grinberg, L.T., Jacobs, H.LL., Diizel, E., Himmerer, D., 2019b. Locus coeruleus
imaging as a biomarker for noradrenergic dysfunction in neurodegenerative
diseases. Brain 142, 2558-2571. https://doi.org/10.1093/brain/awz193.

Betts, M.J., Cardenas-Blanco, A., Kanowski, M., Spottke, A., Teipel, S.J., Kilimann, L.,
Jessen, F., Diizel, E., 2019a. Locus coeruleus MRI contrast is reduced in Alzheimer’s
disease dementia and correlates with CSF Ap levels. Alzheimers Dement (Amst. 11,
281-285. https://doi.org/10.1016/j.dadm.2019.02.001.

Bhushan, B., Dhanawat, M., Garima, null, Wilson, K., Gupta, S., Chauhan, S., 2025. The
Fragile Balance: Autophagy’s Role in Neurodegenerative Disease Progression. Curr.
Neuropharmacol. https://doi.org/10.2174/011570159X377552250627113915.

Biagioni, F., Ferrucci, M., Lazzeri, G., Scioli, M., Frati, A., Puglisi-Allegra, S., Fornai, F.,
2024. Damage to the Locus Coeruleus Alters the Expression of Key Proteins in Limbic
Neurodegeneration. Int J. Mol. Sci. 25, 3159. https://doi.org/10.3390/
ijms25063159.

Bie, B., Wu, J., Foss, J.F., Naguib, M., 2018. Amyloid fibrils induce dysfunction of
hippocampal glutamatergic silent synapses. Hippocampus 28, 549-556. https://doi.
org/10.1002/hipo.22955.

Biesbroek, J.M., Verhagen, M.G., van der Stigchel, S., Biessels, G.J., 2024. When the
central integrator disintegrates: A review of the role of the thalamus in cognition and
dementia. Alzheimer’S. Dement. 20, 2209-2222. https://doi.org/10.1002/
alz.13563.

Bigi, A., Cascella, R., Chiti, F., Cecchi, C., 2022. Amyloid fibrils act as a reservoir of
soluble oligomers, the main culprits in protein deposition diseases. Bioessays 44,
€2200086. https://doi.org/10.1002/bies.202200086.

Billig, A.R., Feng, N.C., Behforuzi, H., McFeeley, B.M., Nicastri, C.M., Daffner, K.R.,
2020. Capacity-limited resources are used for managing sensory degradation and
cognitive demands: Implications for age-related cognitive decline and dementia.
Cortex 133, 277-294. https://doi.org/10.1016/j.cortex.2020.09.005.

Bisceglia, P., Lo Vecchio, F., Latino, R.R., Gravina, C., Urbano, M., la Torre, A.,
Desina, G., Greco, A., Leone, M., Antonioni, A., 2022. Italian Case Report with a
Double Mutation in PSEN1 (K311R and E318G). Neurol. Int 14, 417-422. https://
doi.org/10.3390/neurolint14020034.

Bitter, T., Briiderle, J., Gudziol, H., Burmeister, H.P., Gaser, C., Guntinas-Lichius, O.,
2010a. Gray and white matter reduction in hyposmic subjects-A voxel-based
morphometry study. Brain Res 1347, 42-47. https://doi.org/10.1016/j.
brainres.2010.06.003.

Bitter, T., Gudziol, H., Burmeister, H.P., Mentzel, H.-J., Guntinas-Lichius, O., Gaser, C.,
2010b. Anosmia leads to a loss of gray matter in cortical brain areas. Chem. Senses
35, 407-415. https://doi.org/10.1093/chemse/bjq028.

Blackman, J., Swirski, M., Clynes, J., Harding, S., Leng, Y., Coulthard, E., 2021.
Pharmacological and non-pharmacological interventions to enhance sleep in mild
cognitive impairment and mild Alzheimer’s disease: A systematic review. J. Sleep.
Res. 30, €13229. https://doi.org/10.1111/jsr.13229.

Blau, C.W., Cowley, T.R., O’Sullivan, J., Grehan, B., Browne, T.C., Kelly, L., Birch, A.,
Murphy, N., Kelly, A.M., Kerskens, C.M., Lynch, M.A., 2012. The age-related deficit
in LTP is associated with changes in perfusion and blood-brain barrier permeability,
35 Neurobiol. Aging 33 (1005), e23. https://doi.org/10.1016/j.
neurobiolaging.2011.09.035.

Bodranghien, F., Bastian, A., Casali, C., Hallett, M., Louis, E.D., Manto, M., Marién, P.,
Nowak, D.A., Schmahmann, J.D., Serrao, M., Steiner, K.M., Strupp, M., Tilikete, C.,
Timmann, D., van Dun, K., 2016. Consensus Paper: Revisiting the Symptoms and
Signs of Cerebellar Syndrome. Cerebellum 15, 369-391. https://doi.org/10.1007/
512311-015-0687-3.

Boesveldt, S., Postma, E.M., Boak, D., Welge-Luessen, A., Schopf, V., Mainland, J.D.,
Martens, J., Ngai, J., Duffy, V.B., 2017. Anosmia-A Clinical Review. Chem. Senses
42, 513-523. https://doi.org/10.1093/chemse/bjx025.

Borghammer, P., Horsager, J., Andersen, K., Van Den Berge, N., Raunio, A.,
Murayama, S., Parkkinen, L., Myllykangas, L., 2021. Neuropathological evidence of
body-first vs. brain-first Lewy body disease. Neurobiol. Dis. 161, 105557. https://
doi.org/10.1016/j.nbd.2021.105557.

Borroni, B., Stanic, J., Verpelli, C., Mellone, M., Bonomi, E., Alberici, A., Bernasconi, P.,
Culotta, L., Zianni, E., Archetti, S., Manes, M., Gazzina, S., Ghidoni, R., Benussi, L.,
Stuani, C., Di Luca, M., Sala, C., Buratti, E., Padovani, A., Gardoni, F., 2017. Anti-
AMPA GluA3 antibodies in Frontotemporal dementia: a new molecular target. Sci.
Rep. 7, 6723. https://doi.org/10.1038/541598-017-06117-y.

Bostan, A.C., Strick, P.L., 2018. The basal ganglia and the cerebellum: nodes in an
integrated network. Nat. Rev. Neurosci. 19, 338-350. https://doi.org/10.1038/
s41583-018-0002-7.

Bouret, S., Sara, S.J., 2002. Locus coeruleus activation modulates firing rate and
temporal organization of odour-induced single-cell responses in rat piriform cortex.


https://doi.org/10.1056/NEJMoa1202753
https://doi.org/10.1007/s12311-014-0627-7
https://doi.org/10.1007/s12311-014-0627-7
https://doi.org/10.1016/j.neubiorev.2025.106198
https://doi.org/10.1016/j.neubiorev.2025.106198
https://doi.org/10.1186/s12979-025-00529-5
https://doi.org/10.1186/s12979-025-00529-5
https://doi.org/10.3233/JAD-210191
https://doi.org/10.1093/cercor/bhaa061
https://doi.org/10.1016/j.exger.2024.112579
https://doi.org/10.1016/j.exger.2024.112579
https://doi.org/10.1038/jcbfm.2012.115
https://doi.org/10.1016/j.neuron.2019.01.056
https://doi.org/10.1016/j.tics.2025.07.007
https://doi.org/10.1016/j.tics.2025.07.007
https://doi.org/10.1212/WNL.0000000000214459
https://doi.org/10.1212/WNL.0000000000214459
https://doi.org/10.1038/s44159-023-00158-z
https://doi.org/10.1038/s44159-023-00158-z
https://doi.org/10.1212/01.wnl.0000219668.47116.e6
https://doi.org/10.1212/01.wnl.0000219668.47116.e6
https://doi.org/10.1016/j.neuroscience.2008.03.079
https://doi.org/10.1212/WNL.0000000000004232
https://doi.org/10.1212/WNL.0000000000004232
https://doi.org/10.3389/fnins.2019.00304
https://doi.org/10.1016/j.brs.2021.01.004
https://doi.org/10.1016/j.nicl.2025.103770
https://doi.org/10.1016/j.clinph.2025.2110756
https://doi.org/10.1038/nn.2801
https://doi.org/10.1038/nn.2801
https://doi.org/10.1016/s0165-0173(03)00143-7
https://doi.org/10.1093/brain/awaa068
https://doi.org/10.1093/brain/awab114
https://doi.org/10.1093/brain/awab114
https://doi.org/10.1097/WCO.0000000000001252
https://doi.org/10.1097/WCO.0000000000001252
https://doi.org/10.1038/clpt.2014.147
https://doi.org/10.1038/clpt.2014.147
https://doi.org/10.1093/brain/awz193
https://doi.org/10.1016/j.dadm.2019.02.001
https://doi.org/10.2174/011570159X377552250627113915
https://doi.org/10.3390/ijms25063159
https://doi.org/10.3390/ijms25063159
https://doi.org/10.1002/hipo.22955
https://doi.org/10.1002/hipo.22955
https://doi.org/10.1002/alz.13563
https://doi.org/10.1002/alz.13563
https://doi.org/10.1002/bies.202200086
https://doi.org/10.1016/j.cortex.2020.09.005
https://doi.org/10.3390/neurolint14020034
https://doi.org/10.3390/neurolint14020034
https://doi.org/10.1016/j.brainres.2010.06.003
https://doi.org/10.1016/j.brainres.2010.06.003
https://doi.org/10.1093/chemse/bjq028
https://doi.org/10.1111/jsr.13229
https://doi.org/10.1016/j.neurobiolaging.2011.09.035
https://doi.org/10.1016/j.neurobiolaging.2011.09.035
https://doi.org/10.1007/s12311-015-0687-3
https://doi.org/10.1007/s12311-015-0687-3
https://doi.org/10.1093/chemse/bjx025
https://doi.org/10.1016/j.nbd.2021.105557
https://doi.org/10.1016/j.nbd.2021.105557
https://doi.org/10.1038/s41598-017-06117-y
https://doi.org/10.1038/s41583-018-0002-7
https://doi.org/10.1038/s41583-018-0002-7

A. Antonioni

Eur. J. Neurosci. 16, 2371-2382. https://doi.org/10.1046/j.1460-9568.2002.02413.
X.

Bouret, S., Sara, S.J., 2004. Reward expectation, orientation of attention and locus
coeruleus-medial frontal cortex interplay during learning. Eur. J. Neurosci. 20,
791-802. https://doi.org/10.1111/j.1460-9568.2004.03526.x.

Boyd, A.M., Sturgill, J.F., Poo, C., Isaacson, J.S., 2012. Cortical feedback control of
olfactory bulb circuits. Neuron 76, 1161-1174. https://doi.org/10.1016/j.
neuron.2012.10.020.

Braak, H., Braak, E., 1997. Staging of Alzheimer-related cortical destruction. Int
Psychogeriatr. 9 (1), 257-261 discussion 269-272.

Braak, H., Del Tredici, K., 2011. Alzheimer’s pathogenesis: is there neuron-to-neuron
propagation? Acta Neuropathol. 121, 589-595. https://doi.org/10.1007/s00401-
011-0825-z.

Braak, H., Del Tredici, K., 2012b. Alzheimer’s disease: pathogenesis and prevention.
Alzheimers Dement 8, 227-233. https://doi.org/10.1016/j.jalz.2012.01.011.

Braak, H., Del Tredici, K., 2012a. Where, when, and in what form does sporadic
Alzheimer’s disease begin? Curr. Opin. Neurol. 25, 708-714. https://doi.org/
10.1097/WCO0.0b013e32835a3432.

Braak, H., Del Tredici, K., 2015. The preclinical phase of the pathological process
underlying sporadic Alzheimer’s disease. Brain 138, 2814-2833. https://doi.org/
10.1093/brain/awv236.

Braak, H., Thal, D.R., Ghebremedhin, E., Del Tredici, K., 2011. Stages of the pathologic
process in Alzheimer disease: age categories from 1 to 100 years. J. Neuropathol.
Exp. Neurol. 70, 960-969. https://doi.org/10.1097/NEN.0b013e318232a379.

Brann, J.H., Firestein, S.J., 2014. A lifetime of neurogenesis in the olfactory system.
Front Neurosci. 8, 182. https://doi.org/10.3389/fnins.2014.00182.

Breton-Provencher, V., Drummond, G.T., Feng, J., Li, Y., Sur, M., 2022. Spatiotemporal
dynamics of noradrenaline during learned behaviour. Nature 606, 732-738. https://
doi.org/10.1038/541586-022-04782-2.

Bright, F., Werry, E.L., Dobson-Stone, C., Piguet, O., Ittner, L.M., Halliday, G.M.,
Hodges, J.R., Kiernan, M.C., Loy, C.T., Kassiou, M., Kril, J.J., 2019.
Neuroinflammation in frontotemporal dementia. Nat. Rev. Neurol. 15, 540-555.
https://doi.org/10.1038/541582-019-0231-z.

Brothers, H.M., Gosztyla, M.L., Robinson, S.R., 2018. The Physiological Roles of
Amyloid-p Peptide Hint at New Ways to Treat Alzheimer’s Disease. Front Aging
Neurosci. 10, 118. https://doi.org/10.3389/fnagi.2018.00118.

Brunert, D., Medinaceli Quintela, R., Rothermel, M., 2023. The anterior olfactory nucleus
revisited - An emerging role for neuropathological conditions? Prog. Neurobiol. 228,
102486. https://doi.org/10.1016/j.pneurobio.2023.102486.

Buckner, R.L., Snyder, A.Z., Shannon, B.J., LaRossa, G., Sachs, R., Fotenos, A.F.,
Sheline, Y.I., Klunk, W.E., Mathis, C.A., Morris, J.C., Mintun, M.A., 2005. Molecular,
structural, and functional characterization of Alzheimer’s disease: evidence for a
relationship between default activity, amyloid, and memory. J. Neurosci. 25,
7709-7717. https://doi.org/10.1523/JNEUROSCI.2177-05.2005.

Burke, W.J., Kristal, B.S., Yu, B.P., Li, S.W., Lin, T.S., 1998. Norepinephrine transmitter
metabolite generates free radicals and activates mitochondrial permeability
transition: a mechanism for DOPEGAL-induced apoptosis. Brain Res 787, 328-332.
https://doi.org/10.1016/50006-8993(97)01488-1.

Burns, A.P., Duran, M.L., Fortel, 1., Lazarov, O., Zhan, L., Bendlin, B., Leow, A., 2026.
Excitation-inhibition homeostasis in Alzheimer’s disease: a selective multiscale
review of mechanisms, sex differences, and therapeutic opportunities.
Neuropsychopharmacol 1-17. https://doi.org/10.1038/541386-026-02334-0.

Butterfield, D.A., Boyd-Kimball, D., 2019. Redox proteomics and amyloid p-peptide:
insights into Alzheimer disease. J. Neurochem. 151, 459-487. https://doi.org/
10.1111/jnc.14589.

Butz, M.V., Mittenbiihler, M., Schwobel, S., Achimova, A., Gumbsch, C., Otte, S.,
Kiebel, S., 2025. Contextualizing predictive minds. Neurosci. Biobehav Rev. 168,
105948. https://doi.org/10.1016/j.neubiorev.2024.105948.

Buzsaki, G., 2015. Hippocampal sharp wave-ripple: A cognitive biomarker for episodic
memory and planning. Hippocampus 25, 1073-1188. https://doi.org/10.1002/
hipo.22488.

Buzsaki, G., 2026. Time, space, memory and brain-body rhythms. Nat. Rev. Neurosci.
27, 61-78. https://doi.org/10.1038/541583-025-00987-2.

Buzsaki, G., Watson, B.O., 2012. Brain rhythms and neural syntax: implications for
efficient coding of cognitive content and neuropsychiatric disease. Dialog-. Clin.
Neurosci. 14, 345-367. https://doi.org/10.31887/DCNS.2012.14.4/gbuzsaki.

Buzsaki, G., McKenzie, S., Davachi, L., 2022. Neurophysiology of Remembering. Annu
Rev. Psychol. 73, 187-215. https://doi.org/10.1146/annurev-psych-021721-
110002.

Cabrera, Y., Koymans, K.J., Poe, G.R., Kessels, H.W., Van Someren, E.J.W., Wassing, R.,
2024. Overnight neuronal plasticity and adaptation to emotional distress. Nat. Rev.
Neurosci. 25, 253-271. https://doi.org/10.1038/541583-024-00799-w.

Caestecker, S., Lescrauwaet, E., Boon, P., Carrette, E., Raedt, R., Vonck, K., 2025. The
Locus Coeruleus—Noradrenergic System in the Healthy and Diseased Brain: A
Narrative Review. Eur. J. Neurol. 32, e70337. https://doi.org/10.1111/ene.70337.

Cai, J., Wang, X., Zhou, J., di, Y., Shen, Z., An, S., Long, B., Wang, Yicheng, Li, Z., Li, Y.,
Chen, S., Wang, Yanmei, 2025. Olfactory sensation emotion regulation: The implicit
emotion regulation function of positive olfactory stimuli during emotional picture
processing. Neuroimage 322, 121569. https://doi.org/10.1016/j.
neuroimage.2025.121569.

Cai, W., Li, L., Sang, S., Pan, X., Zhong, C., 2023. Physiological Roles of f-amyloid in
Regulating Synaptic Function: Implications for AD Pathophysiology. Neurosci. Bull.
39, 1289-1308. https://doi.org/10.1007/512264-022-00985-9.

Caligiore, D., Pezzulo, G., Baldassarre, G., Bostan, A.C,, Strick, P.L., Doya, K., Helmich, R.
C., Dirkx, M., Houk, J., Jorntell, H., Lago-Rodriguez, A., Galea, J.M., Miall, R.C.,
Popa, T., Kishore, A., Verschure, P.F.M.J., Zucca, R., Herreros, 1., 2017. Consensus

26

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Paper: Towards a Systems-Level View of Cerebellar Function: the Interplay Between
Cerebellum, Basal Ganglia, and Cortex. Cerebellum 16, 203-229. https://doi.org/
10.1007/512311-016-0763-3.

Calvo-Rodriguez, M., Kharitonova, E.K., Snyder, A.C., Hou, S.S., Sanchez-Mico, M.V.,
Das, S., Fan, Z., Shirani, H., Nilsson, K.P.R., Serrano-Pozo, A., Bacskai, B.J., 2024.
Real-time imaging of mitochondrial redox reveals increased mitochondrial oxidative
stress associated with amyloid § aggregates in vivo in a mouse model of Alzheimer’s
disease. Mol. Neurodegener. 19, 6. https://doi.org/10.1186/513024-024-00702-2.

Campos, J., Ramkhalawansingh, R., Pichora-Fuller, M.K., 2018. Hearing, self-motion
perception, mobility, and aging. Hear Res 369, 42-55. https://doi.org/10.1016/j.
heares.2018.03.025.

Canevelli, M., Valletta, M., Trebbastoni, A., Sarli, G., D’Antonio, F., Tariciotti, L., de
Lena, C., Bruno, G., 2016. Sundowning in Dementia: Clinical Relevance,
Pathophysiological Determinants, and Therapeutic Approaches. Front. Med. 3.
https://doi.org/10.3389/fmed.2016.00073.

Canto, C.B., Onuki, Y., Bruinsma, B., van der Werf, Y.D., De Zeeuw, C.I., 2017. The
Sleeping Cerebellum. Trends Neurosci. 40, 309-323. https://doi.org/10.1016/j.
tins.2017.03.001.

Canton-Josh, J.E., Qin, J., Salvo, J., Kozorovitskiy, Y., 2022. Dopaminergic regulation of
vestibulo-cerebellar circuits through unipolar brush cells. eLife 11, €76912. https://
doi.org/10.7554/eLife.76912.

Cao, Z., Yang, A., D’Aloisio, A.A., Suarez, L., Deming-Halverson, S., Li, C., Luo, Z.,
Pinto, J.M., Werder, E.J., Sandler, D.P., Chen, H., 2022. Assessment of Self-reported
Sense of Smell, Objective Testing, and Associated Factors in Middle-aged and Older
Women. JAMA Otolaryngol. Head. Neck Surg. 148, 408-417. https://doi.org/
10.1001/jamaoto.2022.0069.

Carey, M.R., Regehr, W.G., 2009. Noradrenergic control of associative synaptic plasticity
by selective modulation of instructive signals. Neuron 62, 112-122. https://doi.org/
10.1016/j.neuron.2009.02.022.

Carlson, E.S., Hunker, A.C., Sandberg, S.G., Locke, T.M., Geller, J.M., Schindler, A.G.,
Thomas, S.A., Darvas, M., Phillips, P.E.M., Zweifel, L.S., 2021. Catecholaminergic
Innervation of the Lateral Nucleus of the Cerebellum Modulates Cognitive Behaviors.
J. Neurosci. 41, 3512-3530. https://doi.org/10.1523/JNEUROSCIL.2406-20.2021.

Carpi, M., Mercuri, N.B., Liguori, C., 2024. Orexin Receptor Antagonists for the
Prevention and Treatment of Alzheimer’s Disease and Associated Sleep Disorders.
Drugs 84, 1365-1378. https://doi.org/10.1007/540265-024-02096-3.

Carpi, M., Henao Isaza, V., Noce, G., Salamone, E.M., Del Percio, C., Lopez, S.,
Carducci, F., Lizio, R., De Bartolo, M., Jakhar, D., Afragola, A.P., Rossi, C.,
Barjami, L., Soricelli, A., Salvatore, M., Giubilei, F., Giintekin, B., Yener, G.,
Massa, F., Arnaldi, D., Fama, F., Pardini, M., Ferri, R., Lanuzza, B., Stocchi, F.,
Vacca, L., Coletti, C., Marizzoni, M., Taylor, J.-P., Hanoglu, L., Yirikogullari, H.,
Frisoni, G.B., Cuoco, S., Cappiello, A., Barone, P., Bonanni, L., D’Anselmo, A.,
Biundo, R., Cauzzo, S., Fiorenzato, E., Antonini, A., D’Antonio, F., Bruno, G.,
Infarinato, F., Marziali, S., De Pandis, M.F., Babiloni, C., 2026. Periodic and
Aperiodic Electroencephalographic Rhythms During Vigilance Transitions in
Alzheimer’s Disease Mild Cognitive Impairment. Ann. N. Y Acad. Sci. 1555, €70194.
https://doi.org/10.1111/nyas.70194.

Cartford, M.C., Gould, T., Bickford, P.C., 2004. A central role for norepinephrine in the
modulation of cerebellar learning tasks. Behav. Cogn. Neurosci. Rev. 3, 131-138.
https://doi.org/10.1177,/1534582304270783.

Cassidy, C.M., Therriault, J., Pascoal, T.A., Cheung, V., Savard, M., Tuominen, L.,
Chamoun, M., McCall, A., Celebi, S., Lussier, F., Massarweh, G., Soucy, J.-P.,
Weinshenker, D., Tardif, C., Ismail, Z., Gauthier, S., Rosa-Neto, P., 2022. Association
of locus coeruleus integrity with Braak stage and neuropsychiatric symptom severity
in Alzheimer’s disease. Neuropsychopharmacology 47, 1128-1136. https://doi.org/
10.1038/541386-022-01293-6.

Castellani, R.J., Perry, G., 2012. Pathogenesis and disease-modifying therapy in
Alzheimer’s disease: the flat line of progress. Arch. Med Res 43, 694-698. https://
doi.org/10.1016/j.arcmed.2012.09.009.

Casula, E.P., Pellicciari, M.C., Ponzo, V., Stampanoni Bassi, M., Veniero, D.,
Caltagirone, C., Koch, G., 2016. Cerebellar theta burst stimulation modulates the
neural activity of interconnected parietal and motor areas. Sci. Rep. 6, 36191.
https://doi.org/10.1038/srep36191.

Cavailles, C., Andrews, S.J., Leng, Y., Chatterjee, A., Daghlas, ., Yaffe, K., 2024. Causal
Associations of Sleep Apnea With Alzheimer Disease and Cardiovascular Disease: A
Bidirectional Mendelian Randomization Analysis. J. Am. Heart Assoc. 13, e033850.
https://doi.org/10.1161/JAHA.123.033850.

Cedres, N., Olofsson, J.K., 2024. Subjective cognitive and olfactory impairments predict
different prospective dementia outcomes. Chem. Senses 49, bjae033. https://doi.
org/10.1093/chemse/bjae033.

Cerf-Ducastel, B., Murphy, C., 2004. Improvement of fMRI data processing of olfactory
responses with a perception-based template. Neuroimage 22, 603-610. https://doi.
org/10.1016/j.neuroimage.2004.01.021.

Chadha, S., Dillard, L.K., Mariotti, S.P., Keel, S., 2023. Monitoring hearing and vision
functions in older adults: rationale and process. Age Ageing 52, iv158-iv161.
https://doi.org/10.1093/ageing/afad123.

Chalermpalanupap, T., Weinshenker, D., Rorabaugh, J.M., 2017. Down but Not Out: The
Consequences of Pretangle Tau in the Locus Coeruleus. Neural Plast. 2017, 7829507.
https://doi.org/10.1155/2017/7829507.

Chan, 1., Maruff, P., Pietrzak, R.H., Perin, S., Lim, Y.Y., 2026. Association between
anxiety, stress, and cognition in middle-aged adults at risk for Alzheimer’s disease:
Results from the Healthy Brain Project. J. Affect Disord. 393, 120504. https://doi.
0rg/10.1016/j.jad.2025.120504.

Chandler, D.J., Jensen, P., McCall, J.G., Pickering, A.E., Schwarz, L.A., Totah, N.K., 2019.
Redefining Noradrenergic Neuromodulation of Behavior: Impacts of a Modular


https://doi.org/10.1046/j.1460-9568.2002.02413.x
https://doi.org/10.1046/j.1460-9568.2002.02413.x
https://doi.org/10.1111/j.1460-9568.2004.03526.x
https://doi.org/10.1016/j.neuron.2012.10.020
https://doi.org/10.1016/j.neuron.2012.10.020
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref115
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref115
https://doi.org/10.1007/s00401-011-0825-z
https://doi.org/10.1007/s00401-011-0825-z
https://doi.org/10.1016/j.jalz.2012.01.011
https://doi.org/10.1097/WCO.0b013e32835a3432
https://doi.org/10.1097/WCO.0b013e32835a3432
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.3389/fnins.2014.00182
https://doi.org/10.1038/s41586-022-04782-2
https://doi.org/10.1038/s41586-022-04782-2
https://doi.org/10.1038/s41582-019-0231-z
https://doi.org/10.3389/fnagi.2018.00118
https://doi.org/10.1016/j.pneurobio.2023.102486
https://doi.org/10.1523/JNEUROSCI.2177-05.2005
https://doi.org/10.1016/s0006-8993(97)01488-1
https://doi.org/10.1038/s41386-026-02334-0
https://doi.org/10.1111/jnc.14589
https://doi.org/10.1111/jnc.14589
https://doi.org/10.1016/j.neubiorev.2024.105948
https://doi.org/10.1002/hipo.22488
https://doi.org/10.1002/hipo.22488
https://doi.org/10.1038/s41583-025-00987-2
https://doi.org/10.31887/DCNS.2012.14.4/gbuzsaki
https://doi.org/10.1146/annurev-psych-021721-110002
https://doi.org/10.1146/annurev-psych-021721-110002
https://doi.org/10.1038/s41583-024-00799-w
https://doi.org/10.1111/ene.70337
https://doi.org/10.1016/j.neuroimage.2025.121569
https://doi.org/10.1016/j.neuroimage.2025.121569
https://doi.org/10.1007/s12264-022-00985-9
https://doi.org/10.1007/s12311-016-0763-3
https://doi.org/10.1007/s12311-016-0763-3
https://doi.org/10.1186/s13024-024-00702-2
https://doi.org/10.1016/j.heares.2018.03.025
https://doi.org/10.1016/j.heares.2018.03.025
https://doi.org/10.3389/fmed.2016.00073
https://doi.org/10.1016/j.tins.2017.03.001
https://doi.org/10.1016/j.tins.2017.03.001
https://doi.org/10.7554/eLife.76912
https://doi.org/10.7554/eLife.76912
https://doi.org/10.1001/jamaoto.2022.0069
https://doi.org/10.1001/jamaoto.2022.0069
https://doi.org/10.1016/j.neuron.2009.02.022
https://doi.org/10.1016/j.neuron.2009.02.022
https://doi.org/10.1523/JNEUROSCI.2406-20.2021
https://doi.org/10.1007/s40265-024-02096-3
https://doi.org/10.1111/nyas.70194
https://doi.org/10.1177/1534582304270783
https://doi.org/10.1038/s41386-022-01293-6
https://doi.org/10.1038/s41386-022-01293-6
https://doi.org/10.1016/j.arcmed.2012.09.009
https://doi.org/10.1016/j.arcmed.2012.09.009
https://doi.org/10.1038/srep36191
https://doi.org/10.1161/JAHA.123.033850
https://doi.org/10.1093/chemse/bjae033
https://doi.org/10.1093/chemse/bjae033
https://doi.org/10.1016/j.neuroimage.2004.01.021
https://doi.org/10.1016/j.neuroimage.2004.01.021
https://doi.org/10.1093/ageing/afad123
https://doi.org/10.1155/2017/7829507
https://doi.org/10.1016/j.jad.2025.120504
https://doi.org/10.1016/j.jad.2025.120504

A. Antonioni

Locus Coeruleus Architecture. J. Neurosci. 39, 8239-8249. https://doi.org/10.1523/
JNEUROSCI.1164-19.2019.

Chaudhari, K., Wang, L., Kruse, J., Ali, W., Sumien, N., Shetty, R., Prah, J., Liu, R., Shi, J.,
Forster, M., Yang, S.-H., 2021. Early loss of cerebellar Purkinje cells in human and a
transgenic mouse model of Alzheimer’s disease. Neurol. Res 43, 570-581. https://
doi.org/10.1080/01616412.2021.1893566.

Cheetham, C.E.J., Park, U., Belluscio, L., 2016. Rapid and continuous activity-dependent
plasticity of olfactory sensory input. Nat. Commun. 7, 10729. https://doi.org/
10.1038/ncomms10729.

Chen, B., Wang, Q., Zhong, X., Mai, N., Zhang, M., Zhou, H., Haehner, A., Chen, X.,
Wu, Z., Auber, L.A., Rao, D., Liu, W., Zheng, J., Lin, L., Li, N., Chen, S.,

Chen, Bingxin, Hummel, T., Ning, Y., 2022. Structural and Functional Abnormalities
of Olfactory-Related Regions in Subjective Cognitive Decline, Mild Cognitive
Impairment, and Alzheimer’s Disease. Int J. Neuropsychopharmacol. 25, 361-374.
https://doi.org/10.1093/ijnp/pyab091.

Chen, C., Nakagawa, S., 2023. Physical activity for cognitive health promotion: An
overview of the underlying neurobiological mechanisms. Ageing Res Rev. 86,
101868. https://doi.org/10.1016/j.arr.2023.101868.

Chen, J., Chen, X., Mao, R., Fu, Y., Chen, Q., Zhang, C., Zheng, K., 2023. Hypertension,
sleep quality, depression, and cognitive function in elderly: A cross-sectional study.
Front Aging Neurosci. 15, 1051298. https://doi.org/10.3389/fnagi.2023.1051298.

Chen, M., Reed, R.R., Lane, A.P., 2017. Acute inflammation regulates neuroregeneration
through the NF-kB pathway in olfactory epithelium. Proc. Natl. Acad. Sci. USA 114,
8089-8094. https://doi.org/10.1073/pnas.1620664114.

Chen, M., Reed, R.R., Lane, A.P., 2019. Chronic Inflammation Directs an Olfactory Stem
Cell Functional Switch from Neuroregeneration to Immune Defense. Cell Stem Cell
25, 501-513.e5. https://doi.org/10.1016/j.stem.2019.08.011.

Chen, Y., Chen, T., Hou, R., 2022. Locus coeruleus in the pathogenesis of Alzheimer’s
disease: A systematic review. Alzheimer’S. Dement.: Transl. Res. Clin. Interv. 8,
e12257. https://doi.org/10.1002/trc2.12257.

Chen, Y., Spina, S., Callahan, P., Grinberg, L.T., Seeley, W.W., Rosen, H.J., Kramer, J.H.,
Miller, B.L., Rankin, K.P., 2023b. Pathology-specific patterns of cerebellar atrophy in
neurodegenerative disorders. Alzheimer’S. amp; Dement. alz 13551. https://doi.
org/10.1002/alz.13551.

Chen, Y., Spina, S., Callahan, P., Grinberg, L.T., Seeley, W.W., Kramer, J.H., Miller, B.L.,
Rankin, K.P., 2023a. Cerebellar atrophy in pathological subtypes of Alzheimer’s
disease and related dementias. Alzheimer’S. Dement. 19, e072190. https://doi.org/
10.1002/alz.072190.

Cheron, G., Ristori, D., Marquez-Ruiz, J., Cebolla, A.-M., Ris, L., 2022.
Electrophysiological alterations of the Purkinje cells and deep cerebellar neurons in a
mouse model of Alzheimer disease (electrophysiology on cerebellum of AD mice).
Eur. J. Neurosci. 56, 5547-5563. https://doi.org/10.1111/ejn.15621.

Chhabra, A., Solanki, S., Saravanabawan, P., Venkiteswaran, A., Nimmathota, N.,
Modi, N.M., 2024. A systematic review of the efficacy and safety of anti-amyloid beta
monoclonal antibodies in treatment of Alzheimer’s disease. Expert Opin. Biol. Ther.
24, 1261-1269. https://doi.org/10.1080/14712598.2024.2416947.

Chhatwal, J.P., Schultz, A.P., Johnson, K.A., Hedden, T., Jaimes, S., Benzinger, T.L.S.,
Jack, C., Ances, B.M., Ringman, J.M., Marcus, D.S., Ghetti, B., Farlow, M.R.,
Danek, A., Levin, J., Yakushev, L., Laske, C., Koeppe, R.A., Galasko, D.R., Xiong, C.,
Masters, C.L., Schofield, P.R., Kinnunen, K.M., Salloway, S., Martins, R.N.,
McDade, E., Cairns, N.J., Buckles, V.D., Morris, J.C., Bateman, R., Sperling, R.A.,
Dominantly Inherited Alzheimer Network, 2018. Preferential degradation of
cognitive networks differentiates Alzheimer’s disease from ageing. Brain 141,
1486-1500. https://doi.org/10.1093/brain/awy053.

Child, K.M., Herrick, D.B., Schwob, J.E., Holbrook, E.H., Jang, W., 2018. The
Neuroregenerative Capacity of Olfactory Stem Cells Is Not Limitless: Implications for
Aging. J. Neurosci. 38, 6806-6824. https://doi.org/10.1523/JNEUROSCI.3261-
17.2018.

Choi, S.-Y., Chang, J., Jiang, B., Seol, G.-H., Min, S.-S., Han, J.-S., Shin, H.-S.,
Gallagher, M., Kirkwood, A., 2005. Multiple receptors coupled to phospholipase C
gate long-term depression in visual cortex. J. Neurosci. 25, 11433-11443. https://
doi.org/10.1523/JNEUROSCI.4084-05.2005.

Christen-Zaech, S., Kraftsik, R., Pillevuit, O., Kiraly, M., Martins, R., Khalili, K.,
Miklossy, J., 2003. Early olfactory involvement in Alzheimer’s disease. Can. J.
Neurol. Sci. 30, 20-25. https://doi.org/10.1017/50317167100002389.

Ciampa, C.J., Parent, J.H., Harrison, T.M., Fain, R.M., Betts, M.J., Maass, A., Winer, J.R.,
Baker, S.L., Janabi, M., Furman, D.J., D'Esposito, M., Jagust, W.J., Berry, A.S., 2022.
Associations among locus coeruleus catecholamines, tau pathology, and memory in
aging. Neuropsychopharmacology 47, 1106-1113. https://doi.org/10.1038/
541386-022-01269-6.

Ciavarella, D., Ferrara, D., Fanelli, C., Montaruli, G., Burlon, G., Laurenziello, M., Lo
Russo, L., Esperouz, F., Tepedino, M., Lorusso, M., 2025. Evaluation of sleep position
shifts in patients with obstructive sleep apnea syndrome with the use of a
mandibular advancement device. Front. Dent. Med. 6. https://doi.org/10.3389/
fdmed.2025.1524334.

Cirrito, J.R., Yamada, K.A., Finn, M.B., Sloviter, R.S., Bales, K.R., May, P.C., Schoepp, D.
D., Paul, S.M., Mennerick, S., Holtzman, D.M., 2005. Synaptic activity regulates
interstitial fluid amyloid-beta levels in vivo. Neuron 48, 913-922. https://doi.org/
10.1016/j.neuron.2005.10.028.

Ciullo, G., Bozzetti, F., Ziccarelli, S., Fogassi, L., Errante, A., 2026. Neurophysiological
mechanisms underlying action observation treatment for upper limb stroke
rehabilitation: A mini-review. Neurosci. Biobehav. Rev. 180, 106484. https://doi.
org/10.1016/j.neubiorev.2025.106484.

Clavaguera, F., Tolnay, M., Goedert, M., 2017. The Prion-Like Behavior of Assembled
Tau in Transgenic Mice. Cold Spring Harb. Perspect. Med 7, a024372. https://doi.
org/10.1101/cshperspect.a024372.

27

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Cleland, T.A., 2010. Early transformations in odor representation. Trends Neurosci. 33,
130-139. https://doi.org/10.1016/j.tins.2009.12.004.

Coesmans, M., Weber, J.T., De Zeeuw, C.I., Hansel, C., 2004. Bidirectional parallel fiber
plasticity in the cerebellum under climbing fiber control. Neuron 44, 691-700.
https://doi.org/10.1016/j.neuron.2004.10.031.

Cohen, A.D., Landau, S.M., Snitz, B.E., Klunk, W.E., Blennow, K., Zetterberg, H., 2019.
Fluid and PET biomarkers for amyloid pathology in Alzheimer’s disease. Mol. Cell
Neurosci. 97, 3-17. https://doi.org/10.1016/j.mcn.2018.12.004.

Cole, G., Williams, P., Alldryck, D., Singharo, S., 1989. Amyloid plaques in the
cerebellum in Alzheimer’s disease. Clin. Neuropathol. 8, 188-191.

Cole, G., Neal, J.W., Singhrao, S.K., Jasani, B., Newman, G.R., 1993. The distribution of
amyloid plaques in the cerebellum and brain stem in Down’s syndrome and
Alzheimer’s disease: a light microscopical analysis. Acta Neuropathol. 85, 542-552.
https://doi.org/10.1007/BF00230495.

Connelly, T., Farmer, J.M., Lynch, D.R., Doty, R.L., 2003. Olfactory dysfunction in
degenerative ataxias. J. Neurol. Neurosurg. Psychiatry 74, 1435-1437. https://doi.
org/10.1136/jnnp.74.10.1435.

Constantinides, V.C., Paraskevas, G.P., Paraskevas, P.G., Stefanis, L., Kapaki, E., 2019.
Corticobasal degeneration and corticobasal syndrome: A review. Clin. Park. Relat.
Disord. 1, 66-71. https://doi.org/10.1016/j.prdoa.2019.08.005.

Corbi, G., Conti, V., Russomanno, G., Longobardi, G., Furgi, G., Filippelli, A., Ferrara, N.,
2013. Adrenergic signaling and oxidative stress: a role for sirtuins? Front Physiol. 4,
324. https://doi.org/10.3389/fphys.2013.00324.

Cornell Karnekull, S., Jonsson, F.U., Willander, J., Sikstrom, S., Larsson, M., 2015. Long-
term memory for odors: influences of familiarity and identification across 64 days.
Chem. Senses 40, 259-267. https://doi.org/10.1093/chemse/bjv003.

Courtiol, E., Wilson, D.A., 2015. The olfactory thalamus: unanswered questions about the
role of the mediodorsal thalamic nucleus in olfaction. Front Neural Circuits 9, 49.
https://doi.org/10.3389/fncir.2015.00049.

Courtiol, E., Wilson, D.A., 2016. Neural Representation of Odor-Guided Behavior in the
Rat Olfactory Thalamus. J. Neurosci. 36, 5946-5960. https://doi.org/10.1523/
JNEUROSCI.0533-16.2016.

Cousins, J.N., El-Deredy, W., Parkes, L.M., Hennies, N., Lewis, P.A., 2016. Cued
Reactivation of Motor Learning during Sleep Leads to Overnight Changes in
Functional Brain Activity and Connectivity. PLoS Biol. 14, e1002451. https://doi.
org/10.1371/journal.pbio.1002451.

Craig, L.A., Hong, N.S., McDonald, R.J., 2011. Revisiting the cholinergic hypothesis in
the development of Alzheimer’s disease. Neurosci. Biobehav. Rev. 35, 1397-1409.
https://doi.org/10.1016/j.neubiorev.2011.03.001.

Craigmyle, N.A., 2013. The beneficial effects of meditation: contribution of the anterior
cingulate and locus coeruleus. Front Psychol. 4, 731. https://doi.org/10.3389/
fpsyg.2013.00731.

Crimins, J.L., Rocher, A.B., Luebke, J.I., 2012. Electrophysiological changes precede
morphological changes to frontal cortical pyramidal neurons in the rTg4510 mouse
model of progressive tauopathy. Acta Neuropathol. 124, 777-795. https://doi.org/
10.1007/500401-012-1038-9.

Cross, N.E., Pomares, F.B., Nguyen, A., Perrault, A.A., Jegou, A., Uji, M., Lee, K.,
Razavipour, F., Ali, O.B.K., Aydin, U., Benali, H., Grova, C., Dang-Vu, T.T., 2021. An
altered balance of integrated and segregated brain activity is a marker of cognitive
deficits following sleep deprivation. PLoS Biol. 19, e3001232. https://doi.org/
10.1371/journal.pbio.3001232.

Crunelli, V., Lérincz, M.L., Connelly, W.M., David, F., Hughes, S.W., Lambert, R.C.,
Leresche, N., Errington, A.C., 2018. Dual function of thalamic low-vigilance state
oscillations: rhythm-regulation and plasticity. Nat. Rev. Neurosci. 19, 107-118.
https://doi.org/10.1038/nrn.2017.151.

Cuello, A.C., 2017. Early and Late CNS Inflammation in Alzheimer’s Disease: Two
Extremes of a Continuum? Trends Pharm. Sci. 38, 956-966. https://doi.org/
10.1016/j.tips.2017.07.005.

Cuyvers, E., Sleegers, K., 2016. Genetic variations underlying Alzheimer’s disease:
evidence from genome-wide association studies and beyond. Lancet Neurol. 15,
857-868. https://doi.org/10.1016/S1474-4422(16)00127-7.

D’Angelo, E., 2018. Physiology of the cerebellum. Handb. Clin. Neurol. 154, 85-108.
https://doi.org/10.1016/B978-0-444-63956-1.00006-0.

D’Angelo, E., Casali, S., 2012. Seeking a unified framework for cerebellar function and
dysfunction: from circuit operations to cognition. Front Neural Circuits 6, 116.
https://doi.org/10.3389/fncir.2012.00116.

D’Angelo, E., De Zeeuw, C.I., 2009. Timing and plasticity in the cerebellum: focus on the
granular layer. Trends Neurosci. 32, 30-40. https://doi.org/10.1016/j.
tins.2008.09.007.

D’Angelo, E., Solinas, S., Mapelli, J., Gandolfi, D., Mapelli, L., Prestori, F., 2013. The
cerebellar Golgi cell and spatiotemporal organization of granular layer activity.
Front Neural Circuits 7, 93. https://doi.org/10.3389/fncir.2013.00093.

Dagum, P., Elbert, D.L., Giovangrandi, L., Singh, T., Venkatesh, V.V., Corbellini, A.,
Kaplan, R.M., Levendovszky, S.R., Ludington, E., Yarasheski, K., Lowenkron, J.,
VandeWeerd, C., Lim, M.M., 1liff, J.J., 2026. The glymphatic system clears amyloid
beta and tau from brain to plasma in humans. Nat. Commun. 17, 715. https://doi.
org/10.1038/s41467-026-68374-8.

Dahl, M.J., Mather, M., Sander, M.C., Werkle-Bergner, M., 2020. Noradrenergic
Responsiveness Supports Selective Attention across the Adult Lifespan. J. Neurosci.
40, 4372-4390. https://doi.org/10.1523/IJNEUROSCIL.0398-19.2020.

Dahl, M.J., Mather, M., Werkle-Bergner, M., Kennedy, B.L., Guzman, S., Hurth, K.,
Miller, C.A., Qiao, Y., Shi, Y., Chui, H.C., Ringman, J.M., 2022. Locus coeruleus
integrity is related to tau burden and memory loss in autosomal-dominant
Alzheimer’s disease. Neurobiol. Aging 112, 39-54. https://doi.org/10.1016/j.
neurobiolaging.2021.11.006.


https://doi.org/10.1523/JNEUROSCI.1164-19.2019
https://doi.org/10.1523/JNEUROSCI.1164-19.2019
https://doi.org/10.1080/01616412.2021.1893566
https://doi.org/10.1080/01616412.2021.1893566
https://doi.org/10.1038/ncomms10729
https://doi.org/10.1038/ncomms10729
https://doi.org/10.1093/ijnp/pyab091
https://doi.org/10.1016/j.arr.2023.101868
https://doi.org/10.3389/fnagi.2023.1051298
https://doi.org/10.1073/pnas.1620664114
https://doi.org/10.1016/j.stem.2019.08.011
https://doi.org/10.1002/trc2.12257
https://doi.org/10.1002/alz.13551
https://doi.org/10.1002/alz.13551
https://doi.org/10.1002/alz.072190
https://doi.org/10.1002/alz.072190
https://doi.org/10.1111/ejn.15621
https://doi.org/10.1080/14712598.2024.2416947
https://doi.org/10.1093/brain/awy053
https://doi.org/10.1523/JNEUROSCI.3261-17.2018
https://doi.org/10.1523/JNEUROSCI.3261-17.2018
https://doi.org/10.1523/JNEUROSCI.4084-05.2005
https://doi.org/10.1523/JNEUROSCI.4084-05.2005
https://doi.org/10.1017/s0317167100002389
https://doi.org/10.1038/s41386-022-01269-6
https://doi.org/10.1038/s41386-022-01269-6
https://doi.org/10.3389/fdmed.2025.1524334
https://doi.org/10.3389/fdmed.2025.1524334
https://doi.org/10.1016/j.neuron.2005.10.028
https://doi.org/10.1016/j.neuron.2005.10.028
https://doi.org/10.1016/j.neubiorev.2025.106484
https://doi.org/10.1016/j.neubiorev.2025.106484
https://doi.org/10.1101/cshperspect.a024372
https://doi.org/10.1101/cshperspect.a024372
https://doi.org/10.1016/j.tins.2009.12.004
https://doi.org/10.1016/j.neuron.2004.10.031
https://doi.org/10.1016/j.mcn.2018.12.004
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref185
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref185
https://doi.org/10.1007/BF00230495
https://doi.org/10.1136/jnnp.74.10.1435
https://doi.org/10.1136/jnnp.74.10.1435
https://doi.org/10.1016/j.prdoa.2019.08.005
https://doi.org/10.3389/fphys.2013.00324
https://doi.org/10.1093/chemse/bjv003
https://doi.org/10.3389/fncir.2015.00049
https://doi.org/10.1523/JNEUROSCI.0533-16.2016
https://doi.org/10.1523/JNEUROSCI.0533-16.2016
https://doi.org/10.1371/journal.pbio.1002451
https://doi.org/10.1371/journal.pbio.1002451
https://doi.org/10.1016/j.neubiorev.2011.03.001
https://doi.org/10.3389/fpsyg.2013.00731
https://doi.org/10.3389/fpsyg.2013.00731
https://doi.org/10.1007/s00401-012-1038-9
https://doi.org/10.1007/s00401-012-1038-9
https://doi.org/10.1371/journal.pbio.3001232
https://doi.org/10.1371/journal.pbio.3001232
https://doi.org/10.1038/nrn.2017.151
https://doi.org/10.1016/j.tips.2017.07.005
https://doi.org/10.1016/j.tips.2017.07.005
https://doi.org/10.1016/S1474-4422(16)00127-7
https://doi.org/10.1016/B978-0-444-63956-1.00006-0
https://doi.org/10.3389/fncir.2012.00116
https://doi.org/10.1016/j.tins.2008.09.007
https://doi.org/10.1016/j.tins.2008.09.007
https://doi.org/10.3389/fncir.2013.00093
https://doi.org/10.1038/s41467-026-68374-8
https://doi.org/10.1038/s41467-026-68374-8
https://doi.org/10.1523/JNEUROSCI.0398-19.2020
https://doi.org/10.1016/j.neurobiolaging.2021.11.006
https://doi.org/10.1016/j.neurobiolaging.2021.11.006

A. Antonioni

Dan, X., Wechter, N., Gray, S., Mohanty, J.G., Croteau, D.L., Bohr, V.A., 2021. Olfactory
dysfunction in aging and neurodegenerative diseases. Ageing Res Rev. 70, 101416.
https://doi.org/10.1016/j.arr.2021.101416.

Daugherty, A.M., 2021. Hypertension-related risk for dementia: A summary review with
future directions. Semin Cell Dev. Biol. 116, 82-89. https://doi.org/10.1016/j.
semcdb.2021.03.002.

Daulatzai, M.A., 2015. Olfactory dysfunction: its early temporal relationship and neural
correlates in the pathogenesis of Alzheimer’s disease. J. Neural Transm. 122,
1475-1497. https://doi.org/10.1007/s00702-015-1404-6.

Davis, A.A., Inman, C.E., Wargel, Z.M., Dube, U., Freeberg, B.M., Galluppi, A., Haines, J.
N., Dhavale, D.D., Miller, R., Choudhury, F.A., Sullivan, P.M., Cruchaga, C.,
Perlmutter, J.S., Ulrich, J.D., Benitez, B.A., Kotzbauer, P.T., Holtzman, D.M., 2020.
APOE genotype regulates pathology and disease progression in synucleinopathy. Sci.
Transl. Med 12, eaay3069. https://doi.org/10.1126/scitranslmed.aay3069.

De Simone, M.S., De Tollis, M., Fadda, L., Perri, R., Caltagirone, C., Carlesimo, G.A.,
2020. Lost or unavailable? Exploring mechanisms that affect retrograde memory in
mild cognitive impairment and Alzheimer’s disease patients. J. Neurol. 267,
113-124. https://doi.org/10.1007/500415-019-09559-8.

De Zeeuw, C.I., Hoebeek, F.E., Schonewille, M., 2008. Causes and consequences of
oscillations in the cerebellar cortex. Neuron 58, 655-658. https://doi.org/10.1016/j.
neuron.2008.05.019.

De Zeeuw, L., C., 2021. Bidirectional learning in upbound and downbound microzones of
the cerebellum. Nat. Rev. Neurosci. 22, 92-110. https://doi.org/10.1038/s41583-
020-00392-x.

Deiss, V., Baudoin, C., 1997. Hyposmia for butanol and vanillin in mutant staggerer male
mice. Physiol. Behav. 61, 209-213. https://doi.org/10.1016/s0031-9384(96)00402-
7.

van der Flier, W.M., Skoog, I., Schneider, J.A., Pantoni, L., Mok, V., Chen, C.L.H.,
Scheltens, P., 2018. Vascular cognitive impairment. Nat. Rev. Dis. Prim. 4, 18003.
https://doi.org/10.1038/nrdp.2018.3.

van der Helm, E., Yao, J., Dutt, S., Rao, V., Saletin, J.M., Walker, M.P., 2011. REM sleep
depotentiates amygdala activity to previous emotional experiences. Curr. Biol. 21,
2029-2032. https://doi.org/10.1016/j.cub.2011.10.052.

van der Kant, R., Goldstein, L.S.B., Ossenkoppele, R., 2020. Amyloid-p-independent
regulators of tau pathology in Alzheimer disease. Nat. Rev. Neurosci. 21, 21-35.
https://doi.org/10.1038/s41583-019-0240-3.

Desiato, V.M., Levy, D.A,, Byun, Y.J., Nguyen, S.A., Soler, Z.M., Schlosser, R.J., 2021.
The Prevalence of Olfactory Dysfunction in the General Population: A Systematic
Review and Meta-analysis. Am. J. Rhinol. Allergy 35, 195-205. https://doi.org/
10.1177/1945892420946254.

Devilbiss, D.M., Waterhouse, B.D., 2000. Norepinephrine exhibits two distinct profiles of
action on sensory cortical neuron responses to excitatory synaptic stimuli. Synapse
37, 273-282. https://doi.org/10.1002/1098-2396(20000915)37:4%3C273::AID-
SYN4%3E3.0.C0O;2-%23.

Devilbiss, D.M., Waterhouse, B.D., 2011. Phasic and tonic patterns of locus coeruleus
output differentially modulate sensory network function in the awake rat.

J. Neurophysiol. 105, 69-87. https://doi.org/10.1152/jn.00445.2010.

Devilbiss, D.M., Page, M.E., Waterhouse, B.D., 2006. Locus ceruleus regulates sensory
encoding by neurons and networks in waking animals. J. Neurosci. 26, 9860-9872.
https://doi.org/10.1523/JNEUROSCI.1776-06.2006.

Devoto, P., Flore, G., Saba, P., Fa, M., Gessa, G.L., 2005. Stimulation of the locus
coeruleus elicits noradrenaline and dopamine release in the medial prefrontal and
parietal cortex. J. Neurochem. 92, 368-374. https://doi.org/10.1111/j.1471-
4159.2004.02866.x.

Devoto, P., Sagheddu, C., Santoni, M., Flore, G., Saba, P., Pistis, M., Gessa, G.L., 2020.
Noradrenergic Source of Dopamine Assessed by Microdialysis in the Medial
Prefrontal Cortex. Front Pharm. 11, 588160. https://doi.org/10.3389/
fphar.2020.588160.

Di Giorgio, A., Mirijello, A., De Gennaro, C., Fontana, A., Alboini, P.E., Florio, L.,
Inchingolo, V., Zarrelli, M., Miscio, G., Raggi, P., Marciano, C., Antonioni, A., De
Cosmo, S., Aucella, F., Greco, A., Carella, M., Copetti, M., Leone, M.A., 2022. Factors
Associated with Delirium in COVID-19 Patients and Their Outcome: A Single-Center
Cohort Study. Diagn. (Basel) 12, 544. https://doi.org/10.3390/
diagnostics12020544.

Di Lorenzo, F., Martorana, A., Ponzo, V., Bonni, S., D’Angelo, E., Caltagirone, C.,
Koch, G., 2013. Cerebellar theta burst stimulation modulates short latency afferent
inhibition in Alzheimer’s disease patients. Front Aging Neurosci. 5, 2. https://doi.
org/10.3389/fnagi.2013.00002.

Di Lorenzo, F., Ponzo, V., Bonni, S., Motta, C., Negrao Serra, P.C., Bozzali, M.,
Caltagirone, C., Martorana, A., Koch, G., 2016. Long-term potentiation-like cortical
plasticity is disrupted in Alzheimer’s disease patients independently from age of
onset. Ann. Neurol. 80, 202-210. https://doi.org/10.1002/ana.24695.

Di Lorenzo, F., Motta, C., Casula, E.P., Bonni, S., Assogna, M., Caltagirone, C.,
Martorana, A., Koch, G., 2020. LTP-like cortical plasticity predicts conversion to
dementia in patients with memory impairment. Brain Stimul. 13, 1175-1182.
https://doi.org/10.1016/j.brs.2020.05.013.

Dienel, G.A., 2019. Brain Glucose Metabolism: Integration of Energetics with Function.
Physiol. Rev. 99, 949-1045. https://doi.org/10.1152/physrev.00062.2017.

Dietrichs, E., 1988. Cerebellar cortical and nuclear afferents from the feline locus
coeruleus complex. Neuroscience 27, 77-91. https://doi.org/10.1016/0306-4522
(88)90220-5.

Diez, 1., Ortiz-Teran, L., Ng, T.S.C., Albers, M.W., Marshall, G., Orwig, W., Kim, C.,
Bueichekd, E., Montal, V., Olofsson, J., Vannini, P., El Fahkri, G., Sperling, R.,
Johnson, K., Jacobs, H.L.L., Sepulcre, J., 2024. Tau propagation in the brain olfactory
circuits is associated with smell perception changes in aging. Nat. Commun. 15,
4809. https://doi.org/10.1038/541467-024-48462-3.

28

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Dinse, H.R., Tegenthoff, M., 2015. Evoking plasticity through sensory stimulation:
Implications for learning and rehabilitation. e-Neuroforum 6, 11-20. https://doi.
org/10.1007/s13295-015-0003-1.

Dintica, C.S., Marseglia, A., Rizzuto, D., Wang, R., Seubert, J., Arfanakis, K., Bennett, D.
A., Xu, W., 2019. Impaired olfaction is associated with cognitive decline and
neurodegeneration in the brain. Neurology 92, e700-e709. https://doi.org/
10.1212/WNL.0000000000006919.

Dissing-Olesen, L., LeDue, J.M., Rungta, R.L., Hefendehl, J.K., Choi, H.B., MacVicar, B.A.,
2014. Activation of neuronal NMDA receptors triggers transient ATP-mediated
microglial process outgrowth. J. Neurosci. 34, 10511-10527. https://doi.org/
10.1523/JNEUROSCI.0405-14.2014.

Dolphin, H., Dyer, A.H., Morrison, L., Shenkin, S.D., Welsh, T., Kennelly, S.P., 2024. New
horizons in the diagnosis and management of Alzheimer’s Disease in older adults.
Age Ageing 53, afae005. https://doi.org/10.1093/ageing/afac005.

Doody, R.S., Thomas, R.G., Farlow, M., Iwatsubo, T., Vellas, B., Joffe, S., Kieburtz, K.,
Raman, R., Sun, X., Aisen, P.S., Siemers, E., Liu-Seifert, H., Mohs, R., Alzheimer’s
Disease Cooperative Study Steering Committee, Solanezumab Study Group, 2014.
Phase 3 trials of solanezumab for mild-to-moderate Alzheimer’s disease. N. Engl. J.
Med 370, 311-321. https://doi.org/10.1056/NEJMoal312889.

Doty, R.L., 2017. Olfactory dysfunction in neurodegenerative diseases: is there a
common pathological substrate? Lancet Neurol. 16, 478-488. https://doi.org/
10.1016/51474-4422(17)30123-0.

Duan, H., Wang, T., Zhang, X., Xia, D., Wang, Z., Fong, T.H., Li, T., Yan, R., Zhan, Y.,
Li, Y., Gao, W.-J., Zhou, Q., 2025. The locus coeruleus influences behavior by
coordinating effective integration of fear memories and sensory input. PLOS Biol. 23,
€3003272. https://doi.org/10.1371/journal.pbio.3003272.

Dubois, B., Epelbaum, S., Nyasse, F., Bakardjian, H., Gagliardi, G., Uspenskaya, O.,
Houot, M., Lista, S., Cacciamani, F., Potier, M.-C., Bertrand, A., Lamari, F.,

Benali, H., Mangin, J.-F., Colliot, O., Genthon, R., Habert, M.-O., Hampel, H.,
Audrain, C., Auffret, A., Baldacci, F., Benakki, 1., Bertin, H., Boukadida, L.,
Cavedo, E., Chiesa, P., Dauphinot, L., Dos Santos, A., Dubois, M., Durrleman, S.,
Fontaine, G., Genin, A., Glasman, P., Jungalee, N., Kas, A., Kilani, M., La Corte, V.,
Lehericy, S., Letondor, C., Levy, M., Lowrey, M., Ly, J., Makiese, O., Metzinger, C.,
Michon, A., Mochel, F., Poisson, C., Ratovohery, S., Revillon, M., Rojkova, K.,
Roy, P., Santos-Andrade, K., Schindler, R., Seux, L., Simon, V., Sole, M.,
Tandetnik, C., Teichmann, M., Thiebaut de Shotten, M., Younsi, N., study Group, I,
2018. Cognitive and neuroimaging features and brain p-amyloidosis in individuals at
risk of Alzheimer’s disease (INSIGHT-preAD): a longitudinal observational study.
Lancet Neurol. 17, 335-346. https://doi.org/10.1016/51474-4422(18)30029-2.

Dunlop, S.R., Matchett, B., Mannsbart, A., Al-Shaikh, F.S.H., Rothberg, D.M., Ventura, J.,
Velez-Uribe, 1., Duara, R., Graff-Radford, N.R., Dickson, D.W., Grinberg, L.T.,
Murray, M.E., 2025. Younger age of onset and atypical clinical syndrome are
associated with greater locus coeruleus degeneration in Alzheimer’s disease.
Alzheimer’S. Dement. 21, €103303. https://doi.org/10.1002/alz70855_103303.

Durante, M.A., Kurtenbach, Stefan, Sargi, Z.B., Harbour, J.W., Choi, R.,

Kurtenbach, Sarah, Goss, G.M., Matsunami, H., Goldstein, B.J., 2020. Single-cell
analysis of olfactory neurogenesis and differentiation in adult humans. Nat.
Neurosci. 23, 323-326. https://doi.org/10.1038/541593-020-0587-9.

Duszkiewicz, A.J., McNamara, C.G., Takeuchi, T., Genzel, L., 2019. Novelty and
Dopaminergic Modulation of Memory Persistence: A Tale of Two Systems. Trends
Neurosci. 42, 102-114. https://doi.org/10.1016/j.tins.2018.10.002.

van Dyck, C.H., Sperling, R., Johnson, K., Dhadda, S., Kanekiyo, M., Li, D., Gee, M.,
Hersch, S., Irizarry, M., Kramer, L., 2025. Long-term safety and efficacy of
lecanemab in early Alzheimer’s disease: Results from the clarity AD open-label
extension study. Alzheimer’S. Dement. 21, €70905. https://doi.org/10.1002/
alz.70905.

Dzwiza-Ohlsen, E.N., Kempermann, G., 2023. The embodied mind in motion: a
neuroscientific and philosophical perspective on prevention and therapy of
dementia. Front. Psychol. 14. https://doi.org/10.3389/fpsyg.2023.1174424.

Dzyubenko, E., Hermann, D.M., 2023. Role of glia and extracellular matrix in controlling
neuroplasticity in the central nervous system. Semin Immunopathol. 45, 377-387.
https://doi.org/10.1007/500281-023-00989-1.

Edlow, B.L., Takahashi, E., Wu, O., Benner, T., Dai, G., Bu, L., Grant, P.E., Greer, D.M.,
Greenberg, S.M., Kinney, H.C., Folkerth, R.D., 2012. Neuroanatomic connectivity of
the human ascending arousal system critical to consciousness and its disorders.

J. Neuropathol. Exp. Neurol. 71, 531-546. https://doi.org/10.1097/
NEN.0b013e3182588293.

Ehrenberg, A.J., Nguy, A.K., Theofilas, P., Dunlop, S., Suemoto, C.K., Di Lorenzo Alho, A.
T., Leite, R.P., Diehl Rodriguez, R., Mejia, M.B., Riib, U., Farfel, J.M., de Lucena
Ferretti-Rebustini, R.E., Nascimento, C.F., Nitrini, R., Pasquallucci, C.A., Jacob-
Filho, W., Miller, B., Seeley, W.W., Heinsen, H., Grinberg, L.T., 2017. Quantifying
the accretion of hyperphosphorylated tau in the locus coeruleus and dorsal raphe
nucleus: the pathological building blocks of early Alzheimer’s disease. Neuropathol.
Appl. Neurobiol. 43, 393-408. https://doi.org/10.1111/nan.12387.

Ehrenberg, A.J., Suemoto, C.K., Franca Resende, E., de, P., Petersen, C., Leite, R.E.P.,
Rodriguez, R.D., Ferretti-Rebustini, R.E., de, L., You, M., Oh, J., Nitrini, R.,
Pasqualucci, C.A., Jacob-Filho, W., Kramer, J.H., Gatchel, J.R., Grinberg, L.T., 2018.
Neuropathologic Correlates of Psychiatric Symptoms in Alzheimer’s Disease.

J. Alzheimers Dis. 66, 115-126. https://doi.org/10.3233/JAD-180688.

Eimer, W.A., Rodriguez, A.S., DeFao, M.T., Ehricke, S., Park, J., Vijaya Kumar, D.K.,
Navalpur Shanmugam, N.K., Singh, S., Sawhney, T., Moir, R.D., Tanzi, R.E., 2025.
Phosphorylated tau exhibits antimicrobial activity capable of neutralizing herpes
simplex virus 1 infectivity in human neurons. Nat. Neurosci. 1-13. https://doi.org/
10.1038/541593-025-02157-0.

Elman, J.A., Oh, H., Madison, C.M., Baker, S.L., Vogel, J.W., Marks, S.M., Crowley, S.,
O’Neil, J.P., Jagust, W.J., 2014. Neural compensation in older people with brain


https://doi.org/10.1016/j.arr.2021.101416
https://doi.org/10.1016/j.semcdb.2021.03.002
https://doi.org/10.1016/j.semcdb.2021.03.002
https://doi.org/10.1007/s00702-015-1404-6
https://doi.org/10.1126/scitranslmed.aay3069
https://doi.org/10.1007/s00415-019-09559-8
https://doi.org/10.1016/j.neuron.2008.05.019
https://doi.org/10.1016/j.neuron.2008.05.019
https://doi.org/10.1038/s41583-020-00392-x
https://doi.org/10.1038/s41583-020-00392-x
https://doi.org/10.1016/s0031-9384(96)00402-7
https://doi.org/10.1016/s0031-9384(96)00402-7
https://doi.org/10.1038/nrdp.2018.3
https://doi.org/10.1016/j.cub.2011.10.052
https://doi.org/10.1038/s41583-019-0240-3
https://doi.org/10.1177/1945892420946254
https://doi.org/10.1177/1945892420946254
https://doi.org/10.1002/1098-2396(20000915)37:4&percnt;3C273::AID-SYN4&percnt;3E3.0.CO;2-&percnt;23
https://doi.org/10.1002/1098-2396(20000915)37:4&percnt;3C273::AID-SYN4&percnt;3E3.0.CO;2-&percnt;23
https://doi.org/10.1152/jn.00445.2010
https://doi.org/10.1523/JNEUROSCI.1776-06.2006
https://doi.org/10.1111/j.1471-4159.2004.02866.x
https://doi.org/10.1111/j.1471-4159.2004.02866.x
https://doi.org/10.3389/fphar.2020.588160
https://doi.org/10.3389/fphar.2020.588160
https://doi.org/10.3390/diagnostics12020544
https://doi.org/10.3390/diagnostics12020544
https://doi.org/10.3389/fnagi.2013.00002
https://doi.org/10.3389/fnagi.2013.00002
https://doi.org/10.1002/ana.24695
https://doi.org/10.1016/j.brs.2020.05.013
https://doi.org/10.1152/physrev.00062.2017
https://doi.org/10.1016/0306-4522(88)90220-5
https://doi.org/10.1016/0306-4522(88)90220-5
https://doi.org/10.1038/s41467-024-48462-3
https://doi.org/10.1007/s13295-015-0003-1
https://doi.org/10.1007/s13295-015-0003-1
https://doi.org/10.1212/WNL.0000000000006919
https://doi.org/10.1212/WNL.0000000000006919
https://doi.org/10.1523/JNEUROSCI.0405-14.2014
https://doi.org/10.1523/JNEUROSCI.0405-14.2014
https://doi.org/10.1093/ageing/afae005
https://doi.org/10.1056/NEJMoa1312889
https://doi.org/10.1016/S1474-4422(17)30123-0
https://doi.org/10.1016/S1474-4422(17)30123-0
https://doi.org/10.1371/journal.pbio.3003272
https://doi.org/10.1016/S1474-4422(18)30029-2
https://doi.org/10.1002/alz70855_103303
https://doi.org/10.1038/s41593-020-0587-9
https://doi.org/10.1016/j.tins.2018.10.002
https://doi.org/10.1002/alz.70905
https://doi.org/10.1002/alz.70905
https://doi.org/10.3389/fpsyg.2023.1174424
https://doi.org/10.1007/s00281-023-00989-1
https://doi.org/10.1097/NEN.0b013e3182588293
https://doi.org/10.1097/NEN.0b013e3182588293
https://doi.org/10.1111/nan.12387
https://doi.org/10.3233/JAD-180688
https://doi.org/10.1038/s41593-025-02157-0
https://doi.org/10.1038/s41593-025-02157-0

A. Antonioni

p-amyloid deposition. Nat. Neurosci. 17, 1316-1318. https://doi.org/10.1038/
nn.3806.

Elman, J.A., Puckett, O.K., Beck, A., Fennema-Notestine, C., Cross, L.K., Dale, A.M.,
Eglit, G.M.L., Eyler, L.T., Gillespie, N.A., Granholm, E.L., Gustavson, D.E., Hagler, D.
J., Hatton, S.N., Hauger, R., Jak, A.J., Logue, M.W., McEvoy, L.K., McKenzie, R.E.,
Neale, M.C., Panizzon, M.S., Reynolds, C.A., Sanderson-Cimino, M., Toomey, R.,
Tu, X.M., Whitsel, N., Williams, M.E., Xian, H., Lyons, M.J., Franz, C.E., Kremen, W.
S., 2021. MRI-assessed locus coeruleus integrity is heritable and associated with
multiple cognitive domains, mild cognitive impairment, and daytime dysfunction.
Alzheimers Dement 17, 1017-1025. https://doi.org/10.1002/alz.12261.

Ennis, M., Zhou, F.M., Ciombor, K.J., Aroniadou-Anderjaska, V., Hayar, A., Borrelli, E.,
Zimmer, L.A., Margolis, F., Shipley, M.T., 2001. Dopamine D2 receptor-mediated
presynaptic inhibition of olfactory nerve terminals. J. Neurophysiol. 86, 2986-2997.
https://doi.org/10.1152/jn.2001.86.6.2986.

Erdé, F., Denes, L., de Lange, E., 2017. Age-associated physiological and pathological
changes at the blood-brain barrier: A review. J. Cereb. Blood Flow. Metab. 37, 4-24.
https://doi.org/10.1177,/0271678X16679420.

Ereira, S., Waters, S., Razi, A., Marshall, C.R., 2024. Early detection of dementia with
default-mode network effective connectivity. Nat. Ment. Health 2, 787-800. https://
doi.org/10.1038/544220-024-00259-5.

Errante, A., Fogassi, L., 2020. Activation of cerebellum and basal ganglia during the
observation and execution of manipulative actions. Sci. Rep. 10, 12008. https://doi.
org/10.1038/541598-020-68928-w.

Errante, A., Gerbella, M., Mingolla, G.P., Fogassi, L., 2023. Activation of Cerebellum,
Basal Ganglia and Thalamus During Observation and Execution of Mouth, hand, and
foot Actions. Brain Topogr. 36, 476-499. https://doi.org/10.1007/s10548-023-
00960-1.

Escanilla, O., Arrellanos, A., Karnow, A., Ennis, M., Linster, C., 2010. Noradrenergic
modulation of behavioral odor detection and discrimination thresholds in the
olfactory bulb. Eur. J. Neurosci. 32, 458-468. https://doi.org/10.1111/j.1460-
9568.2010.07297.x.

Eschenko, O., Sara, S.J., 2008. Learning-dependent, transient increase of activity in
noradrenergic neurons of locus coeruleus during slow wave sleep in the rat: brain
stem-cortex interplay for memory consolidation? Cereb. Cortex 18, 2596-2603.
https://doi.org/10.1093/cercor/bhn020.

Eschenko, O., Magri, C., Panzeri, S., Sara, S.J., 2012. Noradrenergic neurons of the locus
coeruleus are phase locked to cortical up-down states during sleep. Cereb. Cortex 22,
426-435. https://doi.org/10.1093/cercor/bhr121.

Esclassan, F., Courtiol, E., Thévenet, M., Garcia, S., Buonviso, N., Litaudon, P., 2012.
Faster, deeper, better: the impact of sniffing modulation on bulbar olfactory
processing. PLoS One 7, e40927. https://doi.org/10.1371/journal.pone.0040927.

Espana, R.A., Berridge, C.W., 2006. Organization of noradrenergic efferents to arousal-
related basal forebrain structures. J. Comp. Neurol. 496, 668-683. https://doi.org/
10.1002/cne.20946.

Evans, A.K., Defensor, E., Shamloo, M., 2022. Selective Vulnerability of the Locus
Coeruleus Noradrenergic System and its Role in Modulation of Neuroinflammation,
Cognition, and Neurodegeneration. Front Pharm. 13, 1030609. https://doi.org/
10.3389/fphar.2022.1030609.

Ezama, L., Hernandez-Cabrera, J.A., Seoane, S., Pereda, E., Janssen, N., 2021. Functional
connectivity of the hippocampus and its subfields in resting-state networks. Eur. J.
Neurosci. 53, 3378-3393. https://doi.org/10.1111/ejn.15213.

Falgas, N., Tort-Colet, N., Martin-Sobrino, I., Maya, G., Pena-Gonzalez, M., Rudilosso, S.,
Gaig, C., Bosch, B., Arqueros, A., Pérez-Millan, A., Tort-Merino, A., Fernandez-
Villullas, G., Pinol-Ripoll, G., Balasa, M., Lladd, A., Ruiz, M.M., Munoz-Moreno, E.,
Grau-Rivera, O., Iranzo, A., Grinberg, L.T., Sdnchez-Valle, R., 2026. Relationship
between locus coeruleus and slow-wave sleep in aging and Alzheimer’s disease.
Alzheimer’S. Dement. 22, e71183. https://doi.org/10.1002/alz.71183.

Fan, Z., Brooks, D.J., Okello, A., Edison, P., 2017. An early and late peak in microglial
activation in Alzheimer’s disease trajectory. Brain 140, 792-803. https://doi.org/
10.1093/brain/aww349.

Fang, Z., Dang, Y., Ping, A., Wang, C., Zhao, Q., Zhao, H., Li, X., Zhang, M., 2025. Human
high-order thalamic nuclei gate conscious perception through the thalamofrontal
loop. Science 388, eadr3675. https://doi.org/10.1126/science.adr3675.

Fantini, J., Chahinian, H., Yahi, N., 2020. Progress toward Alzheimer’s disease
treatment: Leveraging the Achilles’ heel of A oligomers? Protein Sci. 29,
1748-1759. https://doi.org/10.1002/pro.3906.

Farina, E., Baglio, F., Pomati, S., D’Amico, A., Campini, I.C., Di Tella, S., Belloni, G.,
Pozzo, T., 2017. The Mirror Neurons Network in Aging, Mild Cognitive Impairment,
and Alzheimer Disease: A functional MRI Study. Front Aging Neurosci. 9, 371.
https://doi.org/10.3389/fnagi.2017.00371.

Farina, E., Borgnis, F., Pozzo, T., 2020. Mirror neurons and their relationship with
neurodegenerative disorders. J. Neurosci. Res. 98, 1070-1094. https://doi.org/
10.1002/jnr.24579.

Fatima, N., Nabi, G., 2025. Multimodal EEG-based classification of Alzheimer’s and MCI
using olfactory event-related potentials and transformers. Brain-Appar. Commun.: A
J. Bacomics 4, 2602997. https://doi.org/10.1080/27706710.2025.2602997.

Ferdon, S., Murphy, C., 2003. The cerebellum and olfaction in the aging brain: a
functional magnetic resonance imaging study. Neurolmage 20, 12-21. https://doi.
org/10.1016/51053-8119(03)00276-3.

Ferini-Strambi, L., 2024. Which Are the Most Reliable Sleep Parameters that Predict
Cognitive Decline and Alzheimer’s Disease? J. Alzheimer’S. Dis. 97, 1641-1643.
https://doi.org/10.3233/JAD-231311.

Ferini-Strambi, L., Galbiati, A., Casoni, F., Salsone, M., 2020. Therapy for Insomnia and
Circadian Rhythm Disorder in Alzheimer Disease. Curr. Treat. Options Neurol. 22, 4.
https://doi.org/10.1007/s11940-020-0612-z.

29

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Ferini-Strambi, L., Liguori, C., Lucey, B.P., Mander, B.A., Spira, A.P., Videnovic, A.,
Baumann, C., Franco, O., Fernandes, M., Gnarra, O., Krack, P., Manconi, M.,
Noain, D., Saxena, S., Kallweit, U., Randerath, W., Trenkwalder, C., Rosenzweig, I.,
Iranzo, A., Bradicich, M., Bassetti, C., 2024. Role of sleep in neurodegeneration: the
consensus report of the 5th Think Tank World Sleep Forum. Neurol. Sci. 45,
749-767. https://doi.org/10.1007/s10072-023-07232-7.

Fernandez-Matarrubia, M., Valera-Barrero, A., Renuncio-Garcia, M., Aguilella, M.,
Lage, C., Lopez-Garcia, S., Ocejo-Vinyals, J.G., Martinez-Dubarbie, F., Molfetta, G.D.,
Pozueta-Cantudo, A., Garcia-Martinez, M., Corrales-Pardo, A., Bravo, M., Lopez-
Hoyos, M., Irure-Ventura, J., Blennow, K., Ashton, N.J., Zetterberg, H., Sanchez-
Juan, P., Rodriguez-Rodriguez, E., 2025. Early microglial and astrocyte reactivity in
preclinical Alzheimer’s disease. Alzheimers Dement 21, €70502. https://doi.org/
10.1002/alz.70502.

Filip, P., McCarten, J.R., Hemmy, L., Crocker, J., Wolf, M., Thotland, J., Cayci, Z., Kes, T.,
Michaeli, S., Terpstra, M., Mangia, S., 2025. Clinical and MRI Correlates of
B-Amyloid Load Inconsistent With Its Presumed Neurotoxicity in Cognitively Healthy
Ageing. J. Neurochem. 169, €70241. https://doi.org/10.1111/jnc.70241.

Firestein, S., 2001. How the olfactory system makes sense of scents. Nature 413,
211-218. https://doi.org/10.1038/35093026.

Fischer, A., 2016. Environmental enrichment as a method to improve cognitive function.
What can we learn from animal models? Neuroimage 131, 42-47. https://doi.org/
10.1016/j.neuroimage.2015.11.039.

Fischer, M.E., Cruickshanks, K.J., Schubert, C.R., Pinto, A.A., Carlsson, C.M., Klein, B.E.
K., Klein, R., Tweed, T.S., 2016. Age-Related Sensory Impairments and Risk of
Cognitive Impairment. J. Am. Geriatr. Soc. 64, 1981-1987. https://doi.org/
10.1111/jg5.14308.

Fischer, M.H.F., Zibrandtsen, I1.C., Hgogh, P., Musaeus, C.S., 2023. Systematic Review of
EEG Coherence in Alzheimer’s Disease. J. Alzheimer’S. Dis. 91, 1261-1272. https://
doi.org/10.3233/JAD-220508.

Fischer, S., Hallschmid, M., Elsner, A.L., Born, J., 2002. Sleep forms memory for finger
skills. Proc. Natl. Acad. Sci. USA 99, 11987-11991. https://doi.org/10.1073/
pnas.182178199.

Fisher, D.W., Bennett, D.A., Dong, H., 2018. Sexual dimorphism in predisposition to
Alzheimer’s disease. Neurobiol. Aging 70, 308-324. https://doi.org/10.1016/j.
neurobiolaging.2018.04.004.

Fitzek, M., Patel, P.K., Solomon, P.D., Lin, B., Hummel, T., Schwob, J.E., Holbrook, E.H.,
2022. Integrated age-related immunohistological changes occur in human olfactory
epithelium and olfactory bulb. J. Comp. Neurol. 530, 2154-2175. https://doi.org/
10.1002/cne.25325.

Fleming, A., Bourdenx, M., Fujimaki, M., Karabiyik, C., Krause, G.J., Lopez, A., Martin-
Segura, A., Puri, C., Scrivo, A., Skidmore, J., Son, S.M., Stamatakou, E., Wrobel, L.,
Zhu, Y., Cuervo, A.M., Rubinsztein, D.C., 2022. The different autophagy degradation
pathways and neurodegeneration. Neuron 110, 935-966. https://doi.org/10.1016/j.
neuron.2022.01.017.

Fliessbach, K., Trautner, P., Quesada, C.M., Elger, C.E., Weber, B., 2007. Cerebellar
contributions to episodic memory encoding as revealed by fMRI. Neuroimage 35,
1330-1337. https://doi.org/10.1016/j.neuroimage.2007.02.004.

Fogel, S., Vien, C., Karni, A., Benali, H., Carrier, J., Doyon, J., 2017. Sleep spindles: a
physiological marker of age-related changes in gray matter in brain regions
supporting motor skill memory consolidation. Neurobiol. Aging 49, 154-164.
https://doi.org/10.1016/j.neurobiolaging.2016.10.009.

Foote, S.L., Aston-Jones, G., Bloom, F.E., 1980. Impulse activity of locus coeruleus
neurons in awake rats and monkeys is a function of sensory stimulation and arousal.
Proc. Natl. Acad. Sci. USA 77, 3033-3037. https://doi.org/10.1073/pnas.77.5.3033.

Fore, T.R., Taylor, B.N., Brunel, N., Hull, C., 2020. Acetylcholine Modulates Cerebellar
Granule Cell Spiking by Regulating the Balance of Synaptic Excitation and
Inhibition. J. Neurosci. 40, 2882-2894. https://doi.org/10.1523/JNEUROSCIL.2148-
19.2020.

Fortel, L., Zhan, L., Ajilore, O., Wu, Y., Mackin, S., Leow, A., 2023. Disrupted Excitation-
Inhibition Balance in Cognitively Normal Individuals at Risk of Alzheimer’s Disease.
J. Alzheimer’S. Dis. 95, 1449-1467. https://doi.org/10.3233/JAD-230035.

Fortier-Lebel, O., Hudon, E., Brosse, S., Boller, B., Frasnelli, J., 2025. Characterizing
olfaction, anxiety, and depression in subjective cognitive decline. J. Alzheimers Dis.,
13872877251363422 https://doi.org/10.1177/13872877251363422.

Fox, N.A., Bakermans-Kranenburg, M.J., Yoo, K.H., Bowman, L.C., Cannon, E.N.,
Vanderwert, R.E., Ferrari, P.F., van IJzendoorn, M.H., 2016. Assessing Human
Mirror Activity With EEG Mu Rhythm: A Meta-Analysis. Psychol. Bull. 142,
291-313. https://doi.org/10.1037/bul0000031.

Fox, N.C., Belder, C., Ballard, C., Kales, H.C., Mummery, C., Caramelli, P., Ciccarelli, O.,
Frederiksen, K.S., Gomez-Isla, T., Ismail, Z., Paquet, C., Petersen, R.C., Perneczky, R.,
Robinson, L., Sayin, O., Frisoni, G.B., 2025. Treatment for Alzheimer’s disease.
Lancet 406, 1408-1423. https://doi.org/10.1016/50140-6736(25)01329-7.

Franceschi, C., Garagnani, P., Vitale, G., Capri, M., Salvioli, S., 2017. Inflammaging and
‘Garb-aging. Trends Endocrinol. Metab. 28, 199-212. https://doi.org/10.1016/j.
tem.2016.09.005.

Frank, P., Singh-Manoux, A., Pentti, J., Batty, G.D., Sommerlad, A., Steptoe, A.,
Livingston, G., Howard, R., Kiviméki, M., 2026. Specific midlife depressive
symptoms and long-term dementia risk: a 23-year UK prospective cohort study.
Lancet Psychiatry 13, 100-111. https://doi.org/10.1016/52215-0366(25)00331-1.

Franken, P., Dijk, D.-J., 2024. Sleep and circadian rhythmicity as entangled processes
serving homeostasis. Nat. Rev. Neurosci. 25, 43-59. https://doi.org/10.1038/
$41583-023-00764-z.

Franklin, D.W., Wolpert, D.M., 2011. Computational mechanisms of sensorimotor
control. Neuron 72, 425-442. https://doi.org/10.1016/j.neuron.2011.10.006.


https://doi.org/10.1038/nn.3806
https://doi.org/10.1038/nn.3806
https://doi.org/10.1002/alz.12261
https://doi.org/10.1152/jn.2001.86.6.2986
https://doi.org/10.1177/0271678X16679420
https://doi.org/10.1038/s44220-024-00259-5
https://doi.org/10.1038/s44220-024-00259-5
https://doi.org/10.1038/s41598-020-68928-w
https://doi.org/10.1038/s41598-020-68928-w
https://doi.org/10.1007/s10548-023-00960-1
https://doi.org/10.1007/s10548-023-00960-1
https://doi.org/10.1111/j.1460-9568.2010.07297.x
https://doi.org/10.1111/j.1460-9568.2010.07297.x
https://doi.org/10.1093/cercor/bhn020
https://doi.org/10.1093/cercor/bhr121
https://doi.org/10.1371/journal.pone.0040927
https://doi.org/10.1002/cne.20946
https://doi.org/10.1002/cne.20946
https://doi.org/10.3389/fphar.2022.1030609
https://doi.org/10.3389/fphar.2022.1030609
https://doi.org/10.1111/ejn.15213
https://doi.org/10.1002/alz.71183
https://doi.org/10.1093/brain/aww349
https://doi.org/10.1093/brain/aww349
https://doi.org/10.1126/science.adr3675
https://doi.org/10.1002/pro.3906
https://doi.org/10.3389/fnagi.2017.00371
https://doi.org/10.1002/jnr.24579
https://doi.org/10.1002/jnr.24579
https://doi.org/10.1080/27706710.2025.2602997
https://doi.org/10.1016/S1053-8119(03)00276-3
https://doi.org/10.1016/S1053-8119(03)00276-3
https://doi.org/10.3233/JAD-231311
https://doi.org/10.1007/s11940-020-0612-z
https://doi.org/10.1007/s10072-023-07232-7
https://doi.org/10.1002/alz.70502
https://doi.org/10.1002/alz.70502
https://doi.org/10.1111/jnc.70241
https://doi.org/10.1038/35093026
https://doi.org/10.1016/j.neuroimage.2015.11.039
https://doi.org/10.1016/j.neuroimage.2015.11.039
https://doi.org/10.1111/jgs.14308
https://doi.org/10.1111/jgs.14308
https://doi.org/10.3233/JAD-220508
https://doi.org/10.3233/JAD-220508
https://doi.org/10.1073/pnas.182178199
https://doi.org/10.1073/pnas.182178199
https://doi.org/10.1016/j.neurobiolaging.2018.04.004
https://doi.org/10.1016/j.neurobiolaging.2018.04.004
https://doi.org/10.1002/cne.25325
https://doi.org/10.1002/cne.25325
https://doi.org/10.1016/j.neuron.2022.01.017
https://doi.org/10.1016/j.neuron.2022.01.017
https://doi.org/10.1016/j.neuroimage.2007.02.004
https://doi.org/10.1016/j.neurobiolaging.2016.10.009
https://doi.org/10.1073/pnas.77.5.3033
https://doi.org/10.1523/JNEUROSCI.2148-19.2020
https://doi.org/10.1523/JNEUROSCI.2148-19.2020
https://doi.org/10.3233/JAD-230035
https://doi.org/10.1177/13872877251363422
https://doi.org/10.1037/bul0000031
https://doi.org/10.1016/S0140-6736(25)01329-7
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/S2215-0366(25)00331-1
https://doi.org/10.1038/s41583-023-00764-z
https://doi.org/10.1038/s41583-023-00764-z
https://doi.org/10.1016/j.neuron.2011.10.006

A. Antonioni

Freeze, W.M., Van Veluw, S.J., Jansen, W.J., Bennett, D.A., Jacobs, H.L.L., 2023. Locus
coeruleus pathology is associated with cerebral microangiopathy at autopsy.
Alzheimers Dement 19, 5023-5035. https://doi.org/10.1002/alz.13096.

Frisoni, G.B., Altomare, D., Thal, D.R., Ribaldi, F., van der Kant, R., Ossenkoppele, R.,
Blennow, K., Cummings, J., van Duijn, C., Nilsson, P.M., Dietrich, P.-Y.,

Scheltens, P., Dubois, B., 2022. The probabilistic model of Alzheimer disease: the
amyloid hypothesis revised. Nat. Rev. Neurosci. 23, 53-66. https://doi.org/
10.1038/541583-021-00533-w.

Frisoni, G.B., Hansson, O., Nichols, E., Garibotto, V., Schindler, S.E., Flier, W.M. van der,
Jessen, F., Villain, N., Arenaza-Urquijo, E.M., Crivelli, L., Fortea, J., Grinberg, L.T.,
Ismail, Z., Minoshima, S., Ossenkoppele, R., Zetterberg, H., Petersen, R.C.,

Dubois, B., 2025b. New landscape of the diagnosis of Alzheimer’s disease. Lancet
406, 1389-1407. https://doi.org/10.1016/50140-6736(25)01294-2.

Frisoni, G.B., Aho, E., Brayne, C., Ciccarelli, O., Dubois, B., Fox, N.C., Frederiksen, K.S.,
Gabay, C., Garibotto, V., Hofmarcher, T., Jack, C.R., Kivipelto, M., Petersen, R.C.,
Ribaldi, F., Rowe, C.C., Walsh, S., Zetterberg, H., Hansson, O., 2025a. Alzheimer’s
disease outlook: controversies and future directions. Lancet 406, 1424-1442.
https://doi.org/10.1016,/50140-6736(25)01389-3.

Friston, K., 2008. Hierarchical Models in the Brain. PLOS Comput. Biol. 4, €1000211.
https://doi.org/10.1371/journal.pcbi.1000211.

Friston, K., FitzGerald, T., Rigoli, F., Schwartenbeck, P., O Doherty, J., Pezzulo, G., 2016.
Active inference and learning. Neurosci. Biobehav. Rev. 68, 862-879. https://doi.
org/10.1016/j.neubiorev.2016.06.022.

Friston, K., FitzGerald, T., Rigoli, F., Schwartenbeck, P., Pezzulo, G., 2017. Active
Inference: A Process Theory. Neural Comput. 29, 1-49. https://doi.org/10.1162/
NECO_a_00912.

Froese, T., Gonzdlez-Granddn, X., 2020. How passive is passive listening? Toward a
sensorimotor theory of auditory perception. Phenom. Cogn. Sci. 19, 619-651.
https://doi.org/10.1007/511097-019-09641-6.

Fulton, K.A., Zimmerman, D., Samuel, A., Vogt, K., Datta, S.R., 2024. Common principles
for odour coding across vertebrates and invertebrates. Nat. Rev. Neurosci. 25,
453-472. https://doi.org/10.1038/541583-024-00822-0.

Galbiati, A., Carli, G., Hensley, M., Ferini-Strambi, L., 2018. REM Sleep Behavior
Disorder and Alzheimer’s Disease: Definitely No Relationship? J. Alzheimer’S. Dis.
63, 1-11. https://doi.org/10.3233/JAD-171164.

Galea, L. a M., Wainwright, S.R., Roes, M.M., Duarte-Guterman, P., Chow, C., Hamson, D.
K., 2013. Sex, Hormones and Neurogenesis in the Hippocampus: Hormonal
Modulation of Neurogenesis and Potential Functional Implications.

J. Neuroendocrinol. 25, 1039-1061. https://doi.org/10.1111/jne.12070.

Galgani, A., Scotto, M., Faraguna, U., Giorgi, F.S., 2025b. Fading Blue: Exploring the
Causes of Locus Coeruleus Damage Across the Lifespan. Antioxidants 14, 255.
https://doi.org/10.3390/antiox14030255.

Galgani, A., Mary, A., Lombardo, F., Martini, N., Scotto, M., Tognoni, G., Siciliano, G.,
Ceravolo, R., Giorgi, F.S., Heneka, M.T., 2025a. Locus coeruleus integrity correlates
with plasma soluble Axl levels in Alzheimer’s disease patients. Alzheimers Dement
21, e70434. https://doi.org/10.1002/alz.70434.

Games, D., Adams, D., Alessandrini, R., Barbour, R., Berthelette, P., Blackwell, C.,
Carr, T., Clemens, J., Donaldson, T., Gillespie, F., 1995. Alzheimer-type
neuropathology in transgenic mice overexpressing V717F beta-amyloid precursor
protein. Nature 373, 523-527. https://doi.org/10.1038/373523a0.

Gangwisch, J.E., 2014. A review of evidence for the link between sleep duration and
hypertension. Am. J. Hypertens. 27, 1235-1242. https://doi.org/10.1093/ajh/
hpu071.

Gao, C., Jiang, J., Tan, Y., Chen, S., 2023. Microglia in neurodegenerative diseases:
mechanism and potential therapeutic targets. Sig Transduct. Target Ther. 8, 359.
https://doi.org/10.1038/541392-023-01588-0.

Gao, Z., van Beugen, B.J., De Zeeuw, C.I., 2012. Distributed synergistic plasticity and
cerebellar learning. Nat. Rev. Neurosci. 13, 619-635. https://doi.org/10.1038/
nrn3312.

Gates, G.A., Mills, J.H., 2005. Presbycusis. Lancet 366, 1111-1120. https://doi.org/
10.1016/S0140-6736(05)67423-5.

Gaunt, J.R., Zainolabidin, N., Yip, A.K.K., Tan, J.M., Low, A.Y.T., Chen, A.I,, Ch’ng, T.H.,
2023. Cytokine enrichment in deep cerebellar nuclei is contributed by multiple glial
populations and linked to reduced amyloid plaque pathology. J. Neuroinflamm. 20,
269. https://doi.org/10.1186/512974-023-02913-8.

Gazerani, P., 2025. The neuroplastic brain: current breakthroughs and emerging
frontiers. Brain Res. 1858, 149643. https://doi.org/10.1016/j.
brainres.2025.149643.

Gellersen, H.M., Guo, C.C., O’Callaghan, C., Tan, R.H., Sami, S., Hornberger, M., 2017.
Cerebellar atrophy in neurodegeneration—a meta-analysis. J. Neurol. Neurosurg.
Psychiatry 88, 780-788. https://doi.org/10.1136/jnnp-2017-315607.

Gellersen, H.M., Guell, X., Sami, S., 2021. Differential vulnerability of the cerebellum in
healthy ageing and Alzheimer’s disease. Neuroimage Clin. 30, 102605. https://doi.
org/10.1016/j.nicl.2021.102605.

Geng, C, Li, R, Li, S., Liu, P., Peng, Y., Liu, C., Wang, Z., Zhang, H., Li, A., 2025.
Noradrenergic inputs from the locus coeruleus to anterior piriform cortex and the
olfactory bulb modulate olfactory outputs. Nat. Commun. 16, 260. https://doi.org/
10.1038/541467-024-55609-9.

*Ghanbarian, E., Khorsand, B., Petersen, K.K., Nallapu, B.T., Sajjadi, S.A., Lipton, R.B.,
Ezzati, A., Alzheimer’s Disease Neuroimaging Initiative *, 2025. Cerebrospinal fluid
inflammatory cytokines as prognostic indicators for cognitive decline across
Alzheimer’s disease spectrum. J. Alzheimers Dis. 105, 1298-1308. https://doi.org/
10.1177/13872877251335915.

Ghosh, A., Massaeli, F., Power, K.D., Omoluabi, T., Torraville, S.E., Pritchett, J.B.,
Sepahvand, T., Strong, V.D., Reinhardt, C., Chen, X., Martin, G.M., Harley, C.W.,
Yuan, Q., 2021. Locus Coeruleus Activation Patterns Differentially Modulate Odor

30

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Discrimination Learning and Odor Valence in Rats. Cereb. Cortex Commun. 2,
tgab026. https://doi.org/10.1093/texcom/tgab026.

Giacobini, E., Cuello, A.C., Fisher, A., 2022. Reimagining cholinergic therapy for
Alzheimer’s disease. Brain 145, 2250-2275. https://doi.org/10.1093/brain/
awac096.

Giessel, A.J., Datta, S.R., 2014. Olfactory maps, circuits and computations. Curr. Opin.
Neurobiol. 24, 120-132. https://doi.org/10.1016/j.conb.2013.09.010.

Gillmeister, A., Pieniak, M., Hummel, T., 2025. Investigating plasticity of the olfactory
system through the lens of specific anosmia. Cortex 192, 53-63. https://doi.org/
10.1016/j.cortex.2025.08.012.

Gilvesy, A., Husen, E., Magloczky, Z., Mihaly, O., Hortobagyi, T., Kanatani, S.,
Heinsen, H., Renier, N., Hokfelt, T., Mulder, J., Uhlen, M., Kovacs, G.G., Adori, C.,
2022. Spatiotemporal characterization of cellular tau pathology in the human locus
coeruleus-pericoerulear complex by three-dimensional imaging. Acta Neuropathol.
144, 651-676. https://doi.org/10.1007/s00401-022-02477-6.

Giorgi, F.S., Biagioni, F., Galgani, A., Pavese, N., Lazzeri, G., Fornai, F., 2020. Locus
Coeruleus Modulates Neuroinflammation in Parkinsonism and Dementia. Int J. Mol.
Sci. 21, 8630. https://doi.org/10.3390/ijms21228630.

Giorgio, J., Adams, J.N., Maass, A., Jagust, W.J., Breakspear, M., 2024. Amyloid induced
hyperexcitability in default mode network drives medial temporal hyperactivity and
early tau accumulation. Neuron 112, 676-686.e4. https://doi.org/10.1016/j.
neuron.2023.11.014.

Giunta, B., Fernandez, F., Nikolic, W.V., Obregon, D., Rrapo, E., Town, T., Tan, J., 2008.
Inflammaging as a prodrome to Alzheimer’s disease. J. Neuroinflamm. 5, 51.
https://doi.org/10.1186,/1742-2094-5-51.

Gkintoni, E., Vassilopoulos, S.P., Nikolaou, G., 2025. Brain-Inspired Multisensory
Learning: A Systematic Review of Neuroplasticity and Cognitive Outcomes in Adult
Multicultural and Second Language Acquisition. Biomimetics 10, 397. https://doi.
org/10.3390/biomimetics10060397.

Glachet, O., El Haj, M., 2021. Odor is more effective than a visual cue or a verbal cue for
the recovery of autobiographical memories in AD. J. Clin. Exp. Neuropsychol. 43,
129-143. https://doi.org/10.1080/13803395.2021.1882392.

Glennon, S.-G., Huedo-Medina, T., Rawal, S., Hoffman, H.J., Litt, M.D., Duffy, V.B., 2019.
Chronic Cigarette Smoking Associates Directly and Indirectly with Self-Reported
Olfactory Alterations: Analysis of the 2011-2014 National Health and Nutrition
Examination Survey. Nicotine Tob. Res 21, 818-827. https://doi.org/10.1093/ntr/
ntx242.

Golanov, E.V., Reis, D.J., 1995. Vasodilation evoked from medulla and cerebellum is
coupled to bursts of cortical EEG activity in rats. Am. J. Physiol. 268, R454-467.
https://doi.org/10.1152/ajpregu.1995.268.2.R454.

Gonzalez-Ortiz, F., Ferreira, P.C.L., Gonzalez-Escalante, A., Montoliu-Gaya, L., Ortiz-
Romero, P., Kac, P.R., Turton, M., Kvartsberg, H., Ashton, N.J., Zetterberg, H.,
Harrison, P., Bellaver, B., Povala, G., Villemagne, V.L., Pascoal, T.A., Ganguli, M.,
Cohen, A.D., Minguillon, C., Contador, J., Suarez-Calvet, M., Karikari, T.K.,
Blennow, K., 2024. A novel ultrasensitive assay for plasma p-tau217: Performance in
individuals with subjective cognitive decline and early Alzheimer’s disease.
Alzheimer’S. Dement. 20, 1239-1249. https://doi.org/10.1002/alz.13525.

Gottfried, J.A., 2010. Central mechanisms of odour object perception. Nat. Rev.
Neurosci. 11, 628-641. https://doi.org/10.1038/nrn2883.

Graff-Radford, J., Yong, K.X.X., Apostolova, L.G., Bouwman, F.H., Carrillo, M.,
Dickerson, B.C., Rabinovici, G.D., Schott, J.M., Jones, D.T., Murray, M.E., 2021. New
Insights into Atypical Alzheimer’s Disease in the Era of Biomarkers. Lancet Neurol.
20, 222-234. https://doi.org/10.1016/51474-4422(20)30440-3.

Granger, S.J., Colon-Perez, L., Larson, M.S., Bennett, I.J., Phelan, M., Keator, D.B.,
Janecek, J.T., Sathishkumar, M.T., Smith, A.P., McMillan, L., Greenia, D.,

Corrada, M.M., Kawas, C.H., Yassa, M.A., 2023. Reduced structural connectivity of
the medial temporal lobe including the perforant path is associated with aging and
verbal memory impairment. Neurobiol. Aging 121, 119-128. https://doi.org/
10.1016/j.neurobiolaging.2022.10.012.

Granget, J., Niérat, M.C., Lehongre, K., Lambrecq, V., Frazzini, V., Navarro, V.,
Buonviso, N., Similowski, T., 2025. Corticolimbic structures activation during
preparation and execution of respiratory manoeuvres in voluntary olfactory
sampling: An intracranial EEG study. J. Physiol. 603, 989-1006. https://doi.org/
10.1113/JP287045.

Grella, S.L., Donaldson, T.N., 2024. Contextual memory engrams, and the
neuromodulatory influence of the locus coeruleus. Front Mol. Neurosci. 17,
1342622. https://doi.org/10.3389/fnmol.2024.1342622.

Grella, S.L., Neil, J.M., Edison, H.T., Strong, V.D., Odintsova, 1.V., Walling, S.G.,
Martin, G.M., Marrone, D.F., Harley, C.W., 2019. Locus Coeruleus Phasic, But Not
Tonic, Activation Initiates Global Remapping in a Familiar Environment. J. Neurosci.
39, 445-455. https://doi.org/10.1523/JNEUROSCI.1956-18.2018.

Groot, C., van Loenhoud, A.C., Barkhof, F., van Berckel, B.N.M., Koene, T., Teunissen, C.
C., Scheltens, P., van der Flier, W.M., Ossenkoppele, R., 2018. Differential effects of
cognitive reserve and brain reserve on cognition in Alzheimer disease. Neurology 90,
e149-e156. https://doi.org/10.1212/WNL.0000000000004802.

Groves, L., Grella, S.L., Harley, C.W., Hardt, O., Nadel, L., 2025. How prediction error
drives memory updating: role of locus coeruleus-hippocampal interactions. Trends
Neurosci. 0. https://doi.org/10.1016/j.tins.2025.09.003.

Grueschow, M., Kleim, B., Ruff, C.C., 2020. Role of the locus coeruleus arousal system in
cognitive control. J. Neuroendocrinol. 32, €12890. https://doi.org/10.1111/
jne.12890.

Guérin, D., Peace, S.T., Didier, A., Linster, C., Cleland, T.A., 2008. Noradrenergic
neuromodulation in the olfactory bulb modulates odor habituation and spontaneous
discrimination. Behav. Neurosci. 122, 816-826. https://doi.org/10.1037/a0012522.


https://doi.org/10.1002/alz.13096
https://doi.org/10.1038/s41583-021-00533-w
https://doi.org/10.1038/s41583-021-00533-w
https://doi.org/10.1016/S0140-6736(25)01294-2
https://doi.org/10.1016/S0140-6736(25)01389-3
https://doi.org/10.1371/journal.pcbi.1000211
https://doi.org/10.1016/j.neubiorev.2016.06.022
https://doi.org/10.1016/j.neubiorev.2016.06.022
https://doi.org/10.1162/NECO_a_00912
https://doi.org/10.1162/NECO_a_00912
https://doi.org/10.1007/s11097-019-09641-6
https://doi.org/10.1038/s41583-024-00822-0
https://doi.org/10.3233/JAD-171164
https://doi.org/10.1111/jne.12070
https://doi.org/10.3390/antiox14030255
https://doi.org/10.1002/alz.70434
https://doi.org/10.1038/373523a0
https://doi.org/10.1093/ajh/hpu071
https://doi.org/10.1093/ajh/hpu071
https://doi.org/10.1038/s41392-023-01588-0
https://doi.org/10.1038/nrn3312
https://doi.org/10.1038/nrn3312
https://doi.org/10.1016/S0140-6736(05)67423-5
https://doi.org/10.1016/S0140-6736(05)67423-5
https://doi.org/10.1186/s12974-023-02913-8
https://doi.org/10.1016/j.brainres.2025.149643
https://doi.org/10.1016/j.brainres.2025.149643
https://doi.org/10.1136/jnnp-2017-315607
https://doi.org/10.1016/j.nicl.2021.102605
https://doi.org/10.1016/j.nicl.2021.102605
https://doi.org/10.1038/s41467-024-55609-9
https://doi.org/10.1038/s41467-024-55609-9
https://doi.org/10.1177/13872877251335915
https://doi.org/10.1177/13872877251335915
https://doi.org/10.1093/texcom/tgab026
https://doi.org/10.1093/brain/awac096
https://doi.org/10.1093/brain/awac096
https://doi.org/10.1016/j.conb.2013.09.010
https://doi.org/10.1016/j.cortex.2025.08.012
https://doi.org/10.1016/j.cortex.2025.08.012
https://doi.org/10.1007/s00401-022-02477-6
https://doi.org/10.3390/ijms21228630
https://doi.org/10.1016/j.neuron.2023.11.014
https://doi.org/10.1016/j.neuron.2023.11.014
https://doi.org/10.1186/1742-2094-5-51
https://doi.org/10.3390/biomimetics10060397
https://doi.org/10.3390/biomimetics10060397
https://doi.org/10.1080/13803395.2021.1882392
https://doi.org/10.1093/ntr/ntx242
https://doi.org/10.1093/ntr/ntx242
https://doi.org/10.1152/ajpregu.1995.268.2.R454
https://doi.org/10.1002/alz.13525
https://doi.org/10.1038/nrn2883
https://doi.org/10.1016/S1474-4422(20)30440-3
https://doi.org/10.1016/j.neurobiolaging.2022.10.012
https://doi.org/10.1016/j.neurobiolaging.2022.10.012
https://doi.org/10.1113/JP287045
https://doi.org/10.1113/JP287045
https://doi.org/10.3389/fnmol.2024.1342622
https://doi.org/10.1523/JNEUROSCI.1956-18.2018
https://doi.org/10.1212/WNL.0000000000004802
https://doi.org/10.1016/j.tins.2025.09.003
https://doi.org/10.1111/jne.12890
https://doi.org/10.1111/jne.12890
https://doi.org/10.1037/a0012522

A. Antonioni

Guillamén-Vivancos, T., Anibal-Martinez, M., Puche-Aroca, L., Martini, F.J., Lopez-
Bendito, G., 2025. Sensory modality-specific wiring of thalamocortical circuits. Nat.
Rev. Neurosci. 26, 623-641. https://doi.org/10.1038/541583-025-00945-y.

Guo, C.C., Tan, R., Hodges, J.R., Hu, X., Sami, S., Hornberger, M., 2016. Network-
selective vulnerability of the human cerebellum to Alzheimer’s disease and
frontotemporal dementia. Brain 139, 1527-1538. https://doi.org/10.1093/brain/
aww003.

Guo, J., Dove, A., Wang, J., Laukka, E.J., Ekstrom, L., Dunk, M.M., Bennett, D.A., Xu, W.,
2023. Trajectories of olfactory identification preceding incident mild cognitive
impairment and dementia: a longitudinal study. EBioMedicine 98, 104862. https://
doi.org/10.1016/j.ebiom.2023.104862.

Guo, K., Yamawaki, N., Barrett, J.M., Tapies, M., Shepherd, G.M.G., 2020. Cortico-
Thalamo-Cortical Circuits of Mouse Forelimb S1 Are Organized Primarily as
Recurrent Loops. J. Neurosci. 40, 2849-2858. https://doi.org/10.1523/
JNEUROSCI.2277-19.2020.

Guyon, A., Balbo, M., Morselli, L.L., Tasali, E., Leproult, R., L’'Hermite-Balériaux, M., Van
Cauter, E., Spiegel, K., 2014. Adverse effects of two nights of sleep restriction on the
hypothalamic-pituitary-adrenal axis in healthy men. J. Clin. Endocrinol. Metab. 99,
2861-2868. https://doi.org/10.1210/jc.2013-4254.

Haass, C., Selkoe, D., 2022. If amyloid drives Alzheimer disease, why have anti-amyloid
therapies not yet slowed cognitive decline? PLoS Biol. 20, e3001694. https://doi.
org/10.1371/journal.pbio.3001694.

Habas, C., 2023. Cerebellar Closed Loops. In: Gruol, D.L., Koibuchi, N., Manto, M.,
Molinari, M., Schmahmann, J.D., Shen, Y. (Eds.), Essentials of Cerebellum and
Cerebellar Disorders: A Primer For Graduate Students. Springer International
Publishing, Cham, pp. 321-324. https://doi.org/10.1007/978-3-031-15070-8 49.

Habas, C., Manto, M., Cabaraux, P., 2019. The Cerebellar Thalamus. Cerebellum 18,
635-648. https://doi.org/10.1007/s12311-019-01019-3.

Hagan, J.J., Leslie, R.A., Patel, S., Evans, M.L., Wattam, T.A., Holmes, S., Benham, C.D.,
Taylor, S.G., Routledge, C., Hemmati, P., Munton, R.P., Ashmeade, T.E., Shah, A.S.,
Hatcher, J.P., Hatcher, P.D., Jones, D.N.C., Smith, M.L, Piper, D.C., Hunter, A.J.,
Porter, R.A., Upton, N., 1999. Orexin A activates locus coeruleus cell firing and
increases arousal in the rat. Proc. Natl. Acad. Sci. 96, 10911-10916. https://doi.org/
10.1073/pnas.96.19.10911.

Hagena, H., Hansen, N., Manahan-Vaughan, D., 2016. f-Adrenergic Control of
Hippocampal Function: Subserving the Choreography of Synaptic Information
Storage and Memory. Cereb. Cortex 26, 1349-1364. https://doi.org/10.1093/
cercor/bhv330.

Hampel, H., Mesulam, M.-M., Cuello, A.C., Farlow, M.R., Giacobini, E., Grossberg, G.T.,
Khachaturian, A.S., Vergallo, A., Cavedo, E., Snyder, P.J., Khachaturian, Z.S., 2018.
The cholinergic system in the pathophysiology and treatment of Alzheimer’s disease.
Brain 141, 1917-1933. https://doi.org/10.1093/brain/awy132.

Hampel, H., Mesulam, M.-M., Cuello, A.C., Khachaturian, A.S., Vergallo, A., Farlow, M.
R., Snyder, P.J., Giacobini, E., Khachaturian, Z.S., 2019. Revisiting the Cholinergic
Hypothesis in Alzheimer’s Disease: Emerging Evidence from Translational and
Clinical Research. J. Prev. Alzheimer’S. Dis. 6, 2-15. https://doi.org/10.14283/
jpad.2018.43.

Hampel, H., Hardy, J., Blennow, K., Chen, C., Perry, G., Kim, S.H., Villemagne, V.L.,
Aisen, P., Vendruscolo, M., Iwatsubo, T., Masters, C.L., Cho, M., Lannfelt, L.,
Cummings, J.L., Vergallo, A., 2021. The Amyloid-p Pathway in Alzheimer’s Disease.
Mol. Psychiatry 26, 5481-5503. https://doi.org/10.1038/s41380-021-01249-0.

Hampstead, B.M., Khoshnoodi, M., Yan, W., Deshpande, G., Sathian, K., 2016. Patterns of
effective connectivity during memory encoding and retrieval differ between patients
with mild cognitive impairment and healthy older adults. Neuroimage 124,
997-1008. https://doi.org/10.1016/j.neuroimage.2015.10.002.

Han, A.Y., Mukdad, L., Long, J.L., Lopez, L.A., 2020. Anosmia in COVID-19: Mechanisms
and Significance. Chem. Senses 45, 423-428. https://doi.org/10.1093/chemse/
bjaa040.

Hanna Al-Shaikh, F.S., Duara, R., Crook, J.E., Lesser, E.R., Schaeverbeke, J., Hinkle, K.
M., Ross, O.A., Ertekin-Taner, N., Pedraza, O., Dickson, D.W., Graff-Radford, N.R.,
Murray, M.E., 2020. Selective Vulnerability of the Nucleus Basalis of Meynert
Among Neuropathologic Subtypes of Alzheimer Disease. JAMA Neurol. 77, 225-233.
https://doi.org/10.1001/jamaneurol.2019.3606.

Hansen, N., 2017. The Longevity of Hippocampus-Dependent Memory Is Orchestrated by
the Locus Coeruleus-Noradrenergic System. Neural Plast. 2017, 2727602. https://
doi.org/10.1155/2017/2727602.

Harley, C.W., 2004. Norepinephrine and dopamine as learning signals. Neural Plast. 11,
191-204. https://doi.org/10.1155/np.2004.191.

Harley, C.W., Walling, S.G., Yuan, Q., Martin, G.M., 2021. The a, b, c’s of pretangle tau
and their relation to aging and the risk of Alzheimer’s Disease. Semin Cell Dev. Biol.
116, 125-134. https://doi.org/10.1016/j.semcdb.2020.12.010.

Harper, R.M., Woo, M.A., Alger, J.R., 2000. Visualization of sleep influences on
cerebellar and brainstem cardiac and respiratory control mechanisms. Brain Res
Bull. 53, 125-131. https://doi.org/10.1016/50361-9230(00)00317-8.

Harrington, Y.A., Parisi, J.M., Duan, D., Rojo-Wissar, D.M., Holingue, C., Spira, A.P.,
2022. Sex Hormones, Sleep, and Memory: Interrelationships Across the Adult Female
Lifespan. Front. Aging Neurosci. 14. https://doi.org/10.3389/fnagi.2022.800278.

Hary, A.T., Chadha, S., Mercaldo, N., Smith, E.-M.C., van der Kouwe, A.J.W., Fischl, B.,
Mount, C., Kozanno, L., Frosch, M.P., Augustinack, J.C., 2025. Locus coeruleus tau
validates and informs high-resolution MRI in aging and at earliest Alzheimer’s
pathology stages. Acta Neuropathol. Commun. 13, 44. https://doi.org/10.1186/
s40478-025-01957-6.

van Hattem, T., Verkaar, L., Krugliakova, E., Adelhofer, N., Zeising, M., Drinkenburg, W.
H.I.M., Claassen, J.A.H.R., Bddizs, R., Dresler, M., Rosenblum, Y., 2025. Targeting
Sleep Physiology to Modulate Glymphatic Brain Clearance. Physiology 40, 271-290.
https://doi.org/10.1152/physiol.00019.2024.

31

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Haufe, A., Baker, F.C., Leeners, B., 2022. The role of ovarian hormones in the
pathophysiology of perimenopausal sleep disturbances: A systematic review. Sleep.
Med. Rev. 66, 101710. https://doi.org/10.1016/j.smrv.2022.101710.

Hayashi, Y., 2022. Molecular mechanism of hippocampal long-term potentiation -
Towards multiscale understanding of learning and memory. Neurosci. Res 175,
3-15. https://doi.org/10.1016/j.neures.2021.08.001.

Hayat, H., Regev, N., Matosevich, N., Sales, A., Paredes-Rodriguez, E., Krom, A.J.,
Bergman, L., Li, Y., Lavigne, M., Kremer, E.J., Yizhar, O., Pickering, A.E., Nir, Y.,
2020. Locus coeruleus norepinephrine activity mediates sensory-evoked awakenings
from sleep. Sci. Adv. 6, eaaz4232. https://doi.org/10.1126/sciadv.aaz4232.

He, G., Li, Y., Deng, H., Zuo, H., 2023. Advances in the study of cholinergic circuits in the
central nervous system. Ann. Clin. Transl. Neurol. 10, 2179-2191. https://doi.org/
10.1002/acn3.51920.

He, K., Huertas, M., Hong, S.Z., Tie, X., Hell, J.W., Shouval, H., Kirkwood, A., 2015.
Distinct Eligibility Traces for LTP and LTD in Cortical Synapses. Neuron 88,
528-538. https://doi.org/10.1016/j.neuron.2015.09.037.

Heidebrink, J.L., Paulson, H.L., 2024. Lessons Learned from Approval of Aducanumab for
Alzheimer’s Disease. Annu Rev. Med 75, 99-111. https://doi.org/10.1146/annurev-
med-051022-043645.

Hein, Z.M., Karikalan, B., Gopalakrishna, P.K., Dhevi, K., Alkatiri, A., Hussan, F., Mohd
Moklas, M.A., Jagadeesan, S., Che Ramli, M.D., Che Mohd Nassir, C.M.N.,
Vishnumukkala, T., 2025. Toward a Unified Framework in Molecular Neurobiology
of Alzheimer’s Disease: Revisiting the Pathophysiological Hypotheses. Mol.
Neurobiol. 63, 282. https://doi.org/10.1007/512035-025-05602-0.

Heneka, M.T., Carson, M.J., Khoury, J.E., Landreth, G.E., Brosseron, F., Feinstein, D.L.,
Jacobs, A.H., Wyss-Coray, T., Vitorica, J., Ransohoff, R.M., Herrup, K., Frautschy, S.
A., Finsen, B., Brown, G.C., Verkhratsky, A., Yamanaka, K., Koistinaho, J., Latz, E.,
Halle, A., Petzold, G.C., Town, T., Morgan, D., Shinohara, M.L., Perry, V.H.,
Holmes, C., Bazan, N.G., Brooks, D.J., Hunot, S., Joseph, B., Deigendesch, N.,
Garaschuk, O., Boddeke, E., Dinarello, C.A., Breitner, J.C., Cole, G.M., Golenbock, D.
T., Kummer, M.P., 2015. Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
14, 388-405. https://doi.org/10.1016/51474-4422(15)70016-5.

Heneka, M.T., van der Flier, W.M., Jessen, F., Hoozemanns, J., Thal, D.R., Boche, D.,
Brosseron, F., Teunissen, C., Zetterberg, H., Jacobs, A.H., Edison, P., Ramirez, A.,
Cruchaga, C., Lambert, J.-C., Laza, A.R., Sanchez-Mut, J.V., Fischer, A., Castro-
Gomez, S., Stein, T.D., Kleineidam, L., Wagner, M., Neher, J.J., Cunningham, C.,
Singhrao, S.K., Prinz, M., Glass, C.K., Schlachetzki, J.C.M., Butovsky, O.,
Kleemann, K., De Jaeger, P.L., Scheiblich, H., Brown, G.C., Landreth, G.,
Moutinho, M., Grutzendler, J., Gomez-Nicola, D., McManus, R.M., Andreasson, K.,
Ising, C., Karabag, D., Baker, D.J., Liddelow, S.A., Verkhratsky, A., Tansey, M.,
Monsonego, A., Aigner, L., Dorothée, G., Nave, K.-A., Simons, M., Constantin, G.,
Rosenzweig, N., Pascual, A., Petzold, G.C., Kipnis, J., Venegas, C., Colonna, M.,
Walter, J., Tenner, A.J., O’Banion, M.K., Steinert, J.R., Feinstein, D.L., Sastre, M.,
Bhaskar, K., Hong, S., Schafer, D.P., Golde, T., Ransohoff, R.M., Morgan, D.,
Breitner, J., Mancuso, R., Riechers, S.-P., 2025. Neuroinflammation in Alzheimer
disease. Nat. Rev. Immunol. 25, 321-352. https://doi.org/10.1038/541577-024-
01104-7.

Henrich, M.T., Geibl, F.F., Lee, B., Chiu, W.-H., Koprich, J.B., Brotchie, J.M.,
Timmermann, L., Decher, N., Matschke, L.A., Oertel, W.H., 2018. A53T-a-synuclein
overexpression in murine locus coeruleus induces Parkinson’s disease-like pathology
in neurons and glia. Acta Neuropathol. Commun. 6, 39. https://doi.org/10.1186/
s40478-018-0541-1.

Henry, M.L., Gorno-Tempini, M.L., 2010. The logopenic variant of primary progressive
aphasia. Curr. Opin. Neurol. 23, 633. https://doi.org/10.1097/
WCO.0b013e32833fb93e.

Herrup, K., 2015. The case for rejecting the amyloid cascade hypothesis. Nat. Neurosci.
18, 794-799. https://doi.org/10.1038/nn.4017.

Herz, J., 2025. From synaptic guardian to neurodegenerative culprit: rewiring the
amyloid-p feedback loop in Alzheimer’s disease. J. Clin. Invest 135, e200393.
https://doi.org/10.1172/JCI200393.

Hilz, M.J., Wang, R., Liu, M., Muresanu, D., Flanagan, S., Winder, K., Hosl, K.,
Hummel, T., 2020. Emotional and Autonomic Processing of Olfactory Stimuli Is
Compromised in Patients with a History of Mild Traumatic Brain Injury.

J. Neurotrauma 37, 125-138. https://doi.org/10.1089/neu.2018.6215.

Himali, J.J., Baril, A.-A., Cavuoto, M.G., Yiallourou, S., Wiedner, C.D., Himali, D.,
DeCarli, C., Redline, S., Beiser, A.S., Seshadri, S., Pase, M.P., 2023. Association
Between Slow-Wave Sleep Loss and Incident Dementia. JAMA Neurol. 80,
1326-1333. https://doi.org/10.1001/jamaneurol.2023.3889.

Hirano, A., Zimmerman, H.M., 1962. Alzheimer’s neurofibrillary changes. A topographic
study. Arch. Neurol. 7, 227-242. https://doi.org/10.1001/
archneur.1962.04210030065009.

Hirano, S., Sugiyama, A., Arai, K., 2023. Noradrenergic Pathway to the Cerebellum: the
Study Must Go On. Cerebellum 22, 1052-1054. https://doi.org/10.1007/s12311-
022-01479-0.

Hirsch, M., Jacoby, B., Pierce, S., MacMore, J., Schmahmann, J.D., 2025. The Cerebellar
Cognitive Affective/Schmahmann Syndrome Scale: Updates and Insights.
Cerebellum 24, 136. https://doi.org/10.1007/s12311-025-01890-3.

Hoche, F., Guell, X., Vangel, M.G., Sherman, J.C., Schmahmann, J.D., 2018. The
cerebellar cognitive affective/Schmahmann syndrome scale. Brain 141, 248-270.
https://doi.org/10.1093/brain/awx317.

Hogl, B., Stefani, A., Videnovic, A., 2018. Idiopathic REM sleep behaviour disorder and
neurodegeneration — an update. Nat. Rev. Neurol. 14, 40-55. https://doi.org/
10.1038/nrneurol.2017.157.

Hong, S., Baek, S.-H., Lai, M.K.P., Arumugam, T.V., Jo, D.-G., 2024. Aging-associated
sensory decline and Alzheimer’s disease. Mol. Neurodegener. 19, 93. https://doi.
org/10.1186/s13024-024-00776-y.


https://doi.org/10.1038/s41583-025-00945-y
https://doi.org/10.1093/brain/aww003
https://doi.org/10.1093/brain/aww003
https://doi.org/10.1016/j.ebiom.2023.104862
https://doi.org/10.1016/j.ebiom.2023.104862
https://doi.org/10.1523/JNEUROSCI.2277-19.2020
https://doi.org/10.1523/JNEUROSCI.2277-19.2020
https://doi.org/10.1210/jc.2013-4254
https://doi.org/10.1371/journal.pbio.3001694
https://doi.org/10.1371/journal.pbio.3001694
https://doi.org/10.1007/978-3-031-15070-8_49
https://doi.org/10.1007/s12311-019-01019-3
https://doi.org/10.1073/pnas.96.19.10911
https://doi.org/10.1073/pnas.96.19.10911
https://doi.org/10.1093/cercor/bhv330
https://doi.org/10.1093/cercor/bhv330
https://doi.org/10.1093/brain/awy132
https://doi.org/10.14283/jpad.2018.43
https://doi.org/10.14283/jpad.2018.43
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.1016/j.neuroimage.2015.10.002
https://doi.org/10.1093/chemse/bjaa040
https://doi.org/10.1093/chemse/bjaa040
https://doi.org/10.1001/jamaneurol.2019.3606
https://doi.org/10.1155/2017/2727602
https://doi.org/10.1155/2017/2727602
https://doi.org/10.1155/np.2004.191
https://doi.org/10.1016/j.semcdb.2020.12.010
https://doi.org/10.1016/s0361-9230(00)00317-8
https://doi.org/10.3389/fnagi.2022.800278
https://doi.org/10.1186/s40478-025-01957-6
https://doi.org/10.1186/s40478-025-01957-6
https://doi.org/10.1152/physiol.00019.2024
https://doi.org/10.1016/j.smrv.2022.101710
https://doi.org/10.1016/j.neures.2021.08.001
https://doi.org/10.1126/sciadv.aaz4232
https://doi.org/10.1002/acn3.51920
https://doi.org/10.1002/acn3.51920
https://doi.org/10.1016/j.neuron.2015.09.037
https://doi.org/10.1146/annurev-med-051022-043645
https://doi.org/10.1146/annurev-med-051022-043645
https://doi.org/10.1007/s12035-025-05602-0
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1038/s41577-024-01104-7
https://doi.org/10.1038/s41577-024-01104-7
https://doi.org/10.1186/s40478-018-0541-1
https://doi.org/10.1186/s40478-018-0541-1
https://doi.org/10.1097/WCO.0b013e32833fb93e
https://doi.org/10.1097/WCO.0b013e32833fb93e
https://doi.org/10.1038/nn.4017
https://doi.org/10.1172/JCI200393
https://doi.org/10.1089/neu.2018.6215
https://doi.org/10.1001/jamaneurol.2023.3889
https://doi.org/10.1001/archneur.1962.04210030065009
https://doi.org/10.1001/archneur.1962.04210030065009
https://doi.org/10.1007/s12311-022-01479-0
https://doi.org/10.1007/s12311-022-01479-0
https://doi.org/10.1007/s12311-025-01890-3
https://doi.org/10.1093/brain/awx317
https://doi.org/10.1038/nrneurol.2017.157
https://doi.org/10.1038/nrneurol.2017.157
https://doi.org/10.1186/s13024-024-00776-y
https://doi.org/10.1186/s13024-024-00776-y

A. Antonioni

van Hooren, R.W.E., Verhey, F.R.J., Ramakers, .H.G.B., Jansen, W.J., Jacobs, H.L.L.,
2021. Elevated norepinephrine metabolism is linked to cortical thickness in the
context of Alzheimer’s disease pathology. Neurobiol. Aging 102, 17-22. https://doi.
org/10.1016/j.neurobiolaging.2021.01.024.

Hovsepyan, S., Olasagasti, I., Giraud, A.-L., 2023. Rhythmic modulation of prediction
errors: A top-down gating role for the beta-range in speech processing. PLOS
Comput. Biol. 19, e1011595. https://doi.org/10.1371/journal.pcbi.1011595.

Hoxha, E., Lippiello, P., Zurlo, F., Balbo, I., Santamaria, R., Tempia, F., Miniaci, M.C.,
2018. The Emerging Role of Altered Cerebellar Synaptic Processing in Alzheimer’s
Disease. Front. Aging Neurosci. 10. https://doi.org/10.3389/fnagi.2018.00396.

Hsiao, K., Chapman, P., Nilsen, S., Eckman, C., Harigaya, Y., Younkin, S., Yang, F.,
Cole, G., 1996. Correlative memory deficits, Abeta elevation, and amyloid plaques in
transgenic mice. Science 274, 99-102. https://doi.org/10.1126/
science.274.5284.99.

Hsu, Y.-F., Waszak, F., Strommer, J., Himéldinen, J.A., 2021. Human Brain Ages With
Hierarchy-Selective Attenuation of Prediction Errors. Cereb. Cortex 31, 2156-2168.
https://doi.org/10.1093/cercor/bhaa352.

Huang, J., Zuber, V., Matthews, P.M., Elliott, P., Tzoulaki, J., Dehghan, A., 2020. Sleep,
major depressive disorder, and Alzheimer disease. Neurology 95, e1963-e1970.
https://doi.org/10.1212/WNL.0000000000010463.

Huang, J., Perrin, N.A., Spira, A.P., Szanton, S.L., Rebok, G.W., Budhathoki, C.,
Gooneratne, N.S., Li, J., 2025. Sleep Disturbance and Cognitive Trajectories Among
Older Adults with Subjective Cognitive Decline: The Roles of Age and Sleep
Treatment. Sleep, zsaf234. https://doi.org/10.1093/sleep/zsaf234.

Huang, X., Hussain, B., Chang, J., 2021. Peripheral inflammation and blood-brain
barrier disruption: effects and mechanisms. CNS Neurosci. Ther. 27, 36-47. https://
doi.org/10.1111/cns.13569.

Huang, Y., Smeets, P.A.M., Schrooten, S., Boesveldt, S., 2026. Neural correlates of
olfactory dysfunction: A systematic review. Neurosci. Biobehav. Rev. 186, 106665.
https://doi.org/10.1016/j.neubiorev.2026.106665.

Huang, Z., 2024. Evidence that Alzheimer’s Disease Is a Disease of Competitive Synaptic
Plasticity Gone Awry. J. Alzheimers Dis. 99, 447-470. https://doi.org/10.3233/
JAD-240042.

Hulsey, D.R., Riley, J.R., Loerwald, K.W., Rennaker, R.L., Kilgard, M.P., Hays, S.A., 2017.
Parametric Characterization of Neural Activity in the Locus Coeruleus in Response to
Vagus Nerve Stimulation. Exp. Neurol. 289, 21-30. https://doi.org/10.1016/j.
expneurol.2016.12.005.

Humes, L.E., Busey, T.A., Craig, J., Kewley-Port, D., 2013. Are age-related changes in
cognitive function driven by age-related changes in sensory processing? Atten.
Percept. Psychophys. 75, 508-524. https://doi.org/10.3758/s13414-012-0406-9.

Hung, C., Yamanaka, A., 2023. The role of orexin neuron activity in sleep/wakefulness
regulation. Peptides 165, 171007. https://doi.org/10.1016/].peptides.2023.171007.

Hussain, B., Fang, C., Chang, J., 2021. Blood-Brain Barrier Breakdown: An Emerging
Biomarker of Cognitive Impairment in Normal Aging and Dementia. Front Neurosci.
15, 688090. https://doi.org/10.3389/fnins.2021.688090.

Hyman, B.T., Arriagada, P.V., Van Hoesen, G.W., 1991. Pathologic changes in the
olfactory system in aging and Alzheimer’s disease. Ann. N. Y Acad. Sci. 640, 14-19.
https://doi.org/10.1111/j.1749-6632.1991.tb00184.x.

ladanza, M.G., Jackson, M.P., Hewitt, E.W., Ranson, N.A., Radford, S.E., 2018. A new era
for understanding amyloid structures and disease. Nat. Rev. Mol. Cell Biol. 19,
755-773. https://doi.org/10.1038/s41580-018-0060-8.

ITadecola, C., 2017. The Neurovascular Unit Coming of Age: A Journey through
Neurovascular Coupling in Health and Disease. Neuron 96, 17-42. https://doi.org/
10.1016/j.neuron.2017.07.030.

Iannella, G., Magliulo, G., Maniaci, A., Meccariello, G., Cocuzza, S., Cammaroto, G.,
Gobbi, R., Sgarzani, R., Firinu, E., Corso, R.M., Pace, A., Gulotta, G., Visconti, I.C., Di
Luca, M., Pelucchi, S., Bianchi, G., Melegatti, M., Abita, P., Solito, C., La Mantia, I.,
Grillo, C., Vicini, C., 2021. Olfactory function in patients with obstructive sleep
apnea: a meta-analysis study. Eur. Arch. Otorhinolaryngol. 278, 883-891. https://
doi.org/10.1007/500405-020-06316-w.

ITannilli, E., Wiens, S., Arshamian, A., Seo, H.-S., 2013. A spatiotemporal comparison
between olfactory and trigeminal event-related potentials. Neuroimage 77, 254-261.
https://doi.org/10.1016/j.neuroimage.2012.12.057.

Iba, M., McBride, J.D., Guo, J.L., Zhang, B., Trojanowski, J.Q., Lee, V.M.-Y., 2015. Tau
pathology spread in PS19 tau transgenic mice following locus coeruleus (LC)
injections of synthetic tau fibrils is determined by the LC’s afferent and efferent
connections. Acta Neuropathol. 130, 349-362. https://doi.org/10.1007/s00401-
015-1458-4.

Igeta, Y., Hemmi, I., Yuyama, K., Ouchi, Y., 2024. Odor identification score as an
alternative method for early identification of amyloidogenesis in Alzheimer’s
disease. Sci. Rep. 14, 4658. https://doi.org/10.1038/541598-024-54322-3.

Ikeda, S., Shinohara, K., 2026. Brain and hypertension: from sympathetic outflow to
brain-focused blood pressure management. Hypertens. Res 1-7. https://doi.org/
10.1038/541440-026-02548-1.

Imbimbo, B.P., Lucca, U., Watling, M., 2021. Can Anti-B-amyloid Monoclonal Antibodies
Work in Autosomal Dominant Alzheimer Disease? Neurol. Genet 7, e535. https://
doi.org/10.1212/NXG.0000000000000535.

Ionescu-Tucker, A., Cotman, C.W., 2021. Emerging roles of oxidative stress in brain aging
and Alzheimer’s disease. Neurobiol. Aging 107, 86-95. https://doi.org/10.1016/j.
neurobiolaging.2021.07.014.

Tosif, C.I., Drake, R., Apps, R., Bashir, Z.1., Pickford, J., 2026. Bidirectional modulation of
beam traversal performance by acetylcholine in the cerebellar nuclei. J. Neurosci.,
1529252026 https://doi.org/10.1523/JNEUROSCI.1529-25.2026.

Iranzo, A., Santamaria, J., Tolosa, E., 2016. Idiopathic rapid eye movement sleep
behaviour disorder: diagnosis, management, and the need for neuroprotective

32

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

interventions. Lancet Neurol. 15, 405-419. https://doi.org/10.1016/S1474-4422
(16)00057-0.

Iravani, B., Peter, M.G., Arshamian, A., Olsson, M.J., Hummel, T., Kitzler, H.H.,
Lundstrom, J.N., 2021. Acquired olfactory loss alters functional connectivity and
morphology. Sci. Rep. 11, 16422. https://doi.org/10.1038/541598-021-95968-7.

Irmler, M., Gentier, R.J.G., Dennissen, F.J.A., Schulz, H., Bolle, L., Holter, S.M.,
Kallnik, M., Cheng, J.J., Klingenspor, M., Rozman, J., Ehrhardt, N., Hermes, D.J.H.
P., Gailus-Durner, V., Fuchs, H., Hrabé de Angelis, M., Meyer, H.E., Hopkins, D.A.,
Van Leeuwen, F.W., Beckers, J., 2012. Long-term proteasomal inhibition in
transgenic mice by UBB(+1) expression results in dysfunction of central respiration
control reminiscent of brainstem neuropathology in Alzheimer patients. Acta
Neuropathol. 124, 187-197. https://doi.org/10.1007/s00401-012-1003-7.

Irwin, M.R., 2015. Why sleep is important for health: a psychoneuroimmunology
perspective. Annu Rev. Psychol. 66, 143-172. https://doi.org/10.1146/annurev-
psych-010213-115205.

Jack, C.R., Wiste, H.J., Botha, H., Weigand, S.D., Therneau, T.M., Knopman, D.S., Graff-
Radford, J., Jones, D.T., Ferman, T.J., Boeve, B.F., Kantarci, K., Lowe, V.J.,
Vemuri, P., Mielke, M.M., Fields, J.A., Machulda, M.M., Schwarz, C.G., Senjem, M.L.,
Gunter, J.L., Petersen, R.C., 2019. The bivariate distribution of amyloid-p and tau:
relationship with established neurocognitive clinical syndromes. Brain 142,
3230-3242. https://doi.org/10.1093/brain/awz268.

Jack Jr, C.R., Andrews, J.S., Beach, T.G., Buracchio, T., Dunn, B., Graf, A., Hansson, O.,
Ho, C., Jagust, W., McDade, E., Molinuevo, J.L., Okonkwo, O.C., Pani, L., Rafii, M.S.,
Scheltens, P., Siemers, E., Snyder, H.M., Sperling, R., Teunissen, C.E., Carrillo, M.C.,
2024. Revised criteria for diagnosis and staging of Alzheimer’s disease: Alzheimer’s
Association Workgroup. Alzheimer’S. Dement. 20, 5143-5169. https://doi.org/
10.1002/alz.13859.

Jacobs, H.L.L., Hopkins, D.A., Mayrhofer, H.C., Bruner, E., van Leeuwen, F.W.,
Raaijmakers, W., Schmahmann, J.D., 2018. The cerebellum in Alzheimer’s disease:
evaluating its role in cognitive decline. Brain 141, 37-47. https://doi.org/10.1093/
brain/awx194.

Jacobs, H.LL., Becker, J.A., Kwong, K., Engels-Dominguez, N., Prokopiou, P.C., Papp, K.
V., Properzi, M., Hampton, O.L., d’Oleire Uquillas, F., Sanchez, J.S., Rentz, D.M., El
Fakhri, G., Normandin, M.D., Price, J.C., Bennett, D.A., Sperling, R.A., Johnson, K.
A., 2021a. vivo and neuropathology data support locus coeruleus integrity as
indicator of Alzheimer’s disease pathology and cognitive decline. Sci. Transl. Med
13, eabj2511. https://doi.org/10.1126/scitranslmed.abj2511.

Jacobs, H.L.L., Riphagen, J.M., Ramakers, I.H.G.B., Verhey, F.R.J., 2021b. Alzheimer’s
disease pathology: pathways between central norepinephrine activity, memory, and
neuropsychiatric symptoms. Mol. Psychiatry 26, 897-906. https://doi.org/10.1038/
541380-019-0437-x.

Jaggard, J.B., Wang, G.X., Mourrain, P., 2021. Non-REM and REM/paradoxical sleep
dynamics across phylogeny. Curr. Opin. Neurobiol. 71, 44-51. https://doi.org/
10.1016/j.conb.2021.08.004.

Jagust, W., 2016. Is amyloid-p harmful to the brain? Insights from human imaging
studies. Brain 139, 23-30. https://doi.org/10.1093/brain/awv326.

Jagust, W.J., Mormino, E.C., 2011. Lifespan brain activity, p-amyloid, and Alzheimer’s
disease. Trends Cogn. Sci. 15, 520-526. https://doi.org/10.1016/j.tics.2011.09.004.

James, B.D., Wilson, R.S., Boyle, P.A., Trojanowski, J.Q., Bennett, D.A., Schneider, J.A.,
2016. TDP-43 stage, mixed pathologies, and clinical Alzheimer’s-type dementia.
Brain 139, 2983-2993. https://doi.org/10.1093/brain/aww224.

James, T., Kula, B., Choi, S., Khan, S.S., Bekar, L.K., Smith, N.A., 2021. Locus coeruleus in
memory formation and Alzheimer’s disease. Eur. J. Neurosci. 54, 6948-6959.
https://doi.org/10.1111/ejn.15045.

Javaheri, Shahrokh, Javaheri, Sogol, Somers, V.K., Gozal, D., Mokhlesi, B., Mehra, R.,
McNicholas, W.T., Zee, P.C., Campos-Rodriguez, F., Martinez-Garcia, M.A.,
Cistulli, P., Malhotra, A., 2024. Interactions of Obstructive Sleep Apnea With the
Pathophysiology of Cardiovascular Disease, Part 1: JACC State-of-the-Art Review.
J. Am. Coll. Cardiol. 84, 1208-1223. https://doi.org/10.1016/j.jacc.2024.02.059.

Javed, B., Javed, A., Kow, C.S., Hasan, S.S., 2023. Pharmacological and non-
pharmacological treatment options for sleep disturbances in Alzheimer’s disease.
Expert Rev. Neurother. 23, 501-514. https://doi.org/10.1080/
14737175.2023.2214316.

Jellinger, K.A., Attems, J., 2015. Challenges of multimorbidity of the aging brain: a
critical update. J. Neural Transm. (Vienna) 122, 505-521. https://doi.org/10.1007/
s00702-014-1288-x.

Jensen, O., Mazaheri, A., 2010. Shaping Functional Architecture by Oscillatory Alpha
Activity: Gating by Inhibition. Front. Hum. Neurosci. 4. https://doi.org/10.3389/
fnhum.2010.00186.

Jeong, W., Lee, H., Cho, S., Seo, J., 2019. ApoE4-Induced Cholesterol Dysregulation and
Its Brain Cell Type-Specific Implications in the Pathogenesis of Alzheimer’s Disease.
Mol. Cells 42, 739-746. https://doi.org/10.14348/molcells.2019.0200.

Jiang, S., Bhaskar, K., 2020. Degradation and Transmission of Tau by Autophagic-
Endolysosomal Networks and Potential Therapeutic Targets for Tauopathy. Front.
Mol. Neurosci. 13. https://doi.org/10.3389/fnmol.2020.586731.

Jobin, B., Zahal, R., Bussieres, E., Frasnelli, J., Boller, B., 2021. Olfactory Identification in
Subjective Cognitive Decline: A Meta-Analysis. J. ALZHEIMERS Dis. 79, 1497-1507.
https://doi.org/10.3233/JAD-201022.

Jobin, B., Zigrand, C., Frasnelli, J., Boller, B., Albers, M.W., 2025. Lower odor
identification in subjective cognitive decline: a meta-analysis. Alzheimer’S. Dement.:
Diagn., Assess. Dis. Monit. 17, €70168. https://doi.org/10.1002/dad2.70168.

John, A., James, S.-N., Patel, U., Rusted, J., Richards, M., Gaysina, D., 2019. Longitudinal
associations of affective symptoms with mid-life cognitive function: evidence from a
British birth cohort. Br. J. Psychiatry 215, 675-682. https://doi.org/10.1192/
bjp.2019.24.


https://doi.org/10.1016/j.neurobiolaging.2021.01.024
https://doi.org/10.1016/j.neurobiolaging.2021.01.024
https://doi.org/10.1371/journal.pcbi.1011595
https://doi.org/10.3389/fnagi.2018.00396
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1093/cercor/bhaa352
https://doi.org/10.1212/WNL.0000000000010463
https://doi.org/10.1093/sleep/zsaf234
https://doi.org/10.1111/cns.13569
https://doi.org/10.1111/cns.13569
https://doi.org/10.1016/j.neubiorev.2026.106665
https://doi.org/10.3233/JAD-240042
https://doi.org/10.3233/JAD-240042
https://doi.org/10.1016/j.expneurol.2016.12.005
https://doi.org/10.1016/j.expneurol.2016.12.005
https://doi.org/10.3758/s13414-012-0406-9
https://doi.org/10.1016/j.peptides.2023.171007
https://doi.org/10.3389/fnins.2021.688090
https://doi.org/10.1111/j.1749-6632.1991.tb00184.x
https://doi.org/10.1038/s41580-018-0060-8
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1007/s00405-020-06316-w
https://doi.org/10.1007/s00405-020-06316-w
https://doi.org/10.1016/j.neuroimage.2012.12.057
https://doi.org/10.1007/s00401-015-1458-4
https://doi.org/10.1007/s00401-015-1458-4
https://doi.org/10.1038/s41598-024-54322-3
https://doi.org/10.1038/s41440-026-02548-1
https://doi.org/10.1038/s41440-026-02548-1
https://doi.org/10.1212/NXG.0000000000000535
https://doi.org/10.1212/NXG.0000000000000535
https://doi.org/10.1016/j.neurobiolaging.2021.07.014
https://doi.org/10.1016/j.neurobiolaging.2021.07.014
https://doi.org/10.1523/JNEUROSCI.1529-25.2026
https://doi.org/10.1016/S1474-4422(16)00057-0
https://doi.org/10.1016/S1474-4422(16)00057-0
https://doi.org/10.1038/s41598-021-95968-7
https://doi.org/10.1007/s00401-012-1003-7
https://doi.org/10.1146/annurev-psych-010213-115205
https://doi.org/10.1146/annurev-psych-010213-115205
https://doi.org/10.1093/brain/awz268
https://doi.org/10.1002/alz.13859
https://doi.org/10.1002/alz.13859
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1126/scitranslmed.abj2511
https://doi.org/10.1038/s41380-019-0437-x
https://doi.org/10.1038/s41380-019-0437-x
https://doi.org/10.1016/j.conb.2021.08.004
https://doi.org/10.1016/j.conb.2021.08.004
https://doi.org/10.1093/brain/awv326
https://doi.org/10.1016/j.tics.2011.09.004
https://doi.org/10.1093/brain/aww224
https://doi.org/10.1111/ejn.15045
https://doi.org/10.1016/j.jacc.2024.02.059
https://doi.org/10.1080/14737175.2023.2214316
https://doi.org/10.1080/14737175.2023.2214316
https://doi.org/10.1007/s00702-014-1288-x
https://doi.org/10.1007/s00702-014-1288-x
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.14348/molcells.2019.0200
https://doi.org/10.3389/fnmol.2020.586731
https://doi.org/10.3233/JAD-201022
https://doi.org/10.1002/dad2.70168
https://doi.org/10.1192/bjp.2019.24
https://doi.org/10.1192/bjp.2019.24

A. Antonioni

Jonin, P.-Y., Duché, Q., Bannier, E., Corouge, 1., Ferré, J.-C., Belliard, S., Barillot, C.,
Barbeau, E.J., 2022. Building memories on prior knowledge: behavioral and fMRI
evidence of impairment in early Alzheimer’s disease. Neurobiol. Aging 110, 1-12.
https://doi.org/10.1016/j.neurobiolaging.2021.10.013.

Joo, H.R., Frank, L.M., 2018. The hippocampal sharp wave-ripple in memory retrieval
for immediate use and consolidation. Nat. Rev. Neurosci. 19, 744-757. https://doi.
org/10.1038/541583-018-0077-1.

Jordan, R., 2024. The locus coeruleus as a global model failure system. Trends Neurosci.
47, 92-105. https://doi.org/10.1016/j.tins.2023.11.006.

Jordan, R., Keller, G.B., 2023. The locus coeruleus broadcasts prediction errors across the
cortex to promote sensorimotor plasticity. Elife 12, RP85111. https://doi.org/
10.7554/eLife.85111.

Ju, Y.-E.S., Lucey, B.P., Holtzman, D.M., 2014. Sleep and Alzheimer disease
pathology—a bidirectional relationship. Nat. Rev. Neurol. 10, 115-119. https://doi.
org/10.1038/nrneurol.2013.269.

Ju, Y.-E.S., Ooms, S.J., Sutphen, C., Macauley, S.L., Zangrilli, M.A., Jerome, G., Fagan, A.
M., Mignot, E., Zempel, J.M., Claassen, J.A.H.R., Holtzman, D.M., 2017. Slow wave
sleep disruption increases cerebrospinal fluid amyloid-p levels. Brain 140,
2104-2111. https://doi.org/10.1093/brain/awx148.

Jung, S.J., Vlasov, K., D’Ambra, A.F., Parigi, A., Baya, M., Frez, E.P., Villalobos, J.,
Fernandez-Frentzel, M., Anguiano, M., Ideguchi, Y., Antzoulatos, E.G.,

Fioravante, D., 2022. Novel Cerebello-Amygdala Connections Provide Missing Link
Between Cerebellum and Limbic System. Front. Syst. Neurosci. 16. https://doi.org/
10.3389/fnsys.2022.879634.

Kadohisa, M., 2013. Effects of odor on emotion, with implications. Front Syst. Neurosci.
7, 66. https://doi.org/10.3389/fnsys.2013.00066.

Kakei, S., Bostan, A.C., Ebner, T.J., Fakharian, M.A., Gomi, H., Guell, X., Hemelt, M.,
Hoang, H., Hull, C., Inoue, M., Ishikawa, T., Kameda, M., Kawato, M., Kitazawa, S.,
Manto, M., Medina, J.F., Mitoma, H., Ohmae, K., Ohmae, S., Okada, K., Popa, L.S.,
Schmahmann, J.D., Shadmehr, R., Strick, P.L., Tanaka, H., Tanaka, M., Yamazaki, T.,
2026. Consensus Paper: Models of Cerebellar Functions. Cerebellum 25, 15. https://
doi.org/10.1007/s12311-025-01939-3.

Kalia, L.V., Lang, A.E., 2015. Parkinson’s disease. Lancet 386, 896-912. https://doi.org/
10.1016/S0140-6736(14)61393-3.

Kalinin, S., Feinstein, D.L., Xu, H.-L., Huesa, G., Pelligrino, D.A., Galea, E., 2006.
Degeneration of noradrenergic fibres from the locus coeruleus causes tight-junction
disorganisation in the rat brain. Eur. J. Neurosci. 24, 3393-3400. https://doi.org/
10.1111/j.1460-9568.2006.05223.x.

Kamenetz, F., Tomita, T., Hsieh, H., Seabrook, G., Borchelt, D., Iwatsubo, T., Sisodia, S.,
Malinow, R., 2003. APP processing and synaptic function. Neuron 37, 925-937.
https://doi.org/10.1016/50896-6273(03)00124-7.

Kanclerska, J., Szymarnska-Chabowska, A., Por¢ba, R., Michatek-Zrabkowska, M.,
Lachowicz, G., Mazur, G., Martynowicz, H., 2023. A Systematic Review of
Publications on the Associations Between Sleep Architecture and Arterial
Hypertension. Med Sci. Monit. 29, €941066. https://doi.org/10.12659/
MSM.941066.

Kang, N., Chung, S., Lee, S.-H., Bang, M., 2024. Cerebro-cerebellar gray matter
abnormalities associated with cognitive impairment in patients with recent-onset
and chronic schizophrenia. Schizophr 10, 11. https://doi.org/10.1038/541537-024-
00434-8.

Kang, S.S., Ahn, E.H., Liu, X., Bryson, M., Miller, G.W., Weinshenker, D., Ye, K., 2021.
ApoE4 inhibition of VMAT2 in the locus coeruleus exacerbates Tau pathology in
Alzheimer’s disease. Acta Neuropathol. 142, 139-158. https://doi.org/10.1007/
s00401-021-02315-1.

Kang, S.S., Meng, L., Zhang, X., Wu, Z., Mancieri, A., Xie, B., Liu, X., Weinshenker, D.,
Peng, J., Zhang, Z., Ye, K., 2022. Tau modification by the norepinephrine metabolite
DOPEGAL stimulates its pathology and propagation. Nat. Struct. Mol. Biol. 29,
292-305. https://doi.org/10.1038/541594-022-00745-3.

Karakurt, S.E., Karakus, M.F., Golak, M., Akbal, S., Getin, M.A., Ikinciogullari, A.,
Dere, H.H., 2020. Evaluation of olfactory function in patients with obstructive sleep
apnea syndrome. Sleep. Breath. 24, 1137-1142. https://doi.org/10.1007/s11325-
019-01996-z.

Kareken, D.A., Sabri, M., Radnovich, A.J., Claus, E., Foresman, B., Hector, D.,
Hutchins, G.D., 2004. Olfactory system activation from sniffing: effects in piriform
and orbitofrontal cortex. Neuroimage 22, 456-465. https://doi.org/10.1016/j.
neuroimage.2004.01.008.

Karran, E., De Strooper, B., 2022. The amyloid hypothesis in Alzheimer disease: new
insights from new therapeutics. Nat. Rev. Drug Discov. 21, 306-318. https://doi.
org/10.1038/541573-022-00391-w.

Karunanayaka, P.R., Wilson, D.A., Tobia, M.J., Martinez, B.E., Meadowcroft, M.D.,
Eslinger, P.J., Yang, Q.X., 2017. Default mode network deactivation during odor-
visual association. Hum. Brain Mapp. 38, 1125-1139. https://doi.org/10.1002/
hbm.23440.

Katsi, V., Marketou, M., Maragkoudakis, S., Didagelos, M., Charalambous, G.,
Parthenakis, F., Tsioufis, C., Tousoulis, D., 2020. Blood-brain barrier dysfunction:
the undervalued frontier of hypertension. J. Hum. Hypertens. 34, 682-691. https://
doi.org/10.1038/541371-020-0352-2.

Kawabata, K., Bagarinao, E., Watanabe, H., Maesawa, S., Mori, D., Hara, K., Ohdake, R.,
Masuda, M., Ogura, A., Kato, T., Koyama, S., Katsuno, M., Wakabayashi, T.,
Kuzuya, M., Hoshiyama, M., Isoda, H., Naganawa, S., Ozaki, N., Sobue, G., 2022.
Functional connector hubs in the cerebellum. Neurolmage 257, 119263. https://doi.
org/10.1016/j.neuroimage.2022.119263.

Kedia, N., Almisry, M., Bieschke, J., 2017. Glucose directs amyloid-beta into membrane-
active oligomers. Phys. Chem. Chem. Phys. 19, 18036-18046. https://doi.org/
10.1039/c7cp02849k.

33

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Kegyes-Brassai, A.C., Pierson-Bartel, R., Bolla, G., Kamondi, A., Horvath, A.A., 2025.
Disruption of sleep macro- and microstructure in Alzheimer’s disease: overlaps
between neuropsychology, neurophysiology, and neuroimaging. Geroscience 47,
3647-3664. https://doi.org/10.1007/511357-024-01357-z.

Kehl, M.S., Mackay, S., Ohla, K., Schneider, M., Borger, V., Surges, R., Spehr, M.,
Mormann, F., 2024. Single-neuron representations of odours in the human brain.
Nature 634, 626-634. https://doi.org/10.1038/541586-024-08016-5.

Keller, G.B., Mrsic-Flogel, T.D., 2018. Predictive Processing: A Canonical Cortical
Computation. Neuron 100, 424-435. https://doi.org/10.1016/j.
neuron.2018.10.003.

Keller, G.B., Sterzer, P., 2024. Predictive Processing: A Circuit Approach to Psychosis.
Annu Rev. Neurosci. 47, 85-101. https://doi.org/10.1146/annurev-neuro-100223-
121214.

Kelly, S.C., He, B., Perez, S.E., Ginsberg, S.D., Mufson, E.J., Counts, S.E., 2017. Locus
coeruleus cellular and molecular pathology during the progression of Alzheimer’s
disease. Acta Neuropathol. Commun. 5, 8. https://doi.org/10.1186/540478-017-
0411-2.

Kemmerer, D., 2025. Does the Default Mode Network Mediate an Ongoing Internal
Narrative? An Evaluation of Menon’s (2023) Hypothesis. J. Cogn. Neurosci. 37,
2676-2683. https://doi.org/10.1162/JOCN.a.66.

Kempadoo, K.A., Mosharov, E.V., Choi, S.J., Sulzer, D., Kandel, E.R., 2016. Dopamine
release from the locus coeruleus to the dorsal hippocampus promotes spatial
learning and memory. Proc. Natl. Acad. Sci. USA 113, 14835-14840. https://doi.
org/10.1073/pnas.1616515114.

Kepp, K.P., 2016. Alzheimer’s disease due to loss of function: A new synthesis of the
available data. Prog. Neurobiol. 143, 36-60. https://doi.org/10.1016/j.
pneurobio.2016.06.004.

Kepp, Kasper P., Robakis, N.K., Hpilund-Carlsen, P.F., Sensi, S.L., Vissel, B., 2023. The
amyloid cascade hypothesis: an updated critical review. Brain 146, 3969-3990.
https://doi.org/10.1093/brain/awad159.

Khalil, M.H., 2024. The BDNF-Interactive Model for Sustainable Hippocampal
Neurogenesis in Humans: Synergistic Effects of Environmentally-Mediated Physical
Activity, Cognitive Stimulation, and Mindfulness. Int J. Mol. Sci. 25, 12924. https://
doi.org/10.3390/1jms252312924.

Khatun, MstM., Biswas, M.S., Podder, M.K., Hasan, R., Siddika, MstA., 2026. The
cerebro-cerebellar system: Integrative roles in motor control, cognition, and
neuropsychiatric disorders. IBRO Neurosci. Rep. 20, 438-447. https://doi.org/
10.1016/j.ibneur.2026.03.001.

Kim, D.H., Wang, M., Kim, S., Jang, D.W., Ko, T., Goldstein, B.J., 2025. Strategies to
Develop Regenerative Medicine Approaches for Olfactory Disorders. Clin. Exp.
Otorhinolaryngol. 18, 204-209. https://doi.org/10.21053/ce0.2025-00065.

Kim, H.-A.,, Lee, H., 2016. Orthostatic hypotension in acute cerebellar infarction.

J. Neurol. 263, 120-126. https://doi.org/10.1007/500415-015-7945-7.

Kim, S., Kwon, S.-H., Kam, T.-I., Panicker, N., Karuppagounder, S.S., Lee, S., Lee, J.H.,
Kim, W.R., Kook, M., Foss, C.A., Shen, C., Lee, H., Kulkarni, S., Pasricha, P.J., Lee, G.,
Pomper, M.G., Dawson, V.L., Dawson, T.M., Ko, H.S., 2019. Transneuronal
Propagation of Pathologic a-Synuclein from the Gut to the Brain Models Parkinson’s
Disease. Neuron 103, 627-641.e7. https://doi.org/10.1016/j.neuron.2019.05.035.

Kim, T., Park, H., Jun, S., Park, J.-Y., Yamamoto, Y., Tanaka-Yamamoto, K., 2026.
Bidirectional interactions between neuromodulatory systems and the cerebellum in
brain function. Neurosci. Biobehav. Rev. 187, 106716. https://doi.org/10.1016/j.
neubiorev.2026.106716.

Kjaerby, C., Andersen, M., Hauglund, N., Untiet, V., Dall, C., Sigurdsson, B., Ding, F.,
Feng, J., Li, Y., Weikop, P., Hirase, H., Nedergaard, M., 2022. Memory-enhancing
properties of sleep depend on the oscillatory amplitude of norepinephrine. Nat.
Neurosci. 25, 1059-1070. https://doi.org/10.1038/s41593-022-01102-9.

Knox, E.G., Aburto, M.R., Clarke, G., Cryan, J.F., O’Driscoll, C.M., 2022. The blood-brain
barrier in aging and neurodegeneration. Mol. Psychiatry 27, 2659-2673. https://doi.
org/10.1038/541380-022-01511-z.

Kobayashi, Y., Amaral, D.G., 2007. Macaque monkey retrosplenial cortex: III. Cortical
efferents. J. Comp. Neurol. 502, 810-833. https://doi.org/10.1002/cne.21346.
Koch, G., Spampinato, D., 2022. Chapter 31 - Alzheimer disease and neuroplasticity. In:
Quartarone, A., Ghilardi, M.F., Boller, F. (Eds.), Handbook of Clinical Neurology,

Neuroplasticity. Elsevier, pp. 473-479. https://doi.org/10.1016/B978-0-12-
819410-2.00027-8.

Koch, G., Mori, F., Marconi, B., Codeca, C., Pecchioli, C., Salerno, S., Torriero, S., Lo
Gerfo, E., Mir, P., Oliveri, M., Caltagirone, C., 2008. Changes in intracortical circuits
of the human motor cortex following theta burst stimulation of the lateral
cerebellum. Clin. Neurophysiol. 119, 2559-2569. https://doi.org/10.1016/j.
clinph.2008.08.008.

Koch, G., Oliveri, M., Caltagirone, C., 2009. Neural networks engaged in milliseconds
and seconds time processing: evidence from transcranial magnetic stimulation and
patients with cortical or subcortical dysfunction. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 364, 1907-1918. https://doi.org/10.1098/rstb.2009.0018.

Koch, G., Di Lorenzo, F., Bonni, S., Ponzo, V., Caltagirone, C., Martorana, A., 2012.
Impaired LTP- but not LTD-Like Cortical Plasticity in Alzheimer’s Disease Patients.
J. Alzheimer’S. Dis. 31, 593-599. https://doi.org/10.3233/JAD-2012-120532.

Koch, G., Di Lorenzo, F., Bonni, S., Giacobbe, V., Bozzali, M., Caltagirone, C.,
Martorana, A., 2014. Dopaminergic modulation of cortical plasticity in Alzheimer’s
disease patients. Neuropsychopharmacology 39, 2654-2661. https://doi.org/
10.1038/npp.2014.119.

Koch, G., Di Lorenzo, F., del Olmo, M.F., Bonni, S., Ponzo, V., Caltagirone, C.,

Bozzali, M., Martorana, A., 2016. Reversal of LTP-Like Cortical Plasticity in
Alzheimer’s Disease Patients with Tau-Related Faster Clinical Progression.
J. Alzheimer’S. Dis. 50, 605-616. https://doi.org/10.3233/JAD-150813.


https://doi.org/10.1016/j.neurobiolaging.2021.10.013
https://doi.org/10.1038/s41583-018-0077-1
https://doi.org/10.1038/s41583-018-0077-1
https://doi.org/10.1016/j.tins.2023.11.006
https://doi.org/10.7554/eLife.85111
https://doi.org/10.7554/eLife.85111
https://doi.org/10.1038/nrneurol.2013.269
https://doi.org/10.1038/nrneurol.2013.269
https://doi.org/10.1093/brain/awx148
https://doi.org/10.3389/fnsys.2022.879634
https://doi.org/10.3389/fnsys.2022.879634
https://doi.org/10.3389/fnsys.2013.00066
https://doi.org/10.1007/s12311-025-01939-3
https://doi.org/10.1007/s12311-025-01939-3
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1111/j.1460-9568.2006.05223.x
https://doi.org/10.1111/j.1460-9568.2006.05223.x
https://doi.org/10.1016/s0896-6273(03)00124-7
https://doi.org/10.12659/MSM.941066
https://doi.org/10.12659/MSM.941066
https://doi.org/10.1038/s41537-024-00434-8
https://doi.org/10.1038/s41537-024-00434-8
https://doi.org/10.1007/s00401-021-02315-1
https://doi.org/10.1007/s00401-021-02315-1
https://doi.org/10.1038/s41594-022-00745-3
https://doi.org/10.1007/s11325-019-01996-z
https://doi.org/10.1007/s11325-019-01996-z
https://doi.org/10.1016/j.neuroimage.2004.01.008
https://doi.org/10.1016/j.neuroimage.2004.01.008
https://doi.org/10.1038/s41573-022-00391-w
https://doi.org/10.1038/s41573-022-00391-w
https://doi.org/10.1002/hbm.23440
https://doi.org/10.1002/hbm.23440
https://doi.org/10.1038/s41371-020-0352-2
https://doi.org/10.1038/s41371-020-0352-2
https://doi.org/10.1016/j.neuroimage.2022.119263
https://doi.org/10.1016/j.neuroimage.2022.119263
https://doi.org/10.1039/c7cp02849k
https://doi.org/10.1039/c7cp02849k
https://doi.org/10.1007/s11357-024-01357-z
https://doi.org/10.1038/s41586-024-08016-5
https://doi.org/10.1016/j.neuron.2018.10.003
https://doi.org/10.1016/j.neuron.2018.10.003
https://doi.org/10.1146/annurev-neuro-100223-121214
https://doi.org/10.1146/annurev-neuro-100223-121214
https://doi.org/10.1186/s40478-017-0411-2
https://doi.org/10.1186/s40478-017-0411-2
https://doi.org/10.1162/JOCN.a.66
https://doi.org/10.1073/pnas.1616515114
https://doi.org/10.1073/pnas.1616515114
https://doi.org/10.1016/j.pneurobio.2016.06.004
https://doi.org/10.1016/j.pneurobio.2016.06.004
https://doi.org/10.1093/brain/awad159
https://doi.org/10.3390/ijms252312924
https://doi.org/10.3390/ijms252312924
https://doi.org/10.1016/j.ibneur.2026.03.001
https://doi.org/10.1016/j.ibneur.2026.03.001
https://doi.org/10.21053/ceo.2025-00065
https://doi.org/10.1007/s00415-015-7945-7
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1016/j.neubiorev.2026.106716
https://doi.org/10.1016/j.neubiorev.2026.106716
https://doi.org/10.1038/s41593-022-01102-9
https://doi.org/10.1038/s41380-022-01511-z
https://doi.org/10.1038/s41380-022-01511-z
https://doi.org/10.1002/cne.21346
https://doi.org/10.1016/B978-0-12-819410-2.00027-8
https://doi.org/10.1016/B978-0-12-819410-2.00027-8
https://doi.org/10.1016/j.clinph.2008.08.008
https://doi.org/10.1016/j.clinph.2008.08.008
https://doi.org/10.1098/rstb.2009.0018
https://doi.org/10.3233/JAD-2012-120532
https://doi.org/10.1038/npp.2014.119
https://doi.org/10.1038/npp.2014.119
https://doi.org/10.3233/JAD-150813

A. Antonioni

Koch, G., Bonni, S., Casula, E.P., losa, M., Paolucci, S., Pellicciari, M.C., Cinnera, A.M.,
Ponzo, V., Maiella, M., Picazio, S., Sallustio, F., Caltagirone, C., 2019. Effect of
Cerebellar Stimulation on Gait and Balance Recovery in Patients With Hemiparetic
Stroke: A Randomized Clinical Trial. JAMA Neurol. 76, 170-178. https://doi.org/
10.1001/jamaneurol.2018.3639.

Koch, G., Casula, E.P., Bonni, S., Borghi, 1., Assogna, M., Minei, M., Pellicciari, M.C.,
Motta, C., D’Acunto, A., Porrazzini, F., Maiella, M., Ferrari, C., Caltagirone, C.,
Santarnecchi, E., Bozzali, M., Martorana, A., 2022. Precuneus magnetic stimulation
for Alzheimer’s disease: a randomized, sham-controlled trial. Brain 145, 3776-3786.
https://doi.org/10.1093/brain/awac285.

Koch, G., Altomare, D., Benussi, A., Bréchet, L., Casula, E.P., Dodich, A., Pievani, M.,
Santarnecchi, E., Frisoni, G.B., 2024. The emerging field of non-invasive brain
stimulation in Alzheimer’s disease. Brain 147, 4003-4016. https://doi.org/10.1093/
brain/awae292.

Koch, G., Casula, E.P., Bonni, S., Borghi, 1., Assogna, M., Di Lorenzo, F., Esposito, R.,
Maiella, M., D’Acunto, A., Ferraresi, M., Mencarelli, L., Pezzopane, V., Motta, C.,
Santarnecchi, E., Bozzali, M., Martorana, A., 2025. Effects of 52 weeks of precuneus
rTMS in Alzheimer’s disease patients: a randomized trial. Alzheimers Res Ther. 17,
69. https://doi.org/10.1186/513195-025-01709-7.

Kollndorfer, K., Jakab, A., Mueller, C.A., Trattnig, S., Schopf, V., 2015. Effects of chronic
peripheral olfactory loss on functional brain networks. Neuroscience 310, 589-599.
https://doi.org/10.1016/j.neuroscience.2015.09.045.

Kondo, K., Kikuta, S., Ueha, R., Suzukawa, K., Yamasoba, T., 2020. Age-Related Olfactory
Dysfunction: Epidemiology, Pathophysiology, and Clinical Management. Front
Aging Neurosci. 12, 208. https://doi.org/10.3389/fnagi.2020.00208.

Koops, E.A., Dutta, J., Hanseeuw, B.J., Becker, J.A., Van Egroo, M., Prokopiou, P.C.,
Price, J.C., Arnold, S.E., Sperling, R.A., Johnson, K.A., Jacobs, H.LL., Initiative, for
the A.D.N, 2025. Elevated locus coeruleus metabolism provides resilience against
cognitive decline in preclinical Alzheimer’s disease. Alzheimer’S. Dement. 21,
e14385. https://doi.org/10.1002/alz.14385.

Krbot, K., Hermann, P., Skori¢, M.K., Zerr, 1., Sepulveda-Falla, D., Goebel, S.,
Matschke, J., Krasemann, S., Glatzel, M., 2018. Distinct microglia profile in
Creutzfeldt-Jakob disease and Alzheimer’s disease is independent of disease kinetics.
Neuropathology 38, 591-600. https://doi.org/10.1111/neup.12517.

Krohn, F., Lancini, E., Ludwig, M., Leiman, M., Guruprasath, G., Haag, L., Panczyszyn, J.,
Diizel, E., Himmerer, D., Betts, M., 2023. Noradrenergic neuromodulation in ageing
and disease. Neurosci. Biobehav Rev. 152, 105311. https://doi.org/10.1016/j.
neubiorev.2023.105311.

Krone, L.B., Song, S.H., Jaramillo, V., Violante, I.R., 2025. The Future of Non-Invasive
Brain Stimulation in Sleep Medicine. J. Sleep. Res. 34, €70071. https://doi.org/
10.1111/jsr.70071.

Kubota, S., Masaoka, Y., Sugiyama, H., Yoshida, M., Yoshikawa, A., Koiwa, N.,
Honma, M., Kinno, R., Watanabe, K., lizuka, N., Ida, M., Ono, K., Izumizaki, M.,
2020. Hippocampus and Parahippocampus Volume Reduction Associated With
Impaired Olfactory Abilities in Subjects Without Evidence of Cognitive Decline.
Front Hum. Neurosci. 14, 556519. https://doi.org/10.3389/fnhum.2020.556519.

Kucyi, A., Hove, M.J., Biederman, J., Van Dijk, K.R.A., Valera, E.M., 2015. Disrupted
functional connectivity of cerebellar default network areas in attention-deficit/
hyperactivity disorder. Hum. Brain Mapp. 36, 3373-3386. https://doi.org/10.1002/
hbm.22850.

Kumar, D.K.V., Choi, S.H., Washicosky, K.J., Eimer, W.A., Tucker, S., Ghofrani, J.,
Lefkowitz, A., McColl, G., Goldstein, L.E., Tanzi, R.E., Moir, R.D., 2016. Amyloid-
peptide protects against microbial infection in mouse and worm models of
Alzheimer’s disease. Sci. Transl. Med 8, 340ra72. https://doi.org/10.1126/
scitranslmed.aaf1059.

Kuwabara, Y., Ishizeki, M., Watamura, N., Toba, J., Yoshii, A., Inoue, T., Ohshima, T.,
2014. Impairments of long-term depression induction and motor coordination
precede AP accumulation in the cerebellum of APPswe/PS1dE9 double transgenic
mice. J. Neurochem. 130, 432-443. https://doi.org/10.1111/jnc.12728.

Lacerda, R.A.V., Desio, J.A.F., Kammers, C.M., Henkes, S., Freitas de Sa, M., de Souza, E.
F., da Silva, D.M., Teixeira Pinheiro Gusmao, C., Santos, J.C.C.D., 2024. Sleep
disorders and risk of alzheimer’s disease: A two-way road. Ageing Res Rev. 101,
102514. https://doi.org/10.1016/j.arr.2024.102514.

Lad, M., Sedley, W., Griffiths, T.D., 2024. Sensory Loss and Risk of Dementia.
Neuroscientist 30, 247-259. https://doi.org/10.1177/10738584221126090.

Lancini, E., Haag, L., Bartl, F., Riihling, M., Ashton, N.J., Zetterberg, H., Diizel, E.,
Héammerer, D., Betts, M.J., 2023. Cerebrospinal fluid and positron-emission
tomography biomarkers for noradrenergic dysfunction in neurodegenerative
diseases: a systematic review and meta-analysis. Brain Commun. 5, fcad085. https://
doi.org/10.1093/braincomms/fcad085.

Landry, G.J., Liu-Ambrose, T., 2014. Buying time: a rationale for examining the use of
circadian rhythm and sleep interventions to delay progression of mild cognitive
impairment to Alzheimer’s disease. Front. Aging Neurosci. 6. https://doi.org/
10.3389/fnagi.2014.00325.

Langlois, R., Joubert, S., Benoit, S., Dostie, V., Rouleau, I., 2016. Memory for Public
Events in Mild Cognitive Impairment and Alzheimer’s Disease: The Importance of
Rehearsal. J. Alzheimers Dis. 50, 1023-1033. https://doi.org/10.3233/JAD-150722.

Lanoiselée, H.-M., Nicolas, G., Wallon, D., Rovelet-Lecrux, A., Lacour, M., Rousseau, S.,
Richard, A.-C., Pasquier, F., Rollin-Sillaire, A., Martinaud, O., Quillard-Muraine, M.,
Sayette, V. de la, Boutoleau-Bretonniere, C., Etcharry-Bouyx, F., Chauviré, V.,
Sarazin, M., Ber, I. le, Epelbaum, S., Jonveaux, T., Rouaud, O., Ceccaldi, M.,
Félician, O., Godefroy, O., Formaglio, M., Croisile, B., Auriacombe, S., Chamard, L.,
Vincent, J.-L., Sauvée, M., Marelli-Tosi, C., Gabelle, A., Ozsancak, C., Pariente, J.,
Paquet, C., Hannequin, D., Campion, D., Project, collaborators of the C.-M, 2017.
APP, PSEN1, and PSEN2 mutations in early-onset Alzheimer disease: A genetic

34

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

screening study of familial and sporadic cases. PLOS Med. 14, €1002270. https://
doi.org/10.1371/journal.pmed.1002270.

Larsson, M., Willander, J., 2009. Autobiographical odor memory. Ann. N. Y Acad. Sci.
1170, 318-323. https://doi.org/10.1111/j.1749-6632.2009.03934.x.

Laska, M., 2001. Perception of trigeminal chemosensory qualities in the elderly. Chem.
Senses 26, 681-689. https://doi.org/10.1093/chemse/26.6.681.

Latella, D., Calderone, A., Casella, C., De Luca, R., Gangemi, A., Impellizzeri, F., Caliri, S.,
Quartarone, A., Calabro, R.S., 2025. Cognitive behavioral therapy for insomnia in
neurodegenerative disorders—targeting sleep disturbances in Alzheimer’s and
Parkinson’s disease: a scoping review. Front. Psychol. 16. https://doi.org/10.3389/
fpsyg.2025.1700496.

Laukka, E.J., Ekstrom, I., Larsson, M., Grande, G., Fratiglioni, L., Rizzuto, D., 2023.
Markers of olfactory dysfunction and progression to dementia: A 12-year population-
based study. Alzheimer’S. Dement. 19, 3019-3027. https://doi.org/10.1002/
alz.12932.

Laurent, C., Buée, L., Blum, D., 2018. Tau and neuroinflammation: What impact for
Alzheimer’s Disease and Tauopathies? Biomed. J. 41, 21-33. https://doi.org/
10.1016/j.bj.2018.01.003.

Lecas, J.-C., 2004. Locus coeruleus activation shortens synaptic drive while decreasing
spike latency and jitter in sensorimotor cortex. Implications for neuronal integration.
Eur. J. Neurosci. 19, 2519-2530. https://doi.org/10.1111/§.0953-
816X.2004.03341.x.

Lee, H., Zhu, X., Castellani, R.J., Nunomura, A., Perry, G., Smith, M.A., 2007. Amyloid-
beta in Alzheimer disease: the null versus the alternate hypotheses. J. Pharm. Exp.
Ther. 321, 823-829. https://doi.org/10.1124/jpet.106.114009.

Lefevre, L., Courtiol, E., Garcia, S., Thévenet, M., Messaoudi, B., Buonviso, N., 2016.
Significance of sniffing pattern during the acquisition of an olfactory discrimination
task. Behav. Brain Res 312, 341-354. https://doi.org/10.1016/j.bbr.2016.06.039.

Leng, Y., Musiek, E.S., Hu, K., Cappuccio, F.P., Yaffe, K., 2019. Association between
circadian rhythms and neurodegenerative diseases. Lancet Neurol. 18, 307-318.
https://doi.org/10.1016/S1474-4422(18)30461-7.

Lennon, M.J., Makkar, S.R., Crawford, J.D., Sachdev, P.S., 2019. Midlife Hypertension
and Alzheimer’s Disease: A Systematic Review and Meta-Analysis. J. Alzheimers Dis.
71, 307-316. https://doi.org/10.3233/JAD-190474.

Lennon, M.J., Lipnicki, D.M., Lam, B.C.P., Crawford, J.D., Schutte, A.E., Peters, R.,
Rydberg-Sterner, T., Najar, J., Skoog, I., Riedel-Heller, S.G., Rohr, S., Pabst, A.,
Lobo, A., De-la-Camara, C., Lobo, E., Lipton, R.B., Katz, M.J., Derby, C.A., Kim, K.W.,
Han, J.W., Oh, D.J., Rolandi, E., Davin, A., Rossi, M., Scarmeas, N., Yannakoulia, M.,
Dardiotis, T., Hendrie, H.C., Gao, S., Carriere, L., Ritchie, K., Anstey, K.J.,
Cherbuin, N., Xiao, S., Yue, L., Li, W., Guerchet, M., Preux, P.-M., Aboyans, V.,
Haan, M.N., Aiello, A., Scazufca, M., Sachdev, P.S., as the Cohort Studies of Memory
in an International Consortium (COSMIC) Group, 2024. Blood Pressure,
Antihypertensive Use, and Late-Life Alzheimer and Non-Alzheimer Dementia Risk:
An Individual Participant Data Meta-Analysis. Neurology 103, e209715. https://doi.
org/10.1212/WNL.0000000000209715.

Levine, B., Svoboda, E., Hay, J.F., Winocur, G., Moscovitch, M., 2002. Aging and
autobiographical memory: dissociating episodic from semantic retrieval. Psychol.
Aging 17, 677-689.

Leyhe, T., Miiller, S., Milian, M., Eschweiler, G.W., Saur, R., 2009. Impairment of
episodic and semantic autobiographical memory in patients with mild cognitive
impairment and early Alzheimer’s disease. Neuropsychologia 47, 2464-2469.
https://doi.org/10.1016/j.neuropsychologia.2009.04.018.

Li, G., Linster, C., Cleland, T.A., 2015. Functional differentiation of cholinergic and
noradrenergic modulation in a biophysical model of olfactory bulb granule cells.

J. Neurophysiol. 114, 3177-3200. https://doi.org/10.1152/jn.00324.2015.

Li, H,, Liang, Y., Chen, K., Li, X., Shu, N., Zhang, Z., Wang, Y., 2013. Different patterns of
white matter disruption among amnestic mild cognitive impairment subtypes:
relationship with neuropsychological performance. J. Alzheimers Dis. 36, 365-376.
https://doi.org/10.3233/JAD-122023.

Li, H., Guan, Q., Huang, R., Lei, M., Luo, Y.-J., Zhang, Z., Tao, W., 2023. Altered
functional coupling between the cerebellum and cerebrum in patients with amnestic
mild cognitive impairment. Cereb. Cortex 33, 2061-2074. https://doi.org/10.1093/
cercor/bhac193.

Li, J.S., Sarma, A.A., Sejnowski, T.J., Doyle, J.C., 2023. Internal feedback in the cortical
perception-action loop enables fast and accurate behavior. Proc. Natl. Acad. Sci. USA
120, e2300445120. https://doi.org/10.1073/pnas.2300445120.

Li, S., Wang, B.A,, Li, Cheng, Feng, Y., Li, M., Wang, T., Nie, L., Li, Changhong, Hua, W.,
Lin, C., Liu, M., Ma, X., Fang, J., Jiang, G., 2021. Progressive gray matter
hypertrophy with severity stages of insomnia disorder and its relevance for mood
symptoms. Eur. Radio. 31, 6312-6322. https://doi.org/10.1007/s00330-021-
07701-7.

Li, T., Le, W., Jankovic, J., 2023. Linking the cerebellum to Parkinson disease: an update.
Nat. Rev. Neurol. 19, 645-654. https://doi.org/10.1038/541582-023-00874-3.

Li, W., Wilson, D.A., 2024. Threat Memory in the Sensory Cortex: Insights from
Olfaction. Neuroscientist 30, 285-293. https://doi.org/10.1177/
10738584221148994.

Li, X., Li, C., Zhang, W., Wang, Y., Qian, P., Huang, H., 2023. Inflammation and aging:
signaling pathways and intervention therapies. Sig Transduct. Target Ther. 8, 239.
https://doi.org/10.1038/541392-023-01502-8.

Liang, J., Li, Y., Liu, H., Zhang, S., Wang, M., Chu, Y., Ye, J., Xi, Q., Zhao, X., 2020.
Increased intrinsic default-mode network activity as a compensatory mechanism in
aMCI: a resting-state functional connectivity MRI study. Aging (Albany NY) 12,
5907-5919. https://doi.org/10.18632/aging.102986.

Liao, W., Wang, Y., Wang, L., Li, J., Huang, D., Cheng, W., Luan, P., 2024. The current
status and challenges of olfactory dysfunction study in Alzheimer’s Disease. Ageing
Res Rev. 100, 102453. https://doi.org/10.1016/j.arr.2024.102453.


https://doi.org/10.1001/jamaneurol.2018.3639
https://doi.org/10.1001/jamaneurol.2018.3639
https://doi.org/10.1093/brain/awac285
https://doi.org/10.1093/brain/awae292
https://doi.org/10.1093/brain/awae292
https://doi.org/10.1186/s13195-025-01709-7
https://doi.org/10.1016/j.neuroscience.2015.09.045
https://doi.org/10.3389/fnagi.2020.00208
https://doi.org/10.1002/alz.14385
https://doi.org/10.1111/neup.12517
https://doi.org/10.1016/j.neubiorev.2023.105311
https://doi.org/10.1016/j.neubiorev.2023.105311
https://doi.org/10.1111/jsr.70071
https://doi.org/10.1111/jsr.70071
https://doi.org/10.3389/fnhum.2020.556519
https://doi.org/10.1002/hbm.22850
https://doi.org/10.1002/hbm.22850
https://doi.org/10.1126/scitranslmed.aaf1059
https://doi.org/10.1126/scitranslmed.aaf1059
https://doi.org/10.1111/jnc.12728
https://doi.org/10.1016/j.arr.2024.102514
https://doi.org/10.1177/10738584221126090
https://doi.org/10.1093/braincomms/fcad085
https://doi.org/10.1093/braincomms/fcad085
https://doi.org/10.3389/fnagi.2014.00325
https://doi.org/10.3389/fnagi.2014.00325
https://doi.org/10.3233/JAD-150722
https://doi.org/10.1371/journal.pmed.1002270
https://doi.org/10.1371/journal.pmed.1002270
https://doi.org/10.1111/j.1749-6632.2009.03934.x
https://doi.org/10.1093/chemse/26.6.681
https://doi.org/10.3389/fpsyg.2025.1700496
https://doi.org/10.3389/fpsyg.2025.1700496
https://doi.org/10.1002/alz.12932
https://doi.org/10.1002/alz.12932
https://doi.org/10.1016/j.bj.2018.01.003
https://doi.org/10.1016/j.bj.2018.01.003
https://doi.org/10.1111/j.0953-816X.2004.03341.x
https://doi.org/10.1111/j.0953-816X.2004.03341.x
https://doi.org/10.1124/jpet.106.114009
https://doi.org/10.1016/j.bbr.2016.06.039
https://doi.org/10.1016/S1474-4422(18)30461-7
https://doi.org/10.3233/JAD-190474
https://doi.org/10.1212/WNL.0000000000209715
https://doi.org/10.1212/WNL.0000000000209715
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref514
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref514
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref514
https://doi.org/10.1016/j.neuropsychologia.2009.04.018
https://doi.org/10.1152/jn.00324.2015
https://doi.org/10.3233/JAD-122023
https://doi.org/10.1093/cercor/bhac193
https://doi.org/10.1093/cercor/bhac193
https://doi.org/10.1073/pnas.2300445120
https://doi.org/10.1007/s00330-021-07701-7
https://doi.org/10.1007/s00330-021-07701-7
https://doi.org/10.1038/s41582-023-00874-3
https://doi.org/10.1177/10738584221148994
https://doi.org/10.1177/10738584221148994
https://doi.org/10.1038/s41392-023-01502-8
https://doi.org/10.18632/aging.102986
https://doi.org/10.1016/j.arr.2024.102453

A. Antonioni

Liebe, T., Kaufmann, J., Li, M., Skalej, M., Wagner, G., Walter, M., 2020. vivo anatomical
mapping of human locus coeruleus functional connectivity at 3 T MRI. Hum. Brain
Mapp. 41, 2136-2151. https://doi.org/10.1002/hbm.24935.

Liebe, T., Kaufmann, J., Himmerer, D., Betts, M., Walter, M., 2022. vivo tractography of
human locus coeruleus-relation to 7T resting state fMRI, psychological measures and
single subject validity. Mol. Psychiatry 27, 4984-4993. https://doi.org/10.1038/
s41380-022-01761-x.

Liebscher, S., Keller, G.B., Goltstein, P.M., Bonhoeffer, T., Hiibener, M., 2016. Selective
Persistence of Sensorimotor Mismatch Signals in Visual Cortex of Behaving
Alzheimer’s Disease Mice. Curr. Biol. 26, 956-964. https://doi.org/10.1016/j.
cub.2016.01.070.

Lim, A.S.P., Kowgier, M., Yu, L., Buchman, A.S., Bennett, D.A., 2013. Sleep
Fragmentation and the Risk of Incident Alzheimer’s Disease and Cognitive Decline in
Older Persons. Sleep 36, 1027-1032. https://doi.org/10.5665/sleep.2802.

Lin, C.-Y.R., Yonce, S.S., Pacini, N.J., Yu, M.M., Bishop, J.S., Pavlik, V.N., Salas, R., 2024.
Cerebello-Parietal Functional Connectivity in Amnestic Mild Cognitive Impairment.
J. Alzheimers Dis. 100, 775-782. https://doi.org/10.3233/JAD-240368.

Lin, F.R., 2024. Age-Related Hearing Loss. N. Engl. J. Med. 390, 1505-1512. https://doi.
org/10.1056/NEJMcp2306778.

Lindin, M., Correa, K., Zurrén, M., Diaz, F., 2013. Mismatch negativity (MMN) amplitude
as a biomarker of sensory memory deficit in amnestic mild cognitive impairment.
Front. Aging Neurosci. 5. https://doi.org/10.3389/fnagi.2013.00079.

Linster, C., Nai, Q., Ennis, M., 2011. Nonlinear effects of noradrenergic modulation of
olfactory bulb function in adult rodents. J. Neurophysiol. 105, 1432-1443. https://
doi.org/10.1152/jn.00960.2010.

Lisman, J.E., Grace, A.A., 2005. The hippocampal-VTA loop: controlling the entry of
information into long-term memory. Neuron 46, 703-713. https://doi.org/10.1016/
j-neuron.2005.05.002.

Liu, Dan, Chen, Q., Zhang, X., Xu, L., Duan, B., Wang, H., Zeng, M., 2024a. Olfactory
Dysfunction in Chronic Rhinosinusitis. Curr. Treat. Options Allergy 11, 136-149.
https://doi.org/10.1007/s40521-024-00363-y.

Liu, Dongming, Lu, J., Wei, L., Yao, M., Yang, H., Lv, P., Wang, H., Zhu, Y., Zhu, Z,
Zhang, X., Chen, J., Yang, Q.X., Zhang, B., 2024. Olfactory deficit: a potential
functional marker across the Alzheimer’s disease continuum. Front Neurosci. 18,
1309482. https://doi.org/10.3389/fnins.2024.1309482.

Liu, Guangdong, Yang, C., Wang, X., Chen, X., Cai, H., Le, W., 2024b. Cerebellum in
neurodegenerative diseases: Advances, challenges, and prospects. iScience 27,
111194. https://doi.org/10.1016/j.is¢i.2024.111194.

Liu, H., Yang, W., Wu, T., Duan, F., Soucy, E., Jin, X., Zhang, Y., 2018. Cholinergic
Sensorimotor Integration Regulates Olfactory Steering. Neuron 97, 390-405.e3.
https://doi.org/10.1016/j.neuron.2017.12.003.

Liu, J., Zou, G., Xu, J., Zhou, S., Qin, L., Sun, H., Zou, Q., Gao, J.-H., 2023. State-
dependent and region-specific alterations of cerebellar connectivity across stable
human wakefulness and NREM sleep states. Neuroimage 266, 119823. https://doi.
org/10.1016/j.neuroimage.2022.119823.

Liu, K.Y., Marijatta, F., Himmerer, D., Acosta-Cabronero, J., Diizel, E., Howard, R.J.,
2017. Magnetic resonance imaging of the human locus coeruleus: A systematic
review. Neurosci. Biobehav Rev. 83, 325-355. https://doi.org/10.1016/j.
neubiorev.2017.10.023.

Liu, M., Jiang, N., Qin, C., Xue, Y., Wu, J., Qiu, Y., Yuan, Q., Chen, C., Huang, L.,
Zhuang, L., Wang, P., 2024. Multimodal spatiotemporal monitoring of basal stem
cell-derived organoids reveals progression of olfactory dysfunction in Alzheimer’s
disease. Biosens. Bioelectron. 246, 115832. https://doi.org/10.1016/j.
bios.2023.115832.

Liu, S.-Y., Chan, P., Stoessl, A.J., 2017. The underlying mechanism of prodromal PD:
insights from the parasympathetic nervous system and the olfactory system. Transl.
Neurodegener. 6, 4. https://doi.org/10.1186/540035-017-0074-8.

Liu, Y., Cao, Y., Wei, H., 2025. Diagnostic value of olfactory function testing for
Alzheimer’s disease and mild cognitive impairment: a systematic review and meta-
analysis. Front Aging Neurosci. 17, 1551939. https://doi.org/10.3389/
fnagi.2025.1551939.

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., Brayne, C.,
Burns, A., Cohen-Mansfield, J., Cooper, C., Costafreda, S.G., Dias, A., Fox, N.,
Gitlin, L.N., Howard, R., Kales, H.C., Kivimaki, M., Larson, E.B., Ogunniyi, A.,
Orgeta, V., Ritchie, K., Rockwood, K., Sampson, E.L., Samus, Q., Schneider, L.S.,
Selbak, G., Teri, L., Mukadam, N., 2020. Dementia prevention, intervention, and
care: 2020 report of the Lancet Commission. Lancet 396, 413-446. https://doi.org/
10.1016/50140-6736(20)30367-6.

Lledo, P.-M., Saghatelyan, A., 2005. Integrating new neurons into the adult olfactory
bulb: joining the network, life-death decisions, and the effects of sensory experience.
Trends Neurosci. 28, 248-254. https://doi.org/10.1016/].tins.2005.03.005.

Lomoio, S., Lopez-Gonzélez, 1., Aso, E., Carmona, M., Torrejon-Escribano, B., Scherini, E.,
Ferrer, 1., 2012. Cerebellar Amyloid-p Plaques: Disturbed Cortical Circuitry in ABPP/
PS1 Transgenic Mice as a Model of Familial Alzheimer’s Disease. J. Alzheimer’S. Dis.
31, 285-300. https://doi.org/10.3233/JAD-2012-112198.

Lopez, G., Magaki, S.D., Williams, C.K., Paganini-Hill, A., Vinters, H.V., 2024.
Characterization of cerebellar amyloid-p deposits in Alzheimer disease.

J. Neuropathol. Exp. Neurol. 83, 72-78. https://doi.org/10.1093/jnen/nlad107.

Lépez-Sanz, D., Bruna, R., Garcés, P., Camara, C., Serrano, N., Rodriguez-Rojo, 1.C.,
Delgado, M.L., Montenegro, M., Lopez-Higes, R., Yus, M., Maestd, F., 2016. Alpha
band disruption in the AD-continuum starts in the Subjective Cognitive Decline
stage: a MEG study. Sci. Rep. 6, 37685. https://doi.org/10.1038/srep37685.

Ly, J., Testa, N., Jordan, R., Elyan, R., Kanekar, S., Wang, J., Eslinger, P., Yang, Q.X.,
Zhang, B., Karunanayaka, P.R., 2019. Functional Connectivity between the Resting-
State Olfactory Network and the Hippocampus in Alzheimer’s Disease. Brain Sci. 9,
338. https://doi.org/10.3390/brainsci9120338.

35

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Lucey, B.P., Wisch, J., Boerwinkle, A.H., Landsness, E.C., Toedebusch, C.D., McLeland, J.
S., Butt, O.H., Hassenstab, J., Morris, J.C., Ances, B.M., Holtzman, D.M., 2021. Sleep
and longitudinal cognitive performance in preclinical and early symptomatic
Alzheimer’s disease. Brain 144, 2852-2862. https://doi.org/10.1093/brain/
awab272.

Luissint, A.-C., Artus, C., Glacial, F., Ganeshamoorthy, K., Couraud, P.-O., 2012. Tight
junctions at the blood brain barrier: physiological architecture and disease-
associated dysregulation. Fluids Barriers CNS 9, 23. https://doi.org/10.1186/2045-
8118-9-23.

Lushchak, V.I., Duszenko, M., Gospodaryov, D.V., Garaschuk, O., 2021. Oxidative Stress
and Energy Metabolism in the Brain: Midlife as a Turning Point. Antioxid. (Basel) 10,
1715. https://doi.org/10.3390/antiox10111715.

Lyons, S.H., Gottfried, J.A., 2025. Predictive coding in the human olfactory system.
Trends Cogn. Sci. 29, 814-826. https://doi.org/10.1016/].tics.2025.04.005.

Lyoo, C.H., Ikawa, M., Liow, J.-S., Zoghbi, S.S., Morse, C., Pike, V.W., Fyjita, M., Innis, R.
B., Kreisl, W.C., 2015. Cerebellum can serve as a pseudo-reference region in
Alzheimer’s disease to detect neuroinflammation measured with PET radioligand
binding to translocator protein (TSPO). J. Nucl. Med 56, 701-706. https://doi.org/
10.2967/jnumed.114.146027.

Ma, H., Zhang, H., Zuo, Z., Liu, Y., 2023. Heterogeneous organization of Locus coeruleus:
An intrinsic mechanism for functional complexity. Physiol. Behav. 268, 114231.
https://doi.org/10.1016/j.physbeh.2023.114231.

Madelung, C.F., Meder, D., Fuglsang, S.A., Marques, M.M., Boer, V.O., Madsen, K.H.,
Petersen, E.T., Hejl, A.-M., Lgkkegaard, A., Siebner, H.R., 2022. Locus Coeruleus
Shows a Spatial Pattern of Structural Disintegration in Parkinson’s Disease. Mov.
Disord. 37, 479-489. https://doi.org/10.1002/mds.28945.

Maestt, F., de Haan, W., Busche, M.A., DeFelipe, J., 2021. Neuronal excitation/
inhibition imbalance: core element of a translational perspective on Alzheimer
pathophysiology. Ageing Res. Rev. 69, 101372. https://doi.org/10.1016/j.
arr.2021.101372.

Mainland, J.D., Johnson, B.N., Khan, R., Ivry, R.B., Sobel, N., 2005. Olfactory
Impairments in Patients with Unilateral Cerebellar Lesions Are Selective to Inputs
from the Contralesional Nostril. J. Neurosci. 25, 6362-6371. https://doi.org/
10.1523/JNEUROSCI.0920-05.2005.

Makarem, N., Alcdntara, C., Williams, N., Bello, N.A., Abdalla, M., 2021. Effect of Sleep
Disturbances on Blood Pressure. Hypertension 77, 1036-1046. https://doi.org/
10.1161/HYPERTENSIONAHA.120.14479.

Malik, B.R., Maddison, D.C., Smith, G.A., Peters, O.M., 2019. Autophagic and endo-
lysosomal dysfunction in neurodegenerative disease. Mol. Brain 12, 100. https://doi.
org/10.1186/s13041-019-0504-x.

Malvaut, S., Saghatelyan, A., 2016. The Role of Adult-Born Neurons in the Constantly
Changing Olfactory Bulb Network. Neural Plast. 2016, 1614329. https://doi.org/
10.1155/2016/1614329.

Manabe, H., Kusumoto-Yoshida, I., Ota, M., Mori, K., 2011. Olfactory Cortex Generates
Synchronized Top-Down Inputs to the Olfactory Bulb during Slow-Wave Sleep.

J. Neurosci. 31, 8123-8133. https://doi.org/10.1523/JNEUROSCI.6578-10.2011.

Mander, B.A., Winer, J.R., Jagust, W.J., Walker, M.P., 2016. Sleep: A Novel Mechanistic
Pathway, Biomarker, and Treatment Target in the Pathology of Alzheimer’s Disease?
Trends Neurosci. 39, 552-566. https://doi.org/10.1016/j.tins.2016.05.002.

Mander, B.A., Winer, J.R., Walker, M.P., 2017. Sleep and Human Aging. Neuron 94,
19-36. https://doi.org/10.1016/j.neuron.2017.02.004.

Manella, L.C., Alperin, S., Linster, C., 2013. Stressors impair odor recognition memory
via an olfactory bulb-dependent noradrenergic mechanism. Front Integr. Neurosci. 7,
97. https://doi.org/10.3389/fnint.2013.00097.

Manella, L.C., Petersen, N., Linster, C., 2017. Stimulation of the Locus Ceruleus
Modulates Signal-to-Noise Ratio in the Olfactory Bulb. J. Neurosci. 37,
11605-11615. https://doi.org/10.1523/JNEUROSCI.2026-17.2017.

Mann, D.M., Jones, D., Prinja, D., Purkiss, M.S., 1990. The prevalence of amyloid (A4)
protein deposits within the cerebral and cerebellar cortex in Down’s syndrome and
Alzheimer’s disease. Acta Neuropathol. 80, 318-327. https://doi.org/10.1007/
BF00294651.

Manto, M., Argyropoulos, G.P.D., Bocci, T., Celnik, P.A., Corben, L.A., Guidetti, M.,
Koch, G., Priori, A., Rothwell, J.C., Sadnicka, A., Spampinato, D., Ugawa, Y.,
Wessel, M.J., Ferrucci, R., 2022. Consensus Paper: Novel Directions and Next Steps
of Non-invasive Brain Stimulation of the Cerebellum in Health and Disease.
Cerebellum 21, 1092-1122. https://doi.org/10.1007/512311-021-01344-6.

Manukyan, A.L., Hunanyan, L.S., Sukiasyan, L.M., Frey II, W.H., Yenkoyan, K.B.,
Danielyan, L.G., Melkonyan, M.M., 2023. The Role of the Adrenergic System in
Neurodegeneration and Oxidative Stress-Induced Damage to the Brain. Neurochem.
J. 17, 639-647. https://doi.org/10.1134/51819712423040165.

Maquet, P., Laureys, S., Peigneux, P., Fuchs, S., Petiau, C., Phillips, C., Aerts, J., Del
Fiore, G., Degueldre, C., Meulemans, T., Luxen, A., Franck, G., Van Der Linden, M.,
Smith, C., Cleeremans, A., 2000. Experience-dependent changes in cerebral
activation during human REM sleep. Nat. Neurosci. 3, 831-836. https://doi.org/
10.1038/77744.

Marcyniuk, B., Mann, D.M., Yates, P.O., 1986. The topography of cell loss from locus
caeruleus in Alzheimer’s disease. J. Neurol. Sci. 76, 335-345. https://doi.org/
10.1016/0022-510x(86)90179-6.

Marin, C., Vilas, D., Langdon, C., Alobid, I., Ldpez-Chacén, M., Haehner, A., Hummel, T.,
Mullol, J., 2018. Olfactory Dysfunction in Neurodegenerative Diseases. Curr. Allergy
Asthma Rep. 18, 42. https://doi.org/10.1007/511882-018-0796-4.

Marin, C., Alobid, I., Fuentes, M., Lépez-Chacén, M., Mullol, J., 2023. Olfactory
Dysfunction in Mental Illness. Curr. Allergy Asthma Rep. 23, 153-164. https://doi.
org/10.1007/s11882-023-01068-z.


https://doi.org/10.1002/hbm.24935
https://doi.org/10.1038/s41380-022-01761-x
https://doi.org/10.1038/s41380-022-01761-x
https://doi.org/10.1016/j.cub.2016.01.070
https://doi.org/10.1016/j.cub.2016.01.070
https://doi.org/10.5665/sleep.2802
https://doi.org/10.3233/JAD-240368
https://doi.org/10.1056/NEJMcp2306778
https://doi.org/10.1056/NEJMcp2306778
https://doi.org/10.3389/fnagi.2013.00079
https://doi.org/10.1152/jn.00960.2010
https://doi.org/10.1152/jn.00960.2010
https://doi.org/10.1016/j.neuron.2005.05.002
https://doi.org/10.1016/j.neuron.2005.05.002
https://doi.org/10.1007/s40521-024-00363-y
https://doi.org/10.3389/fnins.2024.1309482
https://doi.org/10.1016/j.isci.2024.111194
https://doi.org/10.1016/j.neuron.2017.12.003
https://doi.org/10.1016/j.neuroimage.2022.119823
https://doi.org/10.1016/j.neuroimage.2022.119823
https://doi.org/10.1016/j.neubiorev.2017.10.023
https://doi.org/10.1016/j.neubiorev.2017.10.023
https://doi.org/10.1016/j.bios.2023.115832
https://doi.org/10.1016/j.bios.2023.115832
https://doi.org/10.1186/s40035-017-0074-8
https://doi.org/10.3389/fnagi.2025.1551939
https://doi.org/10.3389/fnagi.2025.1551939
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1016/j.tins.2005.03.005
https://doi.org/10.3233/JAD-2012-112198
https://doi.org/10.1093/jnen/nlad107
https://doi.org/10.1038/srep37685
https://doi.org/10.3390/brainsci9120338
https://doi.org/10.1093/brain/awab272
https://doi.org/10.1093/brain/awab272
https://doi.org/10.1186/2045-8118-9-23
https://doi.org/10.1186/2045-8118-9-23
https://doi.org/10.3390/antiox10111715
https://doi.org/10.1016/j.tics.2025.04.005
https://doi.org/10.2967/jnumed.114.146027
https://doi.org/10.2967/jnumed.114.146027
https://doi.org/10.1016/j.physbeh.2023.114231
https://doi.org/10.1002/mds.28945
https://doi.org/10.1016/j.arr.2021.101372
https://doi.org/10.1016/j.arr.2021.101372
https://doi.org/10.1523/JNEUROSCI.0920-05.2005
https://doi.org/10.1523/JNEUROSCI.0920-05.2005
https://doi.org/10.1161/HYPERTENSIONAHA.120.14479
https://doi.org/10.1161/HYPERTENSIONAHA.120.14479
https://doi.org/10.1186/s13041-019-0504-x
https://doi.org/10.1186/s13041-019-0504-x
https://doi.org/10.1155/2016/1614329
https://doi.org/10.1155/2016/1614329
https://doi.org/10.1523/JNEUROSCI.6578-10.2011
https://doi.org/10.1016/j.tins.2016.05.002
https://doi.org/10.1016/j.neuron.2017.02.004
https://doi.org/10.3389/fnint.2013.00097
https://doi.org/10.1523/JNEUROSCI.2026-17.2017
https://doi.org/10.1007/BF00294651
https://doi.org/10.1007/BF00294651
https://doi.org/10.1007/s12311-021-01344-6
https://doi.org/10.1134/S1819712423040165
https://doi.org/10.1038/77744
https://doi.org/10.1038/77744
https://doi.org/10.1016/0022-510x(86)90179-6
https://doi.org/10.1016/0022-510x(86)90179-6
https://doi.org/10.1007/s11882-018-0796-4
https://doi.org/10.1007/s11882-023-01068-z
https://doi.org/10.1007/s11882-023-01068-z

A. Antonioni

Maritz, G.S., Mutemwa, M., 2012. Tobacco Smoking: Patterns, Health Consequences for
Adults, and the Long-term Health of the Offspring. Glob. J. Health Sci. 4, 62-75.
https://doi.org/10.5539/gjhs.v4n4p62.

Martens, Y.A., Zhao, N., Liu, C.-C., Kanekiyo, T., Yang, A.J., Goate, A.M., Holtzman, D.
M., Bu, G., 2022. ApoE Cascade Hypothesis in the pathogenesis of Alzheimer’s
disease and related dementias. Neuron 110, 1304-1317. https://doi.org/10.1016/j.
neuron.2022.03.004.

Martinez, R.A.S., Pinky, P.D., Harlan, B.A., Brewer, G.J., 2023. GTP energy dependence
of endocytosis and autophagy in the aging brain and Alzheimer’s disease.
GeroScience 45, 757-780. https://doi.org/10.1007/s11357-022-00717-x.

Martino Cinnera, A., Spampinato, D.A., Pezzopane, V., Antonioni, A., Fregna, G.,
Baroni, A., Casarotto, A., Di Lorenzo, F., Bonni, S., Straudi, S., Koch, G., 2025.
Promoting spike-timing-dependent plasticity via paired associative stimulation:
From healthy subjects to clinical applications. Neurosci. Biobehav Rev. 177, 106314.
https://doi.org/10.1016/j.neubiorev.2025.106314.

Martorana, A., Koch, G., 2014. Is dopamine involved in Alzheimer’s disease? Front Aging
Neurosci. 6, 252. https://doi.org/10.3389/fnagi.2014.00252.

Martorell, A.J., Paulson, A.L., Suk, H.-J., Abdurrob, F., Drummond, G.T., Guan, W.,
Young, J.Z., Kim, D.N.-W., Kritskiy, O., Barker, S.J., Mangena, V., Prince, S.M.,
Brown, E.N., Chung, K., Boyden, E.S., Singer, A.C., Tsai, L.-H., 2019. Multi-sensory
Gamma Stimulation Ameliorates Alzheimer’s-Associated Pathology and Improves
Cognition. Cell 177, 256-271.e22. https://doi.org/10.1016/j.cell.2019.02.014.

Masaoka, Y., Sugiyama, H., Yoshida, M., Yoshikawa, A., Honma, M., Koiwa, N.,
Kamijo, S., Watanabe, K., Kubota, S., lizuka, N., Ida, M., Ono, K., Izumizaki, M.,
2021. Odors Associated With Autobiographical Memory Induce Visual Imagination
of Emotional Scenes as Well as Orbitofrontal-Fusiform Activation. Front Neurosci.
15, 709050. https://doi.org/10.3389/fnins.2021.709050.

Mascalchi, M., Ginestroni, A., Toschi, N., Poggesi, A., Cecchi, P., Salvadori, E., Tessa, C.,
Cosottini, M., De Stefano, N., Pracucci, G., Pantoni, L., Inzitari, D., Diciotti, S., VMCI
Tuscany Investigators, 2014. The burden of microstructural damage modulates
cortical activation in elderly subjects with MCI and leuko-araiosis. A DTI and fMRI
study. Hum. Brain Mapp. 35, 819-830. https://doi.org/10.1002/hbm.22216.

Mason, S.T., Fibiger, H.C., 1979. Regional topography within noradrenergic locus
coeruleus as revealed by retrograde transport of horseradish peroxidase. J. Comp.
Neurol. 187, 703-724. https://doi.org/10.1002/cne.901870405.

Matchett, B.J., Grinberg, L.T., Theofilas, P., Murray, M.E., 2021. The mechanistic link
between selective vulnerability of the locus coeruleus and neurodegeneration in
Alzheimer’s disease. Acta Neuropathol. 141, 631-650. https://doi.org/10.1007/
s00401-020-02248-1.

Mather, M., 2025. Autonomic dysfunction in neurodegenerative disease. Nat. Rev.
Neurosci. 26, 276-292. https://doi.org/10.1038/541583-025-00911-8.

Mather, M., Harley, C.W., 2016. The Locus Coeruleus: Essential for Maintaining
Cognitive Function and the Aging Brain. Trends Cogn. Sci. 20, 214-226. https://doi.
org/10.1016/j.tics.2016.01.001.

Mather, M., Clewett, D., Sakaki, M., Harley, C.W., 2016. Norepinephrine ignites local
hotspots of neuronal excitation: How arousal amplifies selectivity in perception and
memory. Behav. Brain Sci. 39, €200. https://doi.org/10.1017/
S0140525X15000667.

Mathias, B., von Kriegstein, K., 2023. Enriched learning: behavior, brain, and
computation. Trends Cogn. Sci. 27, 81-97. https://doi.org/10.1016/j.
tics.2022.10.007.

Mattsson, N., Groot, C., Jansen, W.J., Landau, S.M., Villemagne, V.L., Engelborghs, S.,
Mintun, M.M., Lleo, A., Molinuevo, J.L., Jagust, W.J., Frisoni, G.B., Ivanoiu, A.,
Chételat, G., Resende de Oliveira, C., Rodrigue, K.M., Kornhuber, J., Wallin, A.,
Klimkowicz-Mrowiec, A., Kandimalla, R., Popp, J., Aalten, P.P., Aarsland, D.,
Alcolea, D., Almdahl, 1.S., Baldeiras, 1., van Buchem, M.A., Cavedo, E., Chen, K.,
Cohen, A.D., Forster, S., Fortea, J., Frederiksen, K.S., Freund-Levi, Y., Gill, K.D.,
Gkatzima, O., Grimmer, T., Hampel, H., Herukka, S.-K., Johannsen, P., van Laere, K.,
de Leon, M.J., Maier, W., Marcusson, J., Meulenbroek, O., Mgllergard, H.M.,
Morris, J.C., Mroczko, B., Nordlund, A., Prabhakar, S., Peters, O., Rami, L.,
Rodriguez-Rodriguez, E., Roe, C.M., Riither, E., Santana, 1., Schroder, J., Seo, S.W.,
Soininen, H., Spiru, L., Stomrud, E., Struyfs, H., Teunissen, C.E., Verhey, F.R.J.,
Vos, S.J.B., van Waalwijk van Doorn, L.J.C., Waldemar, G., Wallin, AK., Wiltfang, J.,
Vandenberghe, R., Brooks, D.J., Fladby, T., Rowe, C.C., Drzezga, A., Verbeek, M.M.,
Sarazin, M., Wolk, D.A., Fleisher, A.S., Klunk, W.E., Na, D.L., Sanchez-Juan, P.,
Lee, D.Y., Nordberg, A., Tsolaki, M., Camus, V., Rinne, J.O., Fagan, A.M.,
Zetterberg, H., Blennow, K., Rabinovici, G.D., Hansson, O., van Berckel, B.N.M., van
der Flier, W.M., Scheltens, P., Visser, P.J., Ossenkoppele, R., 2018. Prevalence of the
apolipoprotein E €4 allele in amyloid p positive subjects across the spectrum of
Alzheimer’s disease. Alzheimers Dement 14, 913-924. https://doi.org/10.1016/j.
jalz.2018.02.009.

Maurer, A.P., Nadel, L., 2021. The Continuity of Context: A Role for the Hippocampus.
Trends Cogn. Sci. 25, 187-199. https://doi.org/10.1016/j.tics.2020.12.007.

Mazo, C., Lepousez, G., Nissant, A., Valley, M.T., Lledo, P.-M., 2016. GABAB Receptors
Tune Cortical Feedback to the Olfactory Bulb. J. Neurosci. 36, 8289-8304. https://
doi.org/10.1523/JNEUROSCI.3823-15.2016.

McBurney-Lin, J., Lu, J., Zuo, Y., Yang, H., 2019. Locus Coeruleus-Norepinephrine
Modulation of Sensory Processing and Perception: A Focused Review. Neurosci.
Biobehav Rev. 105, 190-199. https://doi.org/10.1016/j.neubiorev.2019.06.009.

McCall, J.G., Al-Hasani, R., Siuda, E.R., Hong, D.Y., Norris, A.J., Ford, C.P., Bruchas, M.
R., 2015. CRH Engagement of the Locus Coeruleus Noradrenergic System Mediates
Stress-Induced Anxiety. Neuron 87, 605-620. https://doi.org/10.1016/j.
neuron.2015.07.002.

McCall, J.G., Siuda, E.R., Bhatti, D.L., Lawson, L.A., McElligott, Z.A., Stuber, G.D.,
Bruchas, M.R., 2017. Locus coeruleus to basolateral amygdala noradrenergic

36

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

projections promote anxiety-like behavior. eLife 6, €18247. https://doi.org/
10.7554/eLife.18247.

McCormick, D.A., 1989. Cholinergic and noradrenergic modulation of thalamocortical
processing. Trends Neurosci. 12, 215-221. https://doi.org/10.1016/0166-2236(89)
90125-2.

McDougle, S.D., Butcher, P.A., Parvin, D.E., Mushtagq, F., Niv, Y., Ivry, R.B., Taylor, J.A.,
2019. Neural Signatures of Prediction Errors in a Decision-Making Task Are
Modulated by Action Execution Failures. Curr. Biol. 29, 1606-1613.e5. https://doi.
org/10.1016/j.cub.2019.04.011.

McElroy, C.L., Wang, B., Zhang, H., Jin, K., 2024. Cerebellum and Aging: Update and
Challenges. Aging Dis. 15, 2345-2360. https://doi.org/10.14336/AD.2024.0220.

McLaren, A.M.R., Kawaja, M.D., 2024. Olfactory Dysfunction and Alzheimer’s Disease: A
Review. J. Alzheimer’S. Dis. 99, 811-827. https://doi.org/10.3233/JAD-231377.

McLaren, D.G., Sreenivasan, A., Diamond, E.L., Mitchell, M.B., Van Dijk, K.R.A.,
Deluca, A.N., O’Brien, J.L., Rentz, D.M., Sperling, R.A., Atri, A., 2012. Tracking
cognitive change over 24 weeks with longitudinal functional magnetic resonance
imaging in Alzheimer’s disease. Neurodegener. Dis. 9, 176-186. https://doi.org/
10.1159/000335876.

Mencarelli, L., Torso, M., Borghi, I., Assogna, M., Pezzopane, V., Bonni, S., Di Lorenzo, F.,
Santarnecchi, E., Giove, F., Martorana, A., Bozzali, M., Ridgway, G.R., Chance, S.A.,
Koch, G., 2024. Macro and micro structural preservation of grey matter integrity
after 24 weeks of rTMS in Alzheimer’s disease patients: a pilot study. Alzheimers Res
Ther. 16, 152. https://doi.org/10.1186/513195-024-01501-z.

Mendoza-Alvarez, M., Balthasar, Y., Verbraecken, J., Claes, L., van Someren, E., van
Marle, H.J.F., Vandekerckhove, M., De Picker, L., 2025. Systematic review: REM
sleep, dysphoric dreams and nightmares as transdiagnostic features of psychiatric
disorders with emotion dysregulation - Clinical implications. Sleep. Med. 127, 1-15.
https://doi.org/10.1016/j.sleep.2024.12.037.

Menon, V., 2023. 20 years of the default mode network: A review and synthesis. Neuron
111, 2469-2487. https://doi.org/10.1016/j.neuron.2023.04.023.

Meyer, C., Niedermeier, T., Feyen, P.L.C., Striibing, F.L., Rauchmann, B.-S., Karali, K.,
Gentz, J., Tillmann, Y.E., Landgraf, N.F., Rumpf, S.-L., Ochs, K., Wind-Mark, K.,
Biechele, G., Wagner, J., Guersel, S., Kurz, C.I., Schweiger, M., Prtvar, D., Shi, Y.,
Banati, R.B., Liu, G.-J., Middleton, R.J., Mitteregger-Kretzschmar, G., Perneczky, R.,
Koeglsperger, T., Neher, J.J., Tahirovic, S., Brendel, M., Herms, J., Paeger, L., 2025.
Early Locus Coeruleus noradrenergic axon loss drives olfactory dysfunction in
Alzheimer’s disease. Nat. Commun. 16, 7338. https://doi.org/10.1038/541467-025-
62500-8.

Migeot, J.A., Duran-Aniotz, C.A., Signorelli, C.M., Piguet, O., Ibanez, A., 2022.

A predictive coding framework of allostatic-interoceptive overload in
frontotemporal dementia. Trends Neurosci. 45, 838-853. https://doi.org/10.1016/].
tins.2022.08.005.

Migliore, L., Coppede, F., 2022. Gene-environment interactions in Alzheimer disease: the
emerging role of epigenetics. Nat. Rev. Neurol. 18, 643-660. https://doi.org/
10.1038/541582-022-00714-w.

Milani, G., Baroni, A., Galluccio, M., Fregna, G., Antonioni, A., Straudi, S., Pozzo, T.,
Fadiga, L., 2025. Action Observation Training for Upper Limb Stroke Rehabilitation:
A Pilot Study on the Role of Attention. J. Clin. Med 14, 6618. https://doi.org/
10.3390/jcm14186618.

Miller, S.L., Fenstermacher, E., Bates, J., Blacker, D., Sperling, R.A., Dickerson, B.C.,
2008. Hippocampal activation in adults with mild cognitive impairment predicts
subsequent cognitive decline. J. Neurol. Neurosurg. Psychiatry 79, 630-635. https://
doi.org/10.1136/jnnp.2007.124149.

Miller-Hansen, A.J., Sherman, S.M., 2022. Conserved patterns of functional organization
between cortex and thalamus in mice. Proc. Natl. Acad. Sci. USA 119, e2201481119.
https://doi.org/10.1073/pnas.2201481119.

Mir, F.A,, Jha, S.K., Nehs, C.J., 2025. Noradrenergic dysregulation in the locus coeruleus:
Implications for neuropsychiatric disease pathophysiology- A systematic review.
Neurosci. Biobehav Rev. 179, 106442. https://doi.org/10.1016/j.
neubiorev.2025.106442.

Mitoma, H., Buffo, A., Gelfo, F., Guell, X., Fuca, E., Kakei, S., Lee, J., Manto, M.,
Petrosini, L., Shaikh, A.G., Schmahmann, J.D., 2020. Consensus Paper. Cerebellar
Reserve: From Cerebellar Physiology to Cerebellar Disorders. Cerebellum 19,
131-153. https://doi.org/10.1007/512311-019-01091-9.

Mitoma, H., Kakei, S., Yamaguchi, K., Manto, M., 2021. Physiology of Cerebellar
Reserve: Redundancy and Plasticity of a Modular Machine. Int. J. Mol. Sci. 22, 4777.
https://doi.org/10.3390/ijms22094777.

Miyawaki, E.K., Bhattacharyya, S., Torre, M., 2023. Revisiting a Telencephalic Extent of
the Ascending Reticular Activating System. Cell Mol. Neurobiol. 43, 2591-2602.
https://doi.org/10.1007/s10571-023-01339-3.

Mohan, A., Vanneste, S., 2017. Adaptive and maladaptive neural compensatory
consequences of sensory deprivation-From a phantom percept perspective. Prog.
Neurobiol. 153, 1-17. https://doi.org/10.1016/j.pneurobio.2017.03.010.

Moises, H.C., Waterhouse, B.D., Woodward, D.J., 1981. Locus coeruleus stimulation
potentiates Purkinje cell responses to afferent input: the climbing fiber system. Brain
Res 222, 43-64. https://doi.org/10.1016/0006-8993(81)90939-2.

Momennejad, L., Otto, A.R., Daw, N.D., Norman, K.A., 2018. Offline replay supports
planning in human reinforcement learning. Elife 7, e32548. https://doi.org/
10.7554/¢lLife.32548.

Montagne, A., Nation, D.A., Sagare, A.P., Barisano, G., Sweeney, M.D., Chakhoyan, A.,
Pachicano, M., Joe, E., Nelson, A.R., D’Orazio, L.M., Buennagel, D.P., Harrington, M.
G., Benzinger, T.L.S., Fagan, A.M., Ringman, J.M., Schneider, L.S., Morris, J.C.,
Reiman, E.M., Caselli, R.J., Chui, H.C., Tcw, J., Chen, Y., Pa, J., Conti, P.S., Law, M.,
Toga, A.W., Zlokovic, B.V., 2020. APOE4 leads to blood-brain barrier dysfunction
predicting cognitive decline. Nature 581, 71-76. https://doi.org/10.1038/541586-
020-2247-3.


https://doi.org/10.5539/gjhs.v4n4p62
https://doi.org/10.1016/j.neuron.2022.03.004
https://doi.org/10.1016/j.neuron.2022.03.004
https://doi.org/10.1007/s11357-022-00717-x
https://doi.org/10.1016/j.neubiorev.2025.106314
https://doi.org/10.3389/fnagi.2014.00252
https://doi.org/10.1016/j.cell.2019.02.014
https://doi.org/10.3389/fnins.2021.709050
https://doi.org/10.1002/hbm.22216
https://doi.org/10.1002/cne.901870405
https://doi.org/10.1007/s00401-020-02248-1
https://doi.org/10.1007/s00401-020-02248-1
https://doi.org/10.1038/s41583-025-00911-8
https://doi.org/10.1016/j.tics.2016.01.001
https://doi.org/10.1016/j.tics.2016.01.001
https://doi.org/10.1017/S0140525X15000667
https://doi.org/10.1017/S0140525X15000667
https://doi.org/10.1016/j.tics.2022.10.007
https://doi.org/10.1016/j.tics.2022.10.007
https://doi.org/10.1016/j.jalz.2018.02.009
https://doi.org/10.1016/j.jalz.2018.02.009
https://doi.org/10.1016/j.tics.2020.12.007
https://doi.org/10.1523/JNEUROSCI.3823-15.2016
https://doi.org/10.1523/JNEUROSCI.3823-15.2016
https://doi.org/10.1016/j.neubiorev.2019.06.009
https://doi.org/10.1016/j.neuron.2015.07.002
https://doi.org/10.1016/j.neuron.2015.07.002
https://doi.org/10.7554/eLife.18247
https://doi.org/10.7554/eLife.18247
https://doi.org/10.1016/0166-2236(89)90125-2
https://doi.org/10.1016/0166-2236(89)90125-2
https://doi.org/10.1016/j.cub.2019.04.011
https://doi.org/10.1016/j.cub.2019.04.011
https://doi.org/10.14336/AD.2024.0220
https://doi.org/10.3233/JAD-231377
https://doi.org/10.1159/000335876
https://doi.org/10.1159/000335876
https://doi.org/10.1186/s13195-024-01501-z
https://doi.org/10.1016/j.sleep.2024.12.037
https://doi.org/10.1016/j.neuron.2023.04.023
https://doi.org/10.1038/s41467-025-62500-8
https://doi.org/10.1038/s41467-025-62500-8
https://doi.org/10.1016/j.tins.2022.08.005
https://doi.org/10.1016/j.tins.2022.08.005
https://doi.org/10.1038/s41582-022-00714-w
https://doi.org/10.1038/s41582-022-00714-w
https://doi.org/10.3390/jcm14186618
https://doi.org/10.3390/jcm14186618
https://doi.org/10.1136/jnnp.2007.124149
https://doi.org/10.1136/jnnp.2007.124149
https://doi.org/10.1073/pnas.2201481119
https://doi.org/10.1016/j.neubiorev.2025.106442
https://doi.org/10.1016/j.neubiorev.2025.106442
https://doi.org/10.1007/s12311-019-01091-9
https://doi.org/10.3390/ijms22094777
https://doi.org/10.1007/s10571-023-01339-3
https://doi.org/10.1016/j.pneurobio.2017.03.010
https://doi.org/10.1016/0006-8993(81)90939-2
https://doi.org/10.7554/eLife.32548
https://doi.org/10.7554/eLife.32548
https://doi.org/10.1038/s41586-020-2247-3
https://doi.org/10.1038/s41586-020-2247-3

A. Antonioni

Monteiro, F., Carvalho, O., Sousa, N., Silva, F.S., Sotiropoulos, ., 2022.
Photobiomodulation and visual stimulation against cognitive decline and
Alzheimer’s disease pathology: A systematic review. Alzheimer’S. Dement.: Transl.
Res. Clin. Interv. 8, e12249. https://doi.org/10.1002/trc2.12249.

Moreno, M.M., Linster, C., Escanilla, O., Sacquet, J., Didier, A., Mandairon, N., 2009.
Olfactory perceptual learning requires adult neurogenesis. Proc. Natl. Acad. Sci. USA
106, 17980-17985. https://doi.org/10.1073/pnas.0907063106.

Moretti, D.V., Frisoni, G.B., Fracassi, C., Pievani, M., Geroldi, C., Binetti, G., Rossini, P.
M., Zanetti, O., 2011. MCI patients’ EEGs show group differences between those who
progress and those who do not progress to AD. Neurobiol. Aging 32, 563-571.
https://doi.org/10.1016/j.neurobiolaging.2009.04.003.

Morgan, C.D., Murphy, C., 2002. Olfactory event-related potentials in Alzheimer’s
disease. J. Int. Neuropsychol. Soc. 8, 753-763. https://doi.org/10.1017/
$1355617702860039.

Mormino, E.C., Brandel, M.G., Madison, C.M., Marks, S., Baker, S.L., Jagust, W.J., 2012.
Ap Deposition in aging is associated with increases in brain activation during
successful memory encoding. Cereb. Cortex 22, 1813-1823. https://doi.org/
10.1093/cercor/bhr255.

Morris, J.C., Roe, C.M., Xiong, C., Fagan, A.M., Goate, A.M., Holtzman, D.M., Mintun, M.
A., 2010. APOE predicts amyloid-beta but not tau Alzheimer pathology in
cognitively normal aging. Ann. Neurol. 67, 122-131. https://doi.org/10.1002/
ana.21843.

Morrone, C.D., Raghuraman, R., Hussaini, S.A., Yu, W.H., 2023. Proteostasis failure
exacerbates neuronal circuit dysfunction and sleep impairments in Alzheimer’s
disease. Mol. Neurodegener. 18, 27. https://doi.org/10.1186/513024-023-00617-4.

Motta, C., Lorenzo, F.D., Ponzo, V., Pellicciari, M.C., Bonni, S., Picazio, S., Mercuri, N.B.,
Caltagirone, C., Martorana, A., Koch, G., 2018. Transcranial magnetic stimulation
predicts cognitive decline in patients with Alzheimer’s disease. J. Neurol. Neurosurg.
Psychiatry 89, 1237-1242. https://doi.org/10.1136/jnnp-2017-317879.

Motta, C., Assogna, M., Bonomi, C.G., Di Lorenzo, F., Nuccetelli, M., Mercuri, N.B.,
Koch, G., Martorana, A., 2023. Interplay between the catecholaminergic enzymatic
axis and neurodegeneration/neuroinflammation processes in the Alzheimer’s disease
continuum. Eur. J. Neurol. 30, 839-848. https://doi.org/10.1111/ene.15691.

Mowszowski, L., Hermens, D.F., Diamond, K., Norrie, L., Hickie, I.B., Lewis, S.J.G.,
Naismith, S.L., 2012. Reduced Mismatch Negativity in Mild Cognitive Impairment:
Associations with Neuropsychological Performance. J. Alzheimer’S. Dis. 30,
209-219. https://doi.org/10.3233/JAD-2012-111868.

Mudbher, A., Colin, M., Dujardin, S., Medina, M., Dewachter, 1., Alavi Naini, S.M.,
Mandelkow, E.-M., Mandelkow, E., Buée, L., Goedert, M., Brion, J.-P., 2017. What is
the evidence that tau pathology spreads through prion-like propagation? Acta
Neuropathol. Commun. 5, 99. https://doi.org/10.1186/s40478-017-0488-7.

Miiller, S., Mychajliw, C., Reichert, C., Melcher, T., Leyhe, T., 2016. Autobiographical
Memory Performance in Alzheimer’s Disease Depends on Retrieval Frequency.

J. Alzheimers Dis. 52, 1215-1225. https://doi.org/10.3233/JAD-151071.

Miiller, S., Preische, O., Sohrabi, H.R., Graber, S., Jucker, M., Ringman, J.M., Martins, R.
N., McDade, E., Schofield, P.R., Ghetti, B., Rossor, M., Fox, N.N., Graff-Radford, N.R.,
Levin, J., Danek, A., Voglein, J., Salloway, S., Xiong, C., Benzinger, T., Buckles, V.,
Masters, C.L., Sperling, R., Bateman, R.J., Morris, J.C., Laske, C., Dominantly
Inherited Alzheimer Network (DIAN, 2018. Relationship between physical activity,
cognition, and Alzheimer pathology in autosomal dominant Alzheimer’s disease.
Alzheimers Dement 14, 1427-1437. https://doi.org/10.1016/].jalz.2018.06.3059.

Munoz-Musat, E., Le Prince, G., Delmaire, C., Paquet, C., 2025. Cerebellar atrophy in
biologically confirmed Alzheimer’s disease: Associations with amyloidopathy
measured by cerebrospinal fluid biomarkers. J. Alzheimers Dis. 108, 1204-1211.
https://doi.org/10.1177/13872877251386085.

Munro, C., Boyle, R., Chen, X., Coughlan, G., Gonzalez, C., Jutten, R., Martinez, J.,
Orlovsky, 1., Robinson, T., Weizenbaum, E., Pluim, C., Quiroz-Gaviria, Y.,

Gatchel, J., Vannini, P., Amariglio, R., 2023. Recent contributions to the field of
subjective cognitive decline in aging: A literature review. ALZHEIMER’S DEMENTIA:
DIAGNOSIS, Assess. Dis. Monit. 15. https://doi.org/10.1002/dad2.12475.

Murphy, C., 2019. Olfactory and other sensory impairments in Alzheimer disease. Nat.
Rev. Neurol. 15, 11-24. https://doi.org/10.1038/541582-018-0097-5.

Murphy, C., Schubert, C.R., Cruickshanks, K.J., Klein, B.E.K., Klein, R., Nondahl, D.M.,
2002. Prevalence of Olfactory Impairment in Older Adults. JAMA 288, 2307-2312.
https://doi.org/10.1001/jama.288.18.2307.

Musiek, E.S., Holtzman, D.M., 2015. Three dimensions of the amyloid hypothesis: time,
space and “wingmen. Nat. Neurosci. 18, 800-806. https://doi.org/10.1038/
nn.4018.

Musiek, E.S., Xiong, D.D., Holtzman, D.M., 2015. Sleep, circadian rhythms, and the
pathogenesis of Alzheimer Disease. e148 Exp. Mol. Med 47, e148. https://doi.org/
10.1038/emm.2014.121.

Naffaa, M.M., 2025. Neurogenesis dynamics in the olfactory bulb: deciphering circuitry
organization, function, and adaptive plasticity. Neural Regen. Res. 20, 1565. https://
doi.org/10.4103/NRR.NRR-D-24-00312.

Nakagawa, Y., Yamada, S., 2023. The Relationships Among Metal Homeostasis,
Mitochondria, and Locus Coeruleus in Psychiatric and Neurodegenerative Disorders:
Potential Pathogenetic Mechanism and Therapeutic Implications. Cell Mol.
Neurobiol. 43, 963-989. https://doi.org/10.1007/s10571-022-01234-3.

Nan, H., Chu, M., Jiang, D., Liang, W., Li, Y., Wu, Y., Wang, Z., Wu, L., 2025.
Identification and characterization of variants in PSEN1, PSEN2, and APP genes in
Chinese patients with early-onset Alzheimer’s disease. Alz Res Ther. 17, 54. https://
doi.org/10.1186/513195-025-01702-0.

Narikiyo, K., Manabe, H., Mori, K., 2014. Sharp wave-associated synchronized inputs
from the piriform cortex activate olfactory tubercle neurons during slow-wave sleep.
J. Neurophysiol. 111, 72-81. https://doi.org/10.1152/jn.00535.2013.

37

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Nedergaard, M., Goldman, S.A., 2020. Glymphatic failure as a final common pathway to
dementia. Science 370, 50-56. https://doi.org/10.1126/science.abb8739.

Nelis, S.M., Wu, Y.-T., Matthews, F.E., Martyr, A., Quinn, C., Rippon, L., Rusted, J.,
Thom, J.M., Kopelman, M.D., Hindle, J.V., Jones, R.W., Clare, L., 2019. The impact
of co-morbidity on the quality of life of people with dementia: findings from the
IDEAL study. Age Ageing 48, 361-367. https://doi.org/10.1093/ageing/afy155.

Nellessen, N., Rottschy, C., Eickhoff, S.B., Ketteler, S.T., Kuhn, H., Shah, N.J., Schulz, J.
B., Reske, M., Reetz, K., 2015. Specific and disease stage-dependent episodic
memory-related brain activation patterns in Alzheimer’s disease: a coordinate-based
meta-analysis. Brain Struct. Funct. 220, 1555-1571. https://doi.org/10.1007/
500429-014-0744-6.

Neve, R.L., Robakis, N.K., 1998. Alzheimer’s disease: a re-examination of the amyloid
hypothesis. Trends Neurosci. 21, 15-19. https://doi.org/10.1016/50166-2236(97)
01168-5.

Ngo, H.-V.V., Martinetz, T., Born, J., M6lle, M., 2013. Auditory closed-loop stimulation
of the sleep slow oscillation enhances memory. Neuron 78, 545-553. https://doi.
org/10.1016/j.neuron.2013.03.006.

Nicoll, J.A.R., Buckland, G.R., Harrison, C.H., Page, A., Harris, S., Love, S., Neal, J.W.,
Holmes, C., Boche, D., 2019. Persistent neuropathological effects 14 years following
amyloid-p immunization in Alzheimer’s disease. Brain 142, 2113-2126. https://doi.
org/10.1093/brain/awz142.

van Nifterick, A.M., Gouw, A.A., van Kesteren, R.E., Scheltens, P., Stam, C.J., de
Haan, W., 2022. A multiscale brain network model links Alzheimer’s disease-
mediated neuronal hyperactivity to large-scale oscillatory slowing. Alz Res Ther. 14,
101. https://doi.org/10.1186/513195-022-01041-4.

Nikolenko, V.N., Borminskaya, I.D., Nikitina, A.T., Golyshkina, M.S., Rizaeva, N.A.,
Oganesyan, M.V., 2024. Locus Coeruleus-Norepinephrine System: Spheres of
Influence and Contribution to the Development of Neurodegenerative Diseases.
Front Biosci. (Landmark Ed. 29, 118. https://doi.org/10.31083/j.fb12903118.

Nisbet, L.C., Yiallourou, S.R., Walter, L.M., Horne, R.S.C., 2014. Blood pressure
regulation, autonomic control and sleep disordered breathing in children. Sleep.
Med. Rev. 18, 179-189. https://doi.org/10.1016/j.smrv.2013.04.006.

Nishida, I., Yamada, K., Sakamoto, A., Wakabayashi, T., Iwatsubo, T., 2024. Chronic
Neuronal Hyperexcitation Exacerbates Tau Propagation in a Mouse Model of
Tauopathy. Int J. Mol. Sci. 25, 9004. https://doi.org/10.3390/ijms25169004.

Nisimaru, N., 2004. Cardiovascular modules in the cerebellum. Jpn J. Physiol. 54,
431-448. https://doi.org/10.2170/jjphysiol.54.431.

Nithianantharajah, J., Hannan, A.J., 2009. The neurobiology of brain and cognitive
reserve: mental and physical activity as modulators of brain disorders. Prog.
Neurobiol. 89, 369-382. https://doi.org/10.1016/j.pneurobio.2009.10.001.

Niv, Y., Schoenbaum, G., 2008. Dialogues on prediction errors. Trends Cogn. Sci. 12,
265-272. https://doi.org/10.1016/j.tics.2008.03.006.

Nixon, R.A., 2024. Autophagy-lysosomal-associated neuronal death in
neurodegenerative disease. Acta Neuropathol. 148, 42. https://doi.org/10.1007/
500401-024-02799-7.

de Nobile, A., Borghi, I., De Pasquale, P., Berger, D.J., Maselli, A., Di Lorenzo, F.,
Savastano, E., Assogna, M., Casarotto, A., Bibbo, D., Conforto, S., Lacquaniti, F.,
Koch, G., d’Avella, A., Russo, M., 2025. Anticipatory reaching motor behavior
characterizes patients within the Alzheimer’s disease continuum in a virtual reality
environment. Alzheimers Res Ther. 17, 78. https://doi.org/10.1186/513195-025-
01726-6.

Novitskaya, Y., Sara, S.J., Logothetis, N.K., Eschenko, O., 2016. Ripple-triggered
stimulation of the locus coeruleus during post-learning sleep disrupts ripple/spindle
coupling and impairs memory consolidation. Learn Mem. 23, 238-248. https://doi.
org/10.1101/1m.040923.115.

O’Callaghan, C., 2025. Noradrenaline drives learning across scales of time and
neurobiological organisation. Trends Cogn. Sci. 0. https://doi.org/10.1016/j.
tics.2025.07.003.

Oh, J., Eser, R.A., Ehrenberg, A.J., Morales, D., Petersen, C., Kudlacek, J., Dunlop, S.R.,
Theofilas, P., Resende, E.D.P.F., Cosme, C., Alho, E.J.L., Spina, S., Walsh, C.M.,
Miller, B.L., Seeley, W.W., Bittencourt, J.C., Neylan, T.C., Heinsen, H., Grinberg, L.
T., 2019a. Profound degeneration of wake-promoting neurons in Alzheimer’s
disease. Alzheimers Dement 15, 1253-1263. https://doi.org/10.1016/j.
jalz.2019.06.3916.

Oh, J., Petersen, C., Walsh, C.M., Bittencourt, J.C., Neylan, T.C., Grinberg, L.T., 2019b.
The role of co-neurotransmitters in sleep and wake regulation. Mol. Psychiatry 24,
1284-1295. https://doi.org/10.1038/541380-018-0291-2.

Ohm, T.G., Braak, H., 1987. Olfactory bulb changes in Alzheimer’s disease. Acta
Neuropathol. 73, 365-369. https://doi.org/10.1007/BF00688261.

Ohmae, S., Medina, J.F., 2015. Climbing fibers encode a temporal-difference prediction
error during cerebellar learning in mice. Nat. Neurosci. 18, 1798-1803. https://doi.
org/10.1038/nn.4167.

Olazaran, J., Hernandez-Tamames, J.A., Molina, E., Garcia-Polo, P., Dobato, J.L.,
Alvarez-Linera, J., Martinez-Martin, P., AD Research Unit Investigators, 2013.
Clinical and anatomical correlates of gait dysfunction in Alzheimer’s disease.

J. Alzheimers Dis. 33, 495-505. https://doi.org/10.3233/JAD-2012-121207.

Oliva, A.D., Gupta, R., Issa, K., Abi Hachem, R., Jang, D.W., Wellford, S.A., Moseman, E.
A., Matsunami, H., Goldstein, B.J., 2022. Aging-related olfactory loss is associated
with olfactory stem cell transcriptional alterations in humans. J. Clin. Invest 132,
e155506. https://doi.org/10.1172/JCI155506.

Olivieri, P., Lagarde, J., Lehericy, S., Valabregue, R., Michel, A., Macé, P., Caillé, F.,
Gervais, P., Bottlaender, M., Sarazin, M., 2019. Early alteration of the locus
coeruleus in phenotypic variants of Alzheimer’s disease. Ann. Clin. Transl. Neurol. 6,
1345-1351. https://doi.org/10.1002/acn3.50818.

Olivito, G., Serra, L., Marra, C., Di Domenico, C., Caltagirone, C., Toniolo, S.,
Cercignani, M., Leggio, M., Bozzali, M., 2020. Cerebellar dentate nucleus functional


https://doi.org/10.1002/trc2.12249
https://doi.org/10.1073/pnas.0907063106
https://doi.org/10.1016/j.neurobiolaging.2009.04.003
https://doi.org/10.1017/S1355617702860039
https://doi.org/10.1017/S1355617702860039
https://doi.org/10.1093/cercor/bhr255
https://doi.org/10.1093/cercor/bhr255
https://doi.org/10.1002/ana.21843
https://doi.org/10.1002/ana.21843
https://doi.org/10.1186/s13024-023-00617-4
https://doi.org/10.1136/jnnp-2017-317879
https://doi.org/10.1111/ene.15691
https://doi.org/10.3233/JAD-2012-111868
https://doi.org/10.1186/s40478-017-0488-7
https://doi.org/10.3233/JAD-151071
https://doi.org/10.1016/j.jalz.2018.06.3059
https://doi.org/10.1177/13872877251386085
https://doi.org/10.1002/dad2.12475
https://doi.org/10.1038/s41582-018-0097-5
https://doi.org/10.1001/jama.288.18.2307
https://doi.org/10.1038/nn.4018
https://doi.org/10.1038/nn.4018
https://doi.org/10.1038/emm.2014.121
https://doi.org/10.1038/emm.2014.121
https://doi.org/10.4103/NRR.NRR-D-24-00312
https://doi.org/10.4103/NRR.NRR-D-24-00312
https://doi.org/10.1007/s10571-022-01234-3
https://doi.org/10.1186/s13195-025-01702-0
https://doi.org/10.1186/s13195-025-01702-0
https://doi.org/10.1152/jn.00535.2013
https://doi.org/10.1126/science.abb8739
https://doi.org/10.1093/ageing/afy155
https://doi.org/10.1007/s00429-014-0744-6
https://doi.org/10.1007/s00429-014-0744-6
https://doi.org/10.1016/s0166-2236(97)01168-5
https://doi.org/10.1016/s0166-2236(97)01168-5
https://doi.org/10.1016/j.neuron.2013.03.006
https://doi.org/10.1016/j.neuron.2013.03.006
https://doi.org/10.1093/brain/awz142
https://doi.org/10.1093/brain/awz142
https://doi.org/10.1186/s13195-022-01041-4
https://doi.org/10.31083/j.fbl2903118
https://doi.org/10.1016/j.smrv.2013.04.006
https://doi.org/10.3390/ijms25169004
https://doi.org/10.2170/jjphysiol.54.431
https://doi.org/10.1016/j.pneurobio.2009.10.001
https://doi.org/10.1016/j.tics.2008.03.006
https://doi.org/10.1007/s00401-024-02799-7
https://doi.org/10.1007/s00401-024-02799-7
https://doi.org/10.1186/s13195-025-01726-6
https://doi.org/10.1186/s13195-025-01726-6
https://doi.org/10.1101/lm.040923.115
https://doi.org/10.1101/lm.040923.115
https://doi.org/10.1016/j.tics.2025.07.003
https://doi.org/10.1016/j.tics.2025.07.003
https://doi.org/10.1016/j.jalz.2019.06.3916
https://doi.org/10.1016/j.jalz.2019.06.3916
https://doi.org/10.1038/s41380-018-0291-2
https://doi.org/10.1007/BF00688261
https://doi.org/10.1038/nn.4167
https://doi.org/10.1038/nn.4167
https://doi.org/10.3233/JAD-2012-121207
https://doi.org/10.1172/JCI155506
https://doi.org/10.1002/acn3.50818

A. Antonioni

connectivity with cerebral cortex in Alzheimer’s disease and memory: a seed-based
approach. Neurobiol. Aging 89, 32-40. https://doi.org/10.1016/j.
neurobiolaging.2019.10.026.

Olofsson, J.K., Bowman, N.E., Khatibi, K., Gottfried, J.A., 2012. A time-based account of
the perception of odor objects and valences. Psychol. Sci. 23, 1224-1232. https://
doi.org/10.1177/0956797612441951.

Oltra, J., Ekstrom, I., Larsson, M., Yan, J., Grande, G., Laukka, E.J., 2026. Olfactory
dysfunction increases progression to dementia in cognitively impaired older adults: a
12-year population-based study. Geroscience 48, 591-603. https://doi.org/
10.1007/s11357-025-01705-7.

Omoluabi, T., Torraville, S.E., Maziar, A., Ghosh, A., Power, K.D., Reinhardt, C.,
Harley, C.W., Yuan, Q., 2021. Novelty-like activation of locus coeruleus protects
against deleterious human pretangle tau effects while stress-inducing activation
worsens its effects. Alzheimers Dement (N. Y 7, €12231. https://doi.org/10.1002/
trc2.12231.

Onisawa, N., Manabe, H., Mori, K., 2017. Temporal coordination of olfactory cortex
sharp-wave activity with up- and downstates in the orbitofrontal cortex during slow-
wave sleep. J. Neurophysiol. 117, 123-135. https://doi.org/10.1152/
jn.00069.2016.

Orr, M.E., Oddo, S., 2013. Autophagic/lysosomal dysfunction in Alzheimer’s disease. Alz
Res Ther. 5, 53. https://doi.org/10.1186/alzrt217.

Osorio-Forero, A., Cardis, R., Vantomme, G., Guillaume-Gentil, A., Katsioudi, G.,
Devenoges, C., Fernandez, L.M.J., Liithi, A., 2021. Noradrenergic circuit control of
non-REM sleep substates. Curr. Biol. 31, 5009-5023.e7. https://doi.org/10.1016/j.
cub.2021.09.041.

Osorio-Forero, A., Cherrad, N., Banterle, L., Fernandez, L.M.J., Liithi, A., 2022. When the
Locus Coeruleus Speaks Up in Sleep: Recent Insights, Emerging Perspectives. Int J.
Mol. Sci. 23, 5028. https://doi.org/10.3390/ijms23095028.

Osorio-Forero, A., Foustoukos, G., Cardis, R., Cherrad, N., Devenoges, C., Fernandez, L.
M.J., Liithi, A., 2025. Infraslow noradrenergic locus coeruleus activity fluctuations
are gatekeepers of the NREM-REM sleep cycle. Nat. Neurosci. 28, 84-96. https://doi.
org/10.1038/s41593-024-01822-0.

Ossenkoppele, R., Singleton, E.H., Groot, C., Dijkstra, A.A., Eikelboom, W.S., Seeley, W.
W., Miller, B., Laforce, R.J., Scheltens, P., Papma, J.M., Rabinovici, G.D.,
Pijnenburg, Y.A.L., 2022. Research Criteria for the Behavioral Variant of Alzheimer
Disease: A Systematic Review and Meta-analysis. JAMA Neurol. 79, 48-60. https://
doi.org/10.1001/jamaneurol.2021.4417.

Ozdemir, R.A., Passera, B., Fried, P.J., Press, D., Shaughnessy, L.W., Buss, S., Shafi, M.M.,
2025. Neurophysiological signatures of default mode network dysfunction and
cognitive decline in Alzheimer’s disease. Sci. Adv. 11, eadt8991. https://doi.org/
10.1126/sciadv.adt8991.

Ozen Irmak, S., de Lecea, L., 2014. Basal Forebrain Cholinergic Modulation of Sleep
Transitions. Sleep 37, 1941-1951. https://doi.org/10.5665/sleep.4246.

Pacala, J.T., Yueh, B., 2012. Hearing Deficits in the Older Patient: “I Didn’t Notice
Anything. JAMA 307, 1185-1194. https://doi.org/10.1001/jama.2012.305.

Padmanabhan, P., Gotz, J., 2023. Clinical relevance of animal models in aging-related
dementia research. Nat. Aging 3, 481-493. https://doi.org/10.1038/543587-023-
00402-4.

Paker, B., Akakin, A., Kili, T., 2026. Anatomy of the Locus Coeruleus Defined by a
Multimodal Approach. World Neurosurg. 205, 124633. https://doi.org/10.1016/j.
wneu.2025.124633.

Palacios-Filardo, J., Mellor, J.R., 2019. Neuromodulation of hippocampal long-term
synaptic plasticity. Curr. Opin. Neurobiol. 54, 37-43. https://doi.org/10.1016/j.
conb.2018.08.009.

Palmer, A.M., Francis, P.T., Bowen, D.M., Benton, J.S., Neary, D., Mann, D.M.,
Snowden, J.S., 1987. Catecholaminergic neurones assessed ante-mortem in
Alzheimer’s disease. Brain Res 414, 365-375. https://doi.org/10.1016/0006-8993
(87)90018-7.

Palmgqvist, S., Warmenhoven, N., Anastasi, F., Pilotto, A., Janelidze, S., Tideman, P.,
Stomrud, E., Mattsson-Carlgren, N., Smith, R., Ossenkoppele, R., Tan, K., Dittrich, A.,
Skoog, 1., Zetterberg, H., Quaresima, V., Tolassi, C., Hoglund, K., Brugnoni, D., Puig-
Pijoan, A., Fernandez-Lebrero, A., Contador, J., Padovani, A., Monane, M.,
Verghese, P.B., Braunstein, J.B., Kern, S., Blennow, K., Ashton, N.J., Suarez-
Calvet, M., Hansson, O., 2025. Plasma phospho-tau217 for Alzheimer’s disease
diagnosis in primary and secondary care using a fully automated platform. Nat. Med
31, 2036-2043. https://doi.org/10.1038/s41591-025-03622-w.

Palta, P., Albert, M.S., Gottesman, R.F., 2021. Heart health meets cognitive health:
evidence on the role of blood pressure. Lancet Neurol. 20, 854-867. https://doi.org/
10.1016/S1474-4422(21)00248-9.

Pamphlett, R., 2014. Uptake of environmental toxicants by the locus ceruleus: a potential
trigger for neurodegenerative, demyelinating and psychiatric disorders. Med
Hypotheses 82, 97-104. https://doi.org/10.1016/j.mehy.2013.11.016.

Panza, F., Lozupone, M., Logroscino, G., Imbimbo, B.P., 2019. A critical appraisal of
amyloid-p-targeting therapies for Alzheimer disease. Nat. Rev. Neurol. 15, 73-88.
https://doi.org/10.1038/s41582-018-0116-6.

Papaliagkas, V., Kimiskidis, V., Tsolaki, M., Anogianakis, G., 2008. Usefulness of event-
related potentials in the assessment of mild cognitive impairment. BMC Neurosci. 9,
107. https://doi.org/10.1186/1471-2202-9-107.

Parati, G., Pengo, M.F., Avolio, A., Azizi, M., Bothe, T.L., Burnier, M., Cappuccio, F.P.,
Sierra, A.D.L., Fava, C., Gironacci, M.M., Hoshide, S., Kario, K., Kollias, A.,
Lombardi, C., Maiolino, G., Maule, S., Narkiewicz, K., Ohkubo, T., Palatini, P.,
Pepin, J.L., Sarafidis, P., Schutte, A.E., Silvani, A., Stergiou, G., Verdecchia, P.,
Mancia, G., Bilo, G., ESH Working Group on Blood Pressure Monitoring and
Cardiovascular Variability, 2025. Nocturnal blood pressure: pathophysiology,
measurement and clinical implications. Position paper of the European Society of

38

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Hypertension. J. Hypertens. 43, 1296-1318. https://doi.org/10.1097/
HJH.0000000000004053.

Parbo, P., Ismail, R., Hansen, K.V., Amidi, A., Marup, F.H., Gottrup, H., Brendgaard, H.,
Eriksson, B.O., Eskildsen, S.F., Lund, T.E., Tietze, A., Edison, P., Pavese, N.,
Stokholm, M.G., Borghammer, P., Hinz, R., Aanerud, J., Brooks, D.J., 2017. Brain
inflammation accompanies amyloid in the majority of mild cognitive impairment
cases due to Alzheimer’s disease. Brain 140, 2002-2011. https://doi.org/10.1093/
brain/awx120.

Parent, J.H., Ciampa, C.J., Harrison, T.M., Adams, J.N., Zhuang, K., Betts, M.J.,

Maass, A., Winer, J.R., Jagust, W.J., Berry, A.S., 2022. Locus coeruleus
catecholamines link neuroticism and vulnerability to tau pathology in aging.
Neuroimage 263, 119658. https://doi.org/10.1016/j.neuroimage.2022.119658.

Parhizkar, S., Bao, X., Chen, W., Rensing, N., Chen, Y., Kipnis, M., Song, S., Gent, G.,
Tycksen, E., Manis, M., Lee, C., Serrano, J.R., Bosch, M.E., Franke, E., Yuede, C.M.,
Landsness, E.C., Wong, M., Holtzman, D.M., 2025. Lemborexant ameliorates tau-
mediated sleep loss and neurodegeneration in males in a mouse model of tauopathy.
Nat. Neurosci. 28, 1460-1472. https://doi.org/10.1038/s41593-025-01966-7.

Paricio-Montesinos, R., Griindemann, J., 2025. Sensory thalamus function, plasticity and
neuromodulation in health and disease. Brain Res Bull. 230, 111508. https://doi.
org/10.1016/j.brainresbull.2025.111508.

Parodi, J., Sepiilveda, F.J., Roa, J., Opazo, C., Inestrosa, N.C., Aguayo, L.G., 2010.
B-Amyloid Causes Depletion of Synaptic Vesicles Leading to Neurotransmission
Failure. J. Biol. Chem. 285, 2506-2514. https://doi.org/10.1074/jbc.M109.03002.3.

Parrino, L., Balella, G., Bottignole, D., Melpignano, A., Rosenzweig, 1., Ughetti, G.,
Mutti, C., 2025. Phasic events, cyclic alternating pattern (CAP) and sleep disorders.
Clin. Neurophysiol. 179, 2111004. https://doi.org/10.1016/j.clinph.2025.2111004.

Pena-Ortega, F., 2025. Microglial modulation of neuronal network function and
plasticity. J. Neurophysiol. 133, 661-680. https://doi.org/10.1152/jn.00458.2024.

Peng, P., Gu, H., Xiao, W., Si, L.F., Wang, J.F., Wang, S.K., Zhai, R.Y., Wei, Y.X., 2013.
A voxel-based morphometry study of anosmic patients. Br. J. Radio. 86, 20130207.
https://doi.org/10.1259/bjr.20130207.

Perez, V., Hidalgo, V., Salvador, A., 2024. Individual posterior alpha rhythms and
cognitive reserve as possible early prognostic markers in people with subjective
memory complaints. Behav. Brain Res 471, 115140. https://doi.org/10.1016/j.
bbr.2024.115140.

Pesonen, A.-K., Koskinen, M.-K., Vuorenhela, N., Halonen, R., Makituuri, S., Selin, M.,
Luokkala, S., Suutari, A., Hovatta, 1., 2024. The effect of REM-sleep disruption on
affective processing: A systematic review of human and animal experimental studies.
Neurosci. Biobehav Rev. 162, 105714. https://doi.org/10.1016/j.
neubiorev.2024.105714.

Peter-Derex, L., Yammine, P., Bastuji, H., Croisile, B., 2015. Sleep and Alzheimer’s
disease. Sleep. Med. Rev. 19, 29-38. https://doi.org/10.1016/j.smrv.2014.03.007.

Peters, A., McEwen, B.S., Friston, K., 2017. Uncertainty and stress: Why it causes diseases
and how it is mastered by the brain. Prog. Neurobiol. 156, 164-188. https://doi.org/
10.1016/j.pneurobio.2017.05.004.

Pezzulo, G., Parr, T., Friston, K., 2021a. The evolution of brain architectures for
predictive coding and active inference. Philos. Trans. R. Soc. B: Biol. Sci. 377,
20200531. https://doi.org/10.1098/1rstb.2020.0531.

Pezzulo, G., Zorzi, M., Corbetta, M., 2021b. The secret life of predictive brains: what’s
spontaneous activity for? Trends Cogn. Sci. 25, 730-743. https://doi.org/10.1016/j.
tics.2021.05.007.

Picazio, S., Ponzo, V., Koch, G., 2016. Cerebellar Control on Prefrontal-Motor
Connectivity During Movement Inhibition. Cerebellum 15, 680-687. https://doi.
org/10.1007/s12311-015-0731-3.

Pierre, K., Debernardi, R., Magistretti, P.J., Pellerin, L., 2003. Noradrenaline enhances
monocarboxylate transporter 2 expression in cultured mouse cortical neurons via a
translational regulation. J. Neurochem. 86, 1468-1476. https://doi.org/10.1046/
j-1471-4159.2003.01964.x.

Pierzchajlo, S., Jernséther, T., Fontana, L., Almeida, R., Olofsson, J.K., 2024. Olfactory
Categorization Is Shaped by a Transmodal Cortical Network for Evaluating
Perceptual Predictions. J. Neurosci. 44. https://doi.org/10.1523/JNEUROSCIL.1232-
23.2024.

Pisano, T.J., Dhanerawala, Z.M., Kislin, M., Bakshinskaya, D., Engel, E.A., Hansen, E.J.,
Hoag, A.T., Lee, J., de Oude, N.L., Venkataraju, K.U., Verpeut, J.L., Hoebeek, F.E.,
Richardson, B.D., Boele, H.-J., Wang, S.S.-H., 2021. Homologous organization of
cerebellar pathways to sensory, motor, and associative forebrain. Cell Rep. 36,
109721. https://doi.org/10.1016/j.celrep.2021.109721.

Planche, V., Manjon, J.V., Mansencal, B., Lanuza, E., Tourdias, T., Catheline, G.,
Coupé, P., 2022. Structural progression of Alzheimer’s disease over decades: the MRI
staging scheme. Brain Commun. 4, fcac109. https://doi.org/10.1093/braincomms/
fcac109.

Platt, B., Riedel, G., 2011. The cholinergic system, EEG and sleep. Behav. brain Res.,
Cholinergic Syst. brain Funct. 221, 499-504. https://doi.org/10.1016/j.
bbr.2011.01.017.

Poe, G.R., Walsh, C.M., Bjorness, T.E., 2010. Both duration and timing of sleep are
important to memory consolidation. Sleep 33, 1277-1278. https://doi.org/10.1093/
sleep/33.10.1277.

Poe, G.R,, Foote, S., Eschenko, O., Johansen, J.P., Bouret, S., Aston-Jones, G., Harley, C.
W., Manahan-Vaughan, D., Weinshenker, D., Valentino, R., Berridge, C.,

Chandler, D.J., Waterhouse, B., Sara, S.J., 2020. Locus coeruleus: a new look at the
blue spot. Nat. Rev. Neurosci. 21, 644-659. https://doi.org/10.1038/541583-020-
0360-9.

Polverino, P., Ajcevi¢, M., Catalan, M., Mazzon, G., Bertolotti, C., Manganotti, P., 2022.
Brain oscillatory patterns in mild cognitive impairment due to Alzheimer’s and
Parkinson’s disease: An exploratory high-density EEG study. Clin. Neurophysiol.
138, 1-8. https://doi.org/10.1016/j.clinph.2022.01.136.


https://doi.org/10.1016/j.neurobiolaging.2019.10.026
https://doi.org/10.1016/j.neurobiolaging.2019.10.026
https://doi.org/10.1177/0956797612441951
https://doi.org/10.1177/0956797612441951
https://doi.org/10.1007/s11357-025-01705-7
https://doi.org/10.1007/s11357-025-01705-7
https://doi.org/10.1002/trc2.12231
https://doi.org/10.1002/trc2.12231
https://doi.org/10.1152/jn.00069.2016
https://doi.org/10.1152/jn.00069.2016
https://doi.org/10.1186/alzrt217
https://doi.org/10.1016/j.cub.2021.09.041
https://doi.org/10.1016/j.cub.2021.09.041
https://doi.org/10.3390/ijms23095028
https://doi.org/10.1038/s41593-024-01822-0
https://doi.org/10.1038/s41593-024-01822-0
https://doi.org/10.1001/jamaneurol.2021.4417
https://doi.org/10.1001/jamaneurol.2021.4417
https://doi.org/10.1126/sciadv.adt8991
https://doi.org/10.1126/sciadv.adt8991
https://doi.org/10.5665/sleep.4246
https://doi.org/10.1001/jama.2012.305
https://doi.org/10.1038/s43587-023-00402-4
https://doi.org/10.1038/s43587-023-00402-4
https://doi.org/10.1016/j.wneu.2025.124633
https://doi.org/10.1016/j.wneu.2025.124633
https://doi.org/10.1016/j.conb.2018.08.009
https://doi.org/10.1016/j.conb.2018.08.009
https://doi.org/10.1016/0006-8993(87)90018-7
https://doi.org/10.1016/0006-8993(87)90018-7
https://doi.org/10.1038/s41591-025-03622-w
https://doi.org/10.1016/S1474-4422(21)00248-9
https://doi.org/10.1016/S1474-4422(21)00248-9
https://doi.org/10.1016/j.mehy.2013.11.016
https://doi.org/10.1038/s41582-018-0116-6
https://doi.org/10.1186/1471-2202-9-107
https://doi.org/10.1097/HJH.0000000000004053
https://doi.org/10.1097/HJH.0000000000004053
https://doi.org/10.1093/brain/awx120
https://doi.org/10.1093/brain/awx120
https://doi.org/10.1016/j.neuroimage.2022.119658
https://doi.org/10.1038/s41593-025-01966-7
https://doi.org/10.1016/j.brainresbull.2025.111508
https://doi.org/10.1016/j.brainresbull.2025.111508
https://doi.org/10.1074/jbc.M109.030023
https://doi.org/10.1016/j.clinph.2025.2111004
https://doi.org/10.1152/jn.00458.2024
https://doi.org/10.1259/bjr.20130207
https://doi.org/10.1016/j.bbr.2024.115140
https://doi.org/10.1016/j.bbr.2024.115140
https://doi.org/10.1016/j.neubiorev.2024.105714
https://doi.org/10.1016/j.neubiorev.2024.105714
https://doi.org/10.1016/j.smrv.2014.03.007
https://doi.org/10.1016/j.pneurobio.2017.05.004
https://doi.org/10.1016/j.pneurobio.2017.05.004
https://doi.org/10.1098/rstb.2020.0531
https://doi.org/10.1016/j.tics.2021.05.007
https://doi.org/10.1016/j.tics.2021.05.007
https://doi.org/10.1007/s12311-015-0731-3
https://doi.org/10.1007/s12311-015-0731-3
https://doi.org/10.1046/j.1471-4159.2003.01964.x
https://doi.org/10.1046/j.1471-4159.2003.01964.x
https://doi.org/10.1523/JNEUROSCI.1232-23.2024
https://doi.org/10.1523/JNEUROSCI.1232-23.2024
https://doi.org/10.1016/j.celrep.2021.109721
https://doi.org/10.1093/braincomms/fcac109
https://doi.org/10.1093/braincomms/fcac109
https://doi.org/10.1016/j.bbr.2011.01.017
https://doi.org/10.1016/j.bbr.2011.01.017
https://doi.org/10.1093/sleep/33.10.1277
https://doi.org/10.1093/sleep/33.10.1277
https://doi.org/10.1038/s41583-020-0360-9
https://doi.org/10.1038/s41583-020-0360-9
https://doi.org/10.1016/j.clinph.2022.01.136

A. Antonioni

Pournajaf, S., Morone, G., Straudi, S., Paoletta, M., Antonioni, A., Franceschini, M.,
Gimigliano, F., Zampolini, M., Giustini, A., 2026. The adoption of innovative
technologies in Physical and Rehabilitation Medicine: state of the art and unmet
needs. Eur. J. Phys. Rehabil. Med. https://doi.org/10.23736/51973-9087.26.09138-
0.

Pozar, R., Martin, T., Giordani, B., Kavcic, V., 2024. Enhanced functional brain network
integration in mild cognitive impairment during cognitive task performance: A
compensatory mechanism or a result of neural disinhibition? Eur. J. Neurosci. 60,
5569-5580. https://doi.org/10.1111/ejn.16511.

Prestori, F., Bonardi, C., Mapelli, L., Lombardo, P., Goselink, R., De Stefano, M.E.,
Gandolfi, D., Mapelli, J., Bertrand, D., Schonewille, M., De Zeeuw, C., D’Angelo, E.,
2013. Gating of long-term potentiation by nicotinic acetylcholine receptors at the
cerebellum input stage. PLoS One 8, e64828. https://doi.org/10.1371/journal.
pone.0064828.

Preventive Services Task Force, U.S., 2022. Screening for Impaired Visual Acuity in Older
Adults: US Preventive Services Task Force Recommendation Statement. JAMA 327,
2123-2128. https://doi.org/10.1001/jama.2022.7015.

Prokopiou, P.C., Engels-Dominguez, N., Papp, K.V., Scott, M.R., Schultz, A.P.,
Schneider, C., Farrell, M.E., Buckley, R.F., Quiroz, Y.T., El Fakhri, G., Rentz, D.M.,
Sperling, R.A., Johnson, K.A., Jacobs, H.I.L., 2022. Lower novelty-related locus
coeruleus function is associated with Ap-related cognitive decline in clinically
healthy individuals. Nat. Commun. 13, 1571. https://doi.org/10.1038/541467-02.2-
28986-2.

Prokopiou, P.C., Engels-Dominguez, N., Schultz, A.P., Sepulcre, J., Koops, E.A., Papp, K.
V., Marshall, G.A., Normandin, M.D., El Fakhri, G., Rentz, D., Sperling, R.A.,
Johnson, K.A., Jacobs, H.L.L., 2023. Association of Novelty-Related Locus Coeruleus
Function With Entorhinal Tau Deposition and Memory Decline in Preclinical
Alzheimer Disease. Neurology 101, e1206-e1217. https://doi.org/10.1212/
WNL.0000000000207646.

Proserpio, P., Arnaldi, D., Nobili, F., Nobili, L., 2018. Integrating Sleep and Alzheimer’s
Disease Pathophysiology: Hints for Sleep Disorders Management. J. Alzheimer’S.
Dis. 63, 871-886. https://doi.org/10.3233/JAD-180041.

Purkayastha, S., Stokes, M., Bell, K.R., 2019. Autonomic nervous system dysfunction in
mild traumatic brain injury: a review of related pathophysiology and symptoms.
Brain Inj. 33, 1129-1136. https://doi.org/10.1080/02699052.2019.1631488.

Puzzo, D., Gulisano, W., Palmeri, A., Arancio, O., 2015. Rodent models for Alzheimer’s
disease drug discovery. Expert Opin. Drug Discov. 10, 703-711. https://doi.org/
10.1517/17460441.2015.1041913.

Qela, B., Damiani, S., De Santis, S., Groppi, F., Pichiecchio, A., Asteggiano, C.,
Brondino, N., Monteleone, A.M., Grassi, L., Politi, P., Fusar-Poli, P., Fusar-Poli, L.,
2025. Predictive coding in neuropsychiatric disorders: A systematic transdiagnostic
review. Neurosci. Biobehav. Rev. 169, 106020. https://doi.org/10.1016/j.
neubiorev.2025.106020.

Qureshy, A., Kawashima, R., Imran, M.B., Sugiura, M., Goto, R., Okada, K., Inoue, K.,
Itoh, M., Schormann, T., Zilles, K., Fukuda, H., 2000. Functional mapping of human
brain in olfactory processing: a PET study. J. Neurophysiol. 84, 1656-1666. https://
doi.org/10.1152/jn.2000.84.3.1656.

Ragsdale, S.M., Radovich, J.M., Coiduras, LI., McCall, W.V., Grant, S.C., Lee, C.,
Wilber, A., 2025. Dual orexin receptor antagonists as promising therapeutics for
Alzheimer’s disease. npj Biol. Timing Sleep. 2, 11. https://doi.org/10.1038/54432.3-
025-00025-5.

Rahayel, S., Frasnelli, J., Joubert, S., 2012. The effect of Alzheimer’s disease and
Parkinson’s disease on olfaction: a meta-analysis. Behav. Brain Res 231, 60-74.
https://doi.org/10.1016/j.bbr.2012.02.047.

Rahman, M.A., Rahman, M.S., Uddin, M.J., Mamum-Or-Rashid, A.N.M., Pang, M.-G.,
Rhim, H., 2020. Emerging risk of environmental factors: insight mechanisms of
Alzheimer’s diseases. Environ. Sci. Pollut. Res 27, 44659-44672. https://doi.org/
10.1007/511356-020-08243-z.

Rajah Kumaran, K., Yunusa, S., Perimal, E., Wahab, H., Miiller, C.P., Hassan, Z., 2023.
Insights into the Pathophysiology of Alzheimer’s Disease and Potential Therapeutic
Targets: A Current Perspective. J. Alzheimer’S. Dis. 91, 507-530. https://doi.org/
10.3233/JAD-220666.

Rawat, P., Sehar, U., Bisht, J., Selman, A., Culberson, J., Reddy, P.H., 2022.
Phosphorylated Tau in Alzheimer’s Disease and Other Tauopathies. Int. J. Mol. Sci.
23, 12841. https://doi.org/10.3390/ijms232112841.

Reale, M., Kamal, M.A., Velluto, L., Gambi, D., Di Nicola, M., Greig, N.H., 2012.
Relationship between inflammatory mediators, Ap levels and ApoE genotype in
Alzheimer disease. Curr. Alzheimer Res 9, 447-457. https://doi.org/10.2174/
156720512800492549.

Reichert, J.L., Postma, E.M., Smeets, P.A.M., Boek, W.M., de Graaf, K., Schopf, V.,
Boesveldt, S., 2018. Severity of olfactory deficits is reflected in functional brain
networks-An fMRI study. Hum. Brain Mapp. 39, 3166-3177. https://doi.org/
10.1002/hbm.24067.

Reimann, G.M., Hoseini, A., Kocak, M., Beste, M., Kiippers, V., Rosenzweig, I.,
Elmenhorst, D., Pires, G.N., Laird, A.R., Fox, P.T., Spiegelhalder, K., Reetz, K.,
Eickhoff, S.B., Miiller, V.I., Tahmasian, M., 2025. Distinct Convergent Brain
Alterations in Sleep Disorders and Sleep Deprivation: A Meta-Analysis. JAMA
Psychiatry 82, 681-691. https://doi.org/10.1001/jamapsychiatry.2025.0488.

Reisert, J., Golden, G.J., Dibattista, M., Gelperin, A., 2020. Dynamics of odor sampling
strategies in mice. PLoS One 15, e0237756. https://doi.org/10.1371/journal.
pone.0237756.

Rey, N.L., Jardanhazi-Kurutz, D., Terwel, D., Kummer, M.P., Jourdan, F., Didier, A.,
Heneka, M.T., 2012. Locus coeruleus degeneration exacerbates olfactory deficits in
APP/PS1 transgenic mice, 11 Neurobiol. Aging 33, 426.e1. https://doi.org/10.1016/
j.neurobiolaging.2010.10.009.

39

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Reyes, B.A.S., 2025. The Locus Coeruleus: Anatomy, Physiology, and Stress-Related
Neuropsychiatric Disorders. Eur. J. Neurosci. 61, €70111. https://doi.org/10.1111/
€jn.70111.

Rikhye, R.V., Wimmer, R.D., Halassa, M.M., 2018. Toward an Integrative Theory of
Thalamic Function. Annu Rev. Neurosci. 41, 163-183. https://doi.org/10.1146/
annurev-neuro-080317-062144.

Riphagen, J.M., van Egroo, M., Jacobs, H.L.L., 2021. Elevated Norepinephrine
Metabolism Gauges Alzheimer’s Disease-Related Pathology and Memory Decline.
J. Alzheimers Dis. 80, 521-526. https://doi.org/10.3233/JAD-201411.

Risacher, S.L., Apostolova, L.G., 2023. Neuroimaging in Dementia. Contin. (Minne Minn.
) 29, 219-254. https://doi.org/10.1212/CON.0000000000001248.

Roalf, D.R., Moberg, M.J., Turetsky, B.I., Brennan, L., Kabadi, S., Wolk, D.A., Moberg, P.
J., 2017. A quantitative meta-analysis of olfactory dysfunction in mild cognitive
impairment. J. Neurol. Neurosurg. Psychiatry 88, 226-232. https://doi.org/
10.1136/jnnp-2016-314638.

Roberts, R.O., Christianson, T.J.H., Kremers, W.K., Mielke, M.M., Machulda, M.M.,
Vassilaki, M., Alhurani, R.E., Geda, Y.E., Knopman, D.S., Petersen, R.C., 2016.
Association Between Olfactory Dysfunction and Amnestic Mild Cognitive
Impairment and Alzheimer Disease Dementia. JAMA Neurol. 73, 93-101. https://
doi.org/10.1001/jamaneurol.2015.2952.

Robinson, H.L., Todorova, R., Nagy, G.A., Gruzdeva, A., Paudel, P., Oliva, A., Fernandez-
Ruiz, A., 2026. Large sharp-wave ripples promote hippocampo-cortical memory
reactivation and consolidation during sleep. Neuron 114, 226-236.e6. https://doi.
org/10.1016/j.neuron.2025.10.003.

Roemer-Cassiano, S.N., Wagner, F., Evangelista, L., Rauchmann, B.-S., Dehsarvi, A.,
Steward, A., Dewenter, A., Biel, D., Zhu, Z., Pescoller, J., Gross, M., Perneczky, R.,
Malpetti, M., Ewers, M., Scholl, M., Dichgans, M., Hoglinger, G.U., Brendel, M.,
Jakel, S., Franzmeier, N., 2025. Amyloid-associated hyperconnectivity drives tau
spread across connected brain regions in Alzheimer’s disease. Sci. Transl. Med. 17,
eadp2564. https://doi.org/10.1126/scitranslmed.adp2564.

Rollo, E., Gnoni, V., Tamburrino, L., Filardi, M., Logroscino, G., 2024. Treatment of
Obstructive Sleep Apnea in patients with Alzheimer’s Disease: role of Continuous
Positive Airway Pressure therapy. Curr. Treat. Options Neurol. 26, 509-521. https://
doi.org/10.1007/5s11940-024-00811-9.

Rollo, E., Antonioni, A., Di Lorenzo, F., 2026a. Pitfalls of insomnia management in the
elderly: A narrative review. Neurol. Sci. 47, 85. https://doi.org/10.1007/510072-
025-08621-w.

Rollo, E., Antonioni, A., Manzoli, L., Di Lorenzo, F., Flacco, M.E., 2026b. Treatment of
chronic insomnia in elderly adults with dual orexin receptor antagonists: A
systematic review and meta-analysis. Sleep, zsag135. https://doi.org/10.1093/
sleep/zsag135.

Romano, V., Reddington, A.L., Cazzanelli, S., Mazza, R., Ma, Y., Strydis, C., Negrello, M.,
Bosman, L.W.J., De Zeeuw, C.I., 2020. Functional Convergence of Autonomic and
Sensorimotor Processing in the Lateral Cerebellum. Cell Rep. 32, 107867. https://
doi.org/10.1016/j.celrep.2020.107867.

Rondi-Reig, L., Paradis, A.-L., Fallahnezhad, M., 2022. A Liaison Brought to Light:
Cerebellum-Hippocampus, Partners for Spatial Cognition. Cerebellum 21, 826-837.
https://doi.org/10.1007/5s12311-022-01422-3.

Rorabaugh, J.M., Chalermpalanupap, T., Botz-Zapp, C.A., Fu, V.M., Lembeck, N.A.,
Cohen, R.M., Weinshenker, D., 2017. Chemogenetic locus coeruleus activation
restores reversal learning in a rat model of Alzheimer’s disease. Brain 140,
3023-3038. https://doi.org/10.1093/brain/awx232.

Ross, J.A., Van Bockstaele, E.J., 2021. The Locus Coeruleus- Norepinephrine System in
Stress and Arousal: Unraveling Historical, Current, and Future Perspectives. Front
Psychiatry 11, 601519. https://doi.org/10.3389/fpsyt.2020.601519.

Roth, E., Sponberg, S., Cowan, N.J., 2014. A comparative approach to closed-loop
computation. Curr. Opin. Neurobiol. 25, 54-62. https://doi.org/10.1016/j.
conb.2013.11.005.

Roth, M.J., Synofzik, M., Lindner, A., 2013. The cerebellum optimizes perceptual
predictions about external sensory events. Curr. Biol. 23, 930-935. https://doi.org/
10.1016/j.cub.2013.04.027.

Riib, U., Del Tredici, K., Schultz, C., Thal, D.R., Braak, E., Braak, H., 2001. The autonomic
higher order processing nuclei of the lower brain stem are among the early targets of
the Alzheimer’s disease-related cytoskeletal pathology. Acta Neuropathol. 101,
555-564. https://doi.org/10.1007/s004010000320.

Riib, U., Stratmann, K., Heinsen, H., Turco, D.D., Seidel, K., Dunnen, W. den, Korf, H.-W.,
2016. The Brainstem Tau Cytoskeletal Pathology of Alzheimer’s Disease: A Brief
Historical Overview and Description of its Anatomical Distribution Pattern,
Evolutional Features, Pathogenetic and Clinical Relevance. Curr. Alzheimer Res 13,
1178-1197. https://doi.org/10.2174/1567205013666160606100509.

Rudy, C.C., Hunsberger, H.C., Weitzner, D.S., Reed, M.N., 2015. The role of the tripartite
glutamatergic synapse in the pathophysiology of Alzheimer’s disease. Aging Dis. 6,
131-148. https://doi.org/10.14336/AD.2014.0423.

Sabiniewicz, A., Brandenburg, M., Hummel, T., 2023. Odor Threshold Differs for Some
But Not All Odorants Between Older and Younger Adults. J. Gerontol. B Psychol. Sci.
Soc. Sci. 78, 1025-1035. https://doi.org/10.1093/geronb/gbad019.

Saddiki, H., Fayosse, A., Cognat, E., Sabia, S., Engelborghs, S., Wallon, D.,
Alexopoulos, P., Blennow, K., Zetterberg, H., Parnetti, L., Zerr, 1., Hermann, P.,
Gabelle, A., Boada, M., Orellana, A., de Rojas, L., Lilamand, M., Bjerke, M., Van
Broeckhoven, C., Farotti, L., Salvadori, N., Diehl-Schmid, J., Grimmer, T.,
Hourregue, C., Dugravot, A., Nicolas, G., Laplanche, J.-L., Lehmann, S., Bouaziz-
Amar, E., Alzheimer’s Disease Neuroimaging Initiative, Hugon, J., Tzourio, C.,
Singh-Manoux, A., Paquet, C., Dumurgier, J., 2020. Age and the association between
apolipoprotein E genotype and Alzheimer disease: A cerebrospinal fluid biomarker-
based case-control study. PLoS Med 17, e1003289. https://doi.org/10.1371/journal.
pmed.1003289.


https://doi.org/10.23736/S1973-9087.26.09138-0
https://doi.org/10.23736/S1973-9087.26.09138-0
https://doi.org/10.1111/ejn.16511
https://doi.org/10.1371/journal.pone.0064828
https://doi.org/10.1371/journal.pone.0064828
https://doi.org/10.1001/jama.2022.7015
https://doi.org/10.1038/s41467-022-28986-2
https://doi.org/10.1038/s41467-022-28986-2
https://doi.org/10.1212/WNL.0000000000207646
https://doi.org/10.1212/WNL.0000000000207646
https://doi.org/10.3233/JAD-180041
https://doi.org/10.1080/02699052.2019.1631488
https://doi.org/10.1517/17460441.2015.1041913
https://doi.org/10.1517/17460441.2015.1041913
https://doi.org/10.1016/j.neubiorev.2025.106020
https://doi.org/10.1016/j.neubiorev.2025.106020
https://doi.org/10.1152/jn.2000.84.3.1656
https://doi.org/10.1152/jn.2000.84.3.1656
https://doi.org/10.1038/s44323-025-00025-5
https://doi.org/10.1038/s44323-025-00025-5
https://doi.org/10.1016/j.bbr.2012.02.047
https://doi.org/10.1007/s11356-020-08243-z
https://doi.org/10.1007/s11356-020-08243-z
https://doi.org/10.3233/JAD-220666
https://doi.org/10.3233/JAD-220666
https://doi.org/10.3390/ijms232112841
https://doi.org/10.2174/156720512800492549
https://doi.org/10.2174/156720512800492549
https://doi.org/10.1002/hbm.24067
https://doi.org/10.1002/hbm.24067
https://doi.org/10.1001/jamapsychiatry.2025.0488
https://doi.org/10.1371/journal.pone.0237756
https://doi.org/10.1371/journal.pone.0237756
https://doi.org/10.1016/j.neurobiolaging.2010.10.009
https://doi.org/10.1016/j.neurobiolaging.2010.10.009
https://doi.org/10.1111/ejn.70111
https://doi.org/10.1111/ejn.70111
https://doi.org/10.1146/annurev-neuro-080317-062144
https://doi.org/10.1146/annurev-neuro-080317-062144
https://doi.org/10.3233/JAD-201411
https://doi.org/10.1212/CON.0000000000001248
https://doi.org/10.1136/jnnp-2016-314638
https://doi.org/10.1136/jnnp-2016-314638
https://doi.org/10.1001/jamaneurol.2015.2952
https://doi.org/10.1001/jamaneurol.2015.2952
https://doi.org/10.1016/j.neuron.2025.10.003
https://doi.org/10.1016/j.neuron.2025.10.003
https://doi.org/10.1126/scitranslmed.adp2564
https://doi.org/10.1007/s11940-024-00811-9
https://doi.org/10.1007/s11940-024-00811-9
https://doi.org/10.1007/s10072-025-08621-w
https://doi.org/10.1007/s10072-025-08621-w
https://doi.org/10.1093/sleep/zsag135
https://doi.org/10.1093/sleep/zsag135
https://doi.org/10.1016/j.celrep.2020.107867
https://doi.org/10.1016/j.celrep.2020.107867
https://doi.org/10.1007/s12311-022-01422-3
https://doi.org/10.1093/brain/awx232
https://doi.org/10.3389/fpsyt.2020.601519
https://doi.org/10.1016/j.conb.2013.11.005
https://doi.org/10.1016/j.conb.2013.11.005
https://doi.org/10.1016/j.cub.2013.04.027
https://doi.org/10.1016/j.cub.2013.04.027
https://doi.org/10.1007/s004010000320
https://doi.org/10.2174/1567205013666160606100509
https://doi.org/10.14336/AD.2014.0423
https://doi.org/10.1093/geronb/gbad019
https://doi.org/10.1371/journal.pmed.1003289
https://doi.org/10.1371/journal.pmed.1003289

A. Antonioni

Sailor, K.A., Valley, M.T., Wiechert, M.T., Riecke, H., Sun, G.J., Adams, W., Dennis, J.C.,
Sharafi, S., Ming, G.-L., Song, H., Lledo, P.-M., 2016. Persistent Structural Plasticity
Optimizes Sensory Information Processing in the Olfactory Bulb. Neuron 91,
384-396. https://doi.org/10.1016/j.neuron.2016.06.004.

Saitow, F., Arakawa, R., Suzuki, H., 2025. Cross-talk between dopamine and
noradrenaline modulates glutamatergic transmission in the deep cerebellar nuclei.
Sci. Rep. 15, 31707. https://doi.org/10.1038/s41598-025-17213-9.

Sakelaris, B., Riecke, H., 2025. Adult Neurogenesis Reconciles Flexibility and Stability of
Olfactory Perceptual Memory. eLife 14. https://doi.org/10.7554/eLife.104443.2.

Sales, A.C., Friston, K.J., Jones, M.W., Pickering, A.E., Moran, R.J., 2019. Locus
Coeruleus tracking of prediction errors optimises cognitive flexibility: An Active
Inference model. PLoS Comput. Biol. 15, e1006267. https://doi.org/10.1371/
journal.pcbi.1006267.

Sampathkumar, V., Miller-Hansen, A., Sherman, S.M., Kasthuri, N., 2021. Integration of
signals from different cortical areas in higher order thalamic neurons. Proc. Natl.
Acad. Sci. USA 118, e2104137118. https://doi.org/10.1073/pnas.2104137118.

Samstag, C.L., Chapman, N.H., Gibbons, L.E., Geller, J., Loeb, N., Dharap, S., Yagi, M.,
Cook, D.G., Pagulayan, K.F., Crane, P.K., Larson, E.B., Wijsman, E.M., Latimer, C.S.,
Bird, T.D., Keene, C.D., Carlson, E.S., 2025. Neuropathological correlates of
vulnerability and resilience in the cerebellum in Alzheimer’s disease. Alzheimers
Dement 21, e14428. https://doi.org/10.1002/alz.14428.

Samuels, E.R., Szabadi, E., 2008. Functional neuroanatomy of the noradrenergic locus
coeruleus: its roles in the regulation of arousal and autonomic function part I:
principles of functional organisation. Curr. Neuropharmacol. 6, 235-253. https://
doi.org/10.2174/157015908785777229.

Sanchez-Padilla, J., Guzman, J.N., Ilijic, E., Kondapalli, J., Galtieri, D.J., Yang, B.,
Schieber, S., Oertel, W., Wokosin, D., Schumacker, P.T., Surmeier, D.J., 2014.
Mitochondrial oxidant stress in locus coeruleus is regulated by activity and nitric
oxide synthase. Nat. Neurosci. 17, 832-840. https://doi.org/10.1038/nn.3717.

Santisteban, M.M., Iadecola, C., Carnevale, D., 2023. Hypertension, Neurovascular
Dysfunction, and Cognitive Impairment. Hypertension 80, 22-34. https://doi.org/
10.1161/HYPERTENSIONAHA.122.18085.

Sanz-Morales, E., Melero, H., 2024. Advances in the fMRI analysis of the default mode
network: a review. Brain Struct. Funct. 230, 22. https://doi.org/10.1007/s00429-
024-02888-z.

Sara, S.J., 2009. The locus coeruleus and noradrenergic modulation of cognition. Nat.
Rev. Neurosci. 10, 211-223. https://doi.org/10.1038/nrn2573.

Sara, S.J., 2015. Locus Coeruleus in time with the making of memories. Curr. Opin.
Neurobiol. 35, 87-94. https://doi.org/10.1016/j.conb.2015.07.004.

Sato, S., Imaeda, T., Mugikura, S., Mori, N., Takanashi, M., Hayakawa, K., Saito, T.,
Taira, M., Narita, A., Kogure, M., Chiba, 1., Hatanaka, R., Nakaya, K., Kanno, L.,
Ishiwata, R., Nakamura, T., Motoike, I.N., Nakaya, N., Koshiba, S., Kinoshita, K.,
Kuriyama, S., Ogishima, S., Nagami, F., Fuse, N., Hozawa, A., 2024. Association of
olfactory and cognitive function test scores with hippocampal and amygdalar grey
matter volume: a cross-sectional study. Sci. Rep. 14, 19138. https://doi.org/
10.1038/541598-024-69726-4.

Savic, I., 2001. Processing of odorous signals in humans. Brain Res Bull. 54, 307-312.
https://doi.org/10.1016/50361-9230(00)00439-1.

Savic, 1., Gulyas, B., Larsson, M., Roland, P., 2000. Olfactory functions are mediated by
parallel and hierarchical processing. Neuron 26, 735-745. https://doi.org/10.1016/
50896-6273(00)81209-x.

Schmahmann, J.D., 2016. Cerebellum in Alzheimer’s disease and frontotemporal
dementia: not a silent bystander. Brain 139, 1314-1318. https://doi.org/10.1093/
brain/aww064.

Schmahmann, J.D., 2019. The cerebellum and cognition. Neurosci. Lett., Cerebellum
Health Dis. 688, 62-75. https://doi.org/10.1016/j.neulet.2018.07.005.

Schmahmann, J.D., 2023. Ferdinando Rossi Lecture: the Cerebellar Cognitive Affective
Syndrome-Implications and Future Directions. Cerebellum 22, 947-953. https://doi.
org/10.1007/s12311-022-01456-7.

Schmahmann, J.D., Guell, X., Stoodley, C.J., Halko, M.A., 2019. The Theory and
Neuroscience of Cerebellar Cognition. Annu. Rev. Neurosci. 42, 337-364. https://
doi.org/10.1146/annurev-neuro-070918-050258.

Schmitz, C., Rutten, B.P.F., Pielen, A., Schéfer, S., Wirths, O., Tremp, G., Czech, C.,
Blanchard, V., Multhaup, G., Rezaie, P., Korr, H., Steinbusch, H.W.M., Pradier, L.,
Bayer, T.A., 2004. Hippocampal neuron loss exceeds amyloid plaque load in a
transgenic mouse model of Alzheimer’s disease. Am. J. Pathol. 164, 1495-1502.
https://doi.org/10.1016/50002-9440(10)63235-X.

Schott, J.M., Crutch, S.J., Carrasquillo, M.M., Uphill, J., Shakespeare, T.J., Ryan, N.S.,
Yong, K.X., Lehmann, M., Ertekin-Taner, N., Graff-Radford, N.R., Boeve, B.F.,
Murray, M.E., Khan, Q. ul A., Petersen, R.C., Dickson, D.W., Knopman, D.S.,
Rabinovici, G.D., Miller, B.L., Gonzalez, A.S., Gil-Néciga, E., Snowden, J.S.,

Harris, J., Pickering-Brown, S.M., Louwersheimer, E., van der Flier, W.M.,
Scheltens, P., Pijnenburg, Y.A., Galasko, D., Sarazin, M., Dubois, B., Magnin, E.,
Galimberti, D., Scarpini, E., Cappa, S.F., Hodges, J.R., Halliday, G.M., Bartley, L.,
Carrillo, M.C., Bras, J.T., Hardy, J., Rossor, M.N., Collinge, J., Fox, N.C., Mead, S.,
2016. Genetic risk factors for the posterior cortical atrophy variant of Alzheimer’s
disease. Alzheimer’S. Dement. 12, 862-871. https://doi.org/10.1016/j.
jalz.2016.01.010.

Schramm, E., Waisman, A., 2022. Microglia as Central Protagonists in the Chronic Stress
Response. Neurol. Neuroimmunol. Neuroinflamm. 9, €200023. https://doi.org/
10.1212/NX1.0000000000200023.

Schreiner, T., Kaufmann, E., Noachtar, S., Mehrkens, J.-H., Staudigl, T., 2022. The
human thalamus orchestrates neocortical oscillations during NREM sleep. Nat.
Commun. 13, 5231. https://doi.org/10.1038/541467-022-32840-w.

Schroeder, B.E., Koo, E.H., 2005. To Think or Not to Think: Synaptic Activity and Ap
Release. Neuron 48, 873-875. https://doi.org/10.1016/j.neuron.2005.12.005.

40

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Schubert, C.R., Cruickshanks, K.J., Fischer, M.E., Chen, Y., Klein, B.E.K., Klein, R.,
Pinto, A.A., 2017. Sensory Impairments and Cognitive Function in Middle-Aged
Adults. J. Gerontol. A Biol. Sci. Med Sci. 72, 1087-1090. https://doi.org/10.1093/
gerona/glx067.

Schulte, A., Thiel, C.M., Gieseler, A., Tahden, M., Colonius, H., Rosemann, S., 2020.
Reduced resting state functional connectivity with increasing age-related hearing
loss and McGurk susceptibility. Sci. Rep. 10, 16987. https://doi.org/10.1038/
$41598-020-74012-0.

Schultz, W., 2017. Reward prediction error. Curr. Biol. 27, R369-R371. https://doi.org/
10.1016/j.cub.2017.02.064.

Schwarz, L.A., Luo, L., 2015. Organization of the Locus Coeruleus-Norepinephrine
System. Curr. Biol. 25, R1051-R1056. https://doi.org/10.1016/j.cub.2015.09.039.

Schwarz, L.A., Miyamichi, K., Gao, X.J., Beier, K.T., Weissbourd, B., DeLoach, K.E.,
Ren, J., Ibanes, S., Malenka, R.C., Kremer, E.J., Luo, L., 2015. Viral-genetic tracing of
the input-output organization of a central noradrenaline circuit. Nature 524, 88-92.
https://doi.org/10.1038/nature14600.

Sehar, U., Rawat, P., Reddy, A.P., Kopel, J., Reddy, P.H., 2022. Amyloid Beta in Aging
and Alzheimer’s Disease. Int. J. Mol. Sci. 23, 12924. https://doi.org/10.3390/
ijms232112924.

Selkoe, D.J., Hardy, J., 2016. The amyloid hypothesis of Alzheimer’s disease at 25 years.
EMBO Mol. Med 8, 595-608. https://doi.org/10.15252/emmm.201606210.

Seminck, N., Khatoun, A., Kerstens, S., Nuttin, B., Mc Laughlin, M., 2024. External
stimulation of the trigeminal nerve causes pupil dilation in healthy volunteers,
suggesting locus coeruleus modulation. Brain Stimul. 17, 678-680. https://doi.org/
10.1016/j.brs.2024.05.008.

Seravalle, G., Mancia, G., Grassi, G., 2018. Sympathetic Nervous System, Sleep, and
Hypertension. Curr. Hypertens. Rep. 20, 74. https://doi.org/10.1007/511906-018-
0874-y.

Sharbafshaaer, M., Cirillo, G., Esposito, F., Tedeschi, G., Trojsi, F., 2024. Harnessing
Brain Plasticity: The Therapeutic Power of Repetitive Transcranial Magnetic
Stimulation (rTMS) and Theta Burst Stimulation (TBS) in Neurotransmitter
Modulation, Receptor Dynamics, and Neuroimaging for Neurological Innovations.
Biomedicines 12, 2506. https://doi.org/10.3390/biomedicines12112506.

Shen, Y., Lv, Q., Xie, W., Gong, S., Zhuang, S., Liu, J., Mao, C., Liu, C., 2023. Circadian
disruption and sleep disorders in neurodegeneration. Transl. Neurodegener. 12, 8.
https://doi.org/10.1186/540035-023-00340-6.

Sherman, S.M., 2016. Thalamus plays a central role in ongoing cortical functioning. Nat.
Neurosci. 19, 533-541. https://doi.org/10.1038/nn.4269.

Shimojo, M., Takuwa, H., Takado, Y., Tokunaga, M., Tsukamoto, S., Minatohara, K.,
Ono, M., Seki, C., Maeda, J., Urushihata, T., Minamihisamatsu, T., Aoki, I.,
Kawamura, K., Zhang, M.-R., Suhara, T., Sahara, N., Higuchi, M., 2020. Selective
Disruption of Inhibitory Synapses Leading to Neuronal Hyperexcitability at an Early
Stage of Tau Pathogenesis in a Mouse Model. J. Neurosci. 40, 3491-3501. https://
doi.org/10.1523/JNEUROSCI.2880-19.2020.

Shine, J.M., 2021. The thalamus integrates the macrosystems of the brain to facilitate
complex, adaptive brain network dynamics. Prog. Neurobiol. 199, 101951. https://
doi.org/10.1016/j.pneurobio.2020.101951.

Shine, J.M., Lewis, L.D., Garrett, D.D., Hwang, K., 2023. The impact of the human
thalamus on brain-wide information processing. Nat. Rev. Neurosci. 24, 416-430.
https://doi.org/10.1038/541583-023-00701-0.

Shinohara, K., 2025. The brain and hypertension: how the brain regulates and suffers
from blood pressure. Hypertens. Res 48, 862-866. https://doi.org/10.1038/541440-
024-01990-3.

Shrestha, S., Zhu, X., Griswold, M.E., Palta, P., Sullivan, K.J., Chen, H., Schneider, A.L.C.,
Moghekar, A., Grove, M.L., Thyagarajan, B., Pike, J.R., Gottesman, R.F.,

Windham, B.G., Mosley, T.H., Deal, J.A., Kamath, V., 2025. Olfaction and Plasma
Biomarkers of Alzheimer Disease and Neurodegeneration in the Atherosclerosis Risk
in Communities Study. Neurology 104, e213706. https://doi.org/10.1212/
WNL.0000000000213706.

Sian-Hulsmann, J., Riederer, P., 2024. Virus-induced brain pathology and the
neuroinflammation-inflammation continuum: the neurochemists view. J. Neural
Transm. (Vienna) 131, 1429-1453. https://doi.org/10.1007/500702-023-02723-5.

Siegel, J.M., Rogawski, M.A., 1988. A function for REM sleep: regulation of
noradrenergic receptor sensitivity. Brain Res 472, 213-233. https://doi.org/
10.1016/0165-0173(88)90007-0.

Silva, M.V.F,, Loures, C. de M.G., Alves, L.C.V., de Souza, L.C., Borges, K.B.G.,
Carvalho, M. das G., 2019. Alzheimer’s disease: risk factors and potentially
protective measures. J. Biomed. Sci. 26, 33. https://doi.org/10.1186/512929-019-
0524-y.

Silva, N.C.B.S., Barha, C.K., Erickson, K.I., Kramer, A.F., Liu-Ambrose, T., 2024. Physical
exercise, cognition, and brain health in aging. Trends Neurosci. 47, 402-417.
https://doi.org/10.1016/j.tins.2024.04.004.

Silvani, A., 2008. Physiological Sleep-Dependent Changes in Arterial Blood Pressure:
Central Autonomic Commands and Baroreflex Control. Clin. Exp. Pharmacol.
Physiol. 35, 987-994. https://doi.org/10.1111/j.1440-1681.2008.04985.x.

Simons, J.S., Ritchey, M., Fernyhough, C., 2022. Brain Mechanisms Underlying the
Subjective Experience of Remembering. Annu Rev. Psychol. 73, 159-186. https://
doi.org/10.1146/annurev-psych-030221-025439.

Simonyan, K., Saad, Z.S., Loucks, T.M.J., Poletto, C.J., Ludlow, C.L., 2007. Functional
neuroanatomy of human voluntary cough and sniff production. Neuroimage 37,
401-409. https://doi.org/10.1016/j.neuroimage.2007.05.021.

Sinclair, A.H., Barense, M.D., 2019. Prediction Error and Memory Reactivation: How
Incomplete Reminders Drive Reconsolidation. Trends Neurosci. 42, 727-739.
https://doi.org/10.1016/j.tins.2019.08.007.

Sinclair, A.H., Manalili, G.M., Brunec, .K., Adcock, R.A., Barense, M.D., 2021. Prediction
errors disrupt hippocampal representations and update episodic memories. Proc.


https://doi.org/10.1016/j.neuron.2016.06.004
https://doi.org/10.1038/s41598-025-17213-9
https://doi.org/10.7554/eLife.104443.2
https://doi.org/10.1371/journal.pcbi.1006267
https://doi.org/10.1371/journal.pcbi.1006267
https://doi.org/10.1073/pnas.2104137118
https://doi.org/10.1002/alz.14428
https://doi.org/10.2174/157015908785777229
https://doi.org/10.2174/157015908785777229
https://doi.org/10.1038/nn.3717
https://doi.org/10.1161/HYPERTENSIONAHA.122.18085
https://doi.org/10.1161/HYPERTENSIONAHA.122.18085
https://doi.org/10.1007/s00429-024-02888-z
https://doi.org/10.1007/s00429-024-02888-z
https://doi.org/10.1038/nrn2573
https://doi.org/10.1016/j.conb.2015.07.004
https://doi.org/10.1038/s41598-024-69726-4
https://doi.org/10.1038/s41598-024-69726-4
https://doi.org/10.1016/s0361-9230(00)00439-1
https://doi.org/10.1016/s0896-6273(00)81209-x
https://doi.org/10.1016/s0896-6273(00)81209-x
https://doi.org/10.1093/brain/aww064
https://doi.org/10.1093/brain/aww064
https://doi.org/10.1016/j.neulet.2018.07.005
https://doi.org/10.1007/s12311-022-01456-7
https://doi.org/10.1007/s12311-022-01456-7
https://doi.org/10.1146/annurev-neuro-070918-050258
https://doi.org/10.1146/annurev-neuro-070918-050258
https://doi.org/10.1016/S0002-9440(10)63235-X
https://doi.org/10.1016/j.jalz.2016.01.010
https://doi.org/10.1016/j.jalz.2016.01.010
https://doi.org/10.1212/NXI.0000000000200023
https://doi.org/10.1212/NXI.0000000000200023
https://doi.org/10.1038/s41467-022-32840-w
https://doi.org/10.1016/j.neuron.2005.12.005
https://doi.org/10.1093/gerona/glx067
https://doi.org/10.1093/gerona/glx067
https://doi.org/10.1038/s41598-020-74012-0
https://doi.org/10.1038/s41598-020-74012-0
https://doi.org/10.1016/j.cub.2017.02.064
https://doi.org/10.1016/j.cub.2017.02.064
https://doi.org/10.1016/j.cub.2015.09.039
https://doi.org/10.1038/nature14600
https://doi.org/10.3390/ijms232112924
https://doi.org/10.3390/ijms232112924
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1016/j.brs.2024.05.008
https://doi.org/10.1016/j.brs.2024.05.008
https://doi.org/10.1007/s11906-018-0874-y
https://doi.org/10.1007/s11906-018-0874-y
https://doi.org/10.3390/biomedicines12112506
https://doi.org/10.1186/s40035-023-00340-6
https://doi.org/10.1038/nn.4269
https://doi.org/10.1523/JNEUROSCI.2880-19.2020
https://doi.org/10.1523/JNEUROSCI.2880-19.2020
https://doi.org/10.1016/j.pneurobio.2020.101951
https://doi.org/10.1016/j.pneurobio.2020.101951
https://doi.org/10.1038/s41583-023-00701-0
https://doi.org/10.1038/s41440-024-01990-3
https://doi.org/10.1038/s41440-024-01990-3
https://doi.org/10.1212/WNL.0000000000213706
https://doi.org/10.1212/WNL.0000000000213706
https://doi.org/10.1007/s00702-023-02723-5
https://doi.org/10.1016/0165-0173(88)90007-0
https://doi.org/10.1016/0165-0173(88)90007-0
https://doi.org/10.1186/s12929-019-0524-y
https://doi.org/10.1186/s12929-019-0524-y
https://doi.org/10.1016/j.tins.2024.04.004
https://doi.org/10.1111/j.1440-1681.2008.04985.x
https://doi.org/10.1146/annurev-psych-030221-025439
https://doi.org/10.1146/annurev-psych-030221-025439
https://doi.org/10.1016/j.neuroimage.2007.05.021
https://doi.org/10.1016/j.tins.2019.08.007

A. Antonioni

Natl. Acad. Sci. USA 118, €2117625118. https://doi.org/10.1073/
pnas.2117625118.

Singhaarachchi, P.H., Antal, P., Calon, F., Culmsee, C., Delpech, J.-C., Feldotto, M.,
Geertsema, J., Hoeksema, E.E., Korosi, A., Layé, S., McQualter, J., de Rooij, S.R.,
Rummel, C., Slayo, M., Sominsky, L., Spencer, S.J., 2025. Rodent models of
Alzheimer’s disease: Critical analysis of current hypotheses and pathways for future
research. Prog. Neurobiol. 252, 102821. https://doi.org/10.1016/j.
pneurobio.2025.102821.

Singh-Bains, M.K., Linke, V., Austria, M.D.R., Tan, A.Y.S., Scotter, E.L., Mehrabi, N.F.,
Faull, R.L.M., Dragunow, M., 2019. Altered microglia and neurovasculature in the
Alzheimer’s disease cerebellum. Neurobiol. Dis. 132, 104589. https://doi.org/
10.1016/j.nbd.2019.104589.

Slutsky, I., 2024. Linking activity dyshomeostasis and sleep disturbances in Alzheimer
disease. Nat. Rev. Neurosci. 25, 272-284. https://doi.org/10.1038/541583-024-
00797-y.

Small, D.M., Jones-Gotman, M., Zatorre, R.J., Petrides, M., Evans, A.C., 1997. Flavor
processing: more than the sum of its parts. Neuroreport 8, 3913-3917. https://doi.
org/10.1097/00001756-199712220-00014.

Smeralda, C.L., Pandit, S., Turrini, S., Reilly, J., Palmisano, A., Sprugnoli, G., Hampel, H.,
Benussi, A., Borroni, B., Press, D., Rotenberg, A., El Fakhri, G., Koch, G., Rossi, S.,
Santarnecchi, E., 2024. The role of parvalbumin interneuron dysfunction across
neurodegenerative dementias. Ageing Res Rev. 101, 102509. https://doi.org/
10.1016/j.arr.2024.102509.

Sobel, N., Prabhakaran, V., Desmond, J.E., Glover, G.H., Goode, R.L., Sullivan, E.V.,
Gabrieli, J.D., 1998a. Sniffing and smelling: separate subsystems in the human
olfactory cortex. Nature 392, 282-286. https://doi.org/10.1038/32654.

Sobel, N., Prabhakaran, V., Hartley, C.A., Desmond, J.E., Zhao, Z., Glover, G.H.,
Gabrieli, J.D., Sullivan, E.V., 1998b. Odorant-induced and sniff-induced activation in
the cerebellum of the human. J. Neurosci. 18, 8990-9001. https://doi.org/10.1523/
JNEUROSCI.18-21-08990.1998.

Song, B., Zhu, J.-C., 2021. A Narrative Review of Cerebellar Malfunctions and Sleep
Disturbances. Front. Neurosci. 15. https://doi.org/10.3389/fnins.2021.590619.
Soya, S., Takahashi, T.M., McHugh, T.J., Maejima, T., Herlitze, S., Abe, M., Sakimura, K.,
Sakurai, T., 2017. Orexin modulates behavioral fear expression through the locus
coeruleus. Nat. Commun. 8, 1606. https://doi.org/10.1038/541467-017-01782-z.

Spampinato, D., Celnik, P., 2021. Multiple Motor Learning Processes in Humans:
Defining Their Neurophysiological Bases. Neuroscientist 27, 246-267. https://doi.
org/10.1177/1073858420939552.

Spampinato, D.A., Casula, E.P., Koch, G., 2023. The Cerebellum and the Motor Cortex:
Multiple Networks Controlling Multiple Aspects of Behavior. Neuroscientist,
10738584231189435. https://doi.org/10.1177/10738584231189435.

Spires-Jones, T.L., Attems, J., Thal, D.R., 2017. Interactions of pathological proteins in
neurodegenerative diseases. Acta Neuropathol. 134, 187-205. https://doi.org/
10.1007/500401-017-1709-7.

Sprinzl, G.M., Riechelmann, H., 2010. Current trends in treating hearing loss in elderly
people: a review of the technology and treatment options - a mini-review.
Gerontology 56, 351-358. https://doi.org/10.1159/000275062.

Stanley, A.T., Post, M.R., Lacefield, C., Sulzer, D., Miniaci, M.C., 2023. Norepinephrine
release in the cerebellum contributes to aversive learning. Nat. Commun. 14, 4852.
https://doi.org/10.1038/541467-023-40548-8.

Steindler, D.A., 1981. Locus coeruleus neurons have axons that branch to the forebrain
and cerebellum. Brain Res 223, 367-373. https://doi.org/10.1016/0006-8993(81)
91149-5.

Steiner, J.A., Quansah, E., Brundin, P., 2018. The concept of alpha-synuclein as a prion-
like protein: ten years after. Cell Tissue Res 373, 161-173. https://doi.org/10.1007/
s00441-018-2814-1.

Sterpenich, V., Schmidt, C., Albouy, G., Matarazzo, L., Vanhaudenhuyse, A.,

Boveroux, P., Degueldre, C., Leclercq, Y., Balteau, E., Collette, F., Luxen, A.,
Phillips, C., Maquet, P., 2014. Memory Reactivation during Rapid Eye Movement
Sleep Promotes Its Generalization and Integration in Cortical Stores. Sleep 37,
1061-1075. https://doi.org/10.5665/sleep.3762.

Stone, L.S., Tyson, T.L., Cravalho, P.F., Feick, N.H., Flynn-Evans, E.E., 2019. Distinct
pattern of oculomotor impairment associated with acute sleep loss and circadian
misalignment. J. Physiol. 597, 4643-4660. https://doi.org/10.1113/JP277779.

Stratmann, K., Heinsen, H., Korf, H.-W., Del Turco, D., Ghebremedhin, E., Seidel, K.,
Bouzrou, M., Grinberg, L.T., Bohl, J., Wharton, S.B., den Dunnen, W., Riib, U., 2016.
Precortical Phase of Alzheimer’s Disease (AD)-Related Tau Cytoskeletal Pathology.
Brain Pathol. 26, 371-386. https://doi.org/10.1111/bpa.12289.

Strauch, C., Hoang, T.-H., Angenstein, F., Manahan-Vaughan, D., 2022. Olfactory
Information Storage Engages Subcortical and Cortical Brain Regions That Support
Valence Determination. Cereb. Cortex 32, 689-708. https://doi.org/10.1093/
cercor/bhab226.

Sturchio, A., Dwivedi, A.K., Young, C.B., Malm, T., Marsili, L., Sharma, J.S., Mahajan, A.,
Hill, E.J., Andaloussi, S.E., Poston, K.L., Manfredsson, F.P., Schneider, L.S., Ezzat, K.,
Espay, A.J., 2021. High cerebrospinal amyloid-p 42 is associated with normal
cognition in individuals with brain amyloidosis. EClinicalMedicine 38, 100988.
https://doi.org/10.1016/j.eclinm.2021.100988.

Sturchio, A., Dwivedi, A.K., Malm, T., Wood, M.J.A., Cilia, R., Sharma, J.S., Hill, E.J.,
Schneider, L.S., Graff-Radford, N.R., Mori, H., Niibling, G., El Andaloussi, S.,
Svenningsson, P., Ezzat, K., Espay, A.J., Dominantly Inherited Alzheimer Consortia
(DIAN), 2022. High Soluble Amyloid-$42 Predicts Normal Cognition in Amyloid-
Positive Individuals with Alzheimer’s Disease-Causing Mutations. J. Alzheimers Dis.
90, 333-348. https://doi.org/10.3233/JAD-220808.

Su, J., Xiao, Y., Wang, X., Zheng, J., Wang, J.-Z., 2024. Development of tau
phosphorylation-targeting therapies for the treatment of neurodegenerative diseases.
Medicine 1, 100060. https://doi.org/10.1016/j.medp.2024.100060.

41

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Sulaman, B.A., Wang, S., Tyan, J., Eban-Rothschild, A., 2023. Neuro-orchestration of
sleep and wakefulness. Nat. Neurosci. 26, 196-212. https://doi.org/10.1038/
$s41593-022-01236-w.

Sun, W., Tang, Y., Qiao, Y., Ge, X., Mather, M., Ringman, J.M., Shi, Y., for Alzheimer’s
Disease Neuroimaging Initiative, 2020. A probabilistic atlas of locus coeruleus
pathways to transentorhinal cortex for connectome imaging in Alzheimer’s disease.
Neuroimage 223, 117301. https://doi.org/10.1016/j.neuroimage.2020.117301.

Surget, A., Belzung, C., 2022. Adult hippocampal neurogenesis shapes adaptation and
improves stress response: a mechanistic and integrative perspective. Mol. Psychiatry
27, 403-421. https://doi.org/10.1038/s41380-021-01136-8.

Sveinbjornsdottir, S., 2016. The clinical symptoms of Parkinson’s disease. J. Neurochem.
139, 318-324. https://doi.org/10.1111/jnc.13691.

Sweeney, M.D., Sagare, A.P., Zlokovic, B.V., 2018. Blood-brain barrier breakdown in
Alzheimer disease and other neurodegenerative disorders. Nat. Rev. Neurol. 14,
133-150. https://doi.org/10.1038/nrneurol.2017.188.

Swift, K.M., Gross, B.A., Frazer, M.A., Bauer, D.S., Clark, K.J.D., Vazey, E.M., Aston-
Jones, G., Li, Y., Pickering, A.E., Sara, S.J., Poe, G.R., 2018. Abnormal Locus
Coeruleus Sleep Activity Alters Sleep Signatures of Memory Consolidation and
Impairs Place Cell Stability and Spatial Memory. Curr. Biol. 28, 3599-3609.e4.
https://doi.org/10.1016/j.cub.2018.09.054.

Szabadi, E., 2013. Functional neuroanatomy of the central noradrenergic system.

J. Psychopharmacol. 27, 659-693. https://doi.org/10.1177/0269881113490326.

Tabert, M.H., Liu, X., Doty, R.L., Serby, M., Zamora, D., Pelton, G.H., Marder, K.,
Albers, M.W., Stern, Y., Devanand, D.P., 2005. A 10-item smell identification scale
related to risk for Alzheimer’s disease. Ann. Neurol. 58, 155-160. https://doi.org/
10.1002/ana.20533.

Tagliavini, F., Pilleri, G., 1985. Neuronal loss in the basal nucleus of Meynert in a patient
with olivopontocerebellar atrophy. Acta Neuropathol. 66, 127-133. https://doi.org/
10.1007/BF00688687.

Takahashi, R., Yamakado, H., Uemura, N., Taguchi, T., Ueda, J., 2025. The Gut-Brain
Axis Based on a-Synuclein Propagation-Clinical, Neuropathological, and
Experimental Evidence. Int J. Mol. Sci. 26, 3994. https://doi.org/10.3390/
ijms26093994.

Tamburin, S., Fiaschi, A., Andreoli, A., Forgione, A., Manganotti, P., Zanette, G., 2003.
Abnormal cutaneomotor integration in patients with cerebellar syndromes: a
transcranial magnetic stimulation study. Clin. Neurophysiol. 114, 643-651. https://
doi.org/10.1016,/51388-2457(03)00002-6.

Tan, J., Savigner, A., Ma, M., Luo, M., 2010. Odor information processing by the
olfactory bulb analyzed in gene-targeted mice. Neuron 65, 912-926. https://doi.
org/10.1016/j.neuron.2010.02.011.

Tang, F., Zhu, D., Ma, W., Yao, Q., Li, Q., Shi, J., 2021. Differences Changes in Cerebellar
Functional Connectivity Between Mild Cognitive Impairment and Alzheimer’s
Disease: A Seed-Based Approach. Front Neurol. 12, 645171. https://doi.org/
10.3389/fneur.2021.645171.

Tang, Y., An, L., Wang, Q., Liu, J.K., 2021. Regulating synchronous oscillations of
cerebellar granule cells by different types of inhibition. PLoS Comput. Biol. 17,
€1009163. https://doi.org/10.1371/journal.pcbi.1009163.

Tang, Y., Cao, M., Li, Y., Lin, Y., Wu, X., Chen, M., Alzheimer’s Disease Neuroimaging
Initiative, 2023. Altered structural covariance of locus coeruleus in individuals with
significant memory concern and patients with mild cognitive impairment. Cereb.
Cortex 33, 8523-8533. https://doi.org/10.1093/cercor/bhad137.

Targa Dias Anastacio, H., Matosin, N., Ooi, L., 2022. Neuronal hyperexcitability in
Alzheimer’s disease: what are the drivers behind this aberrant phenotype? Transl.
Psychiatry 12, 257. https://doi.org/10.1038/541398-022-02024-7.

Tari, A.R., Walker, T.L., Huuha, A.M., Sando, S.B., Wisloff, U., 2025. Neuroprotective
mechanisms of exercise and the importance of fitness for healthy brain ageing.
Lancet 405, 1093-1118. https://doi.org/10.1016/50140-6736(25)00184-9.

Taub, A.H., Katz, Y., Lampl, 1., 2013. Cortical Balance of Excitation and Inhibition Is
Regulated by the Rate of Synaptic Activity. J. Neurosci. 33, 14359-14368. https://
doi.org/10.1523/JNEUROSCI.1748-13.2013.

Tavalin, S.J., 2024. Familial Alzheimer’s disease mutations in amyloid precursor protein
impair calcineurin signaling to NMDA receptors. J. Biol. Chem. 301, 108147.
https://doi.org/10.1016/j.jbc.2024.108147.

Taylor, N.L., D’Souza, A., Munn, B.R., Lv, J., Zaborszky, L., Miiller, E.J., Wainstein, G.,
Calamante, F., Shine, J.M., 2022. Structural connections between the noradrenergic
and cholinergic system shape the dynamics of functional brain networks.
Neuroimage 260, 119455. https://doi.org/10.1016/j.neuroimage.2022.119455.

Teipel, S.J., Meindl, T., Wagner, M., Stieltjes, B., Reuter, S., Hauenstein, K.-H.,

Filippi, M., Ernemann, U., Reiser, M.F., Hampel, H., 2010. Longitudinal changes in
fiber tract integrity in healthy aging and mild cognitive impairment: a DTI follow-up
study. J. Alzheimers Dis. 22, 507-522. https://doi.org/10.3233/JAD-2010-100234.

Tekieh, T., Robinson, P.A., Postnova, S., 2022. Cortical waste clearance in normal and
restricted sleep with potential runaway tau buildup in Alzheimer’s disease. Sci. Rep.
12, 13740. https://doi.org/10.1038/s41598-022-15109-6.

Thal, D.R., Riib, U., Schultz, C., Sassin, 1., Ghebremedhin, E., Del Tredici, K., Braak, E.,
Braak, H., 2000. Sequence of Abeta-protein deposition in the human medial
temporal lobe. J. Neuropathol. Exp. Neurol. 59, 733-748. https://doi.org/10.1093/
jnen/59.8.733.

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

Thal, D.R., Larionov, S., Abramowski, D., Wiederhold, K.-H., Van Dooren, T.,
Yamaguchi, H., Haass, C., Van Leuven, F., Staufenbiel, M., Capetillo-Zarate, E., 2007.
Occurrence and co-localization of amyloid beta-protein and apolipoprotein E in
perivascular drainage channels of wild-type and APP-transgenic mice. Neurobiol.
Aging 28, 1221-1230. https://doi.org/10.1016/j.neurobiolaging.2006.05.029.


https://doi.org/10.1073/pnas.2117625118
https://doi.org/10.1073/pnas.2117625118
https://doi.org/10.1016/j.pneurobio.2025.102821
https://doi.org/10.1016/j.pneurobio.2025.102821
https://doi.org/10.1016/j.nbd.2019.104589
https://doi.org/10.1016/j.nbd.2019.104589
https://doi.org/10.1038/s41583-024-00797-y
https://doi.org/10.1038/s41583-024-00797-y
https://doi.org/10.1097/00001756-199712220-00014
https://doi.org/10.1097/00001756-199712220-00014
https://doi.org/10.1016/j.arr.2024.102509
https://doi.org/10.1016/j.arr.2024.102509
https://doi.org/10.1038/32654
https://doi.org/10.1523/JNEUROSCI.18-21-08990.1998
https://doi.org/10.1523/JNEUROSCI.18-21-08990.1998
https://doi.org/10.3389/fnins.2021.590619
https://doi.org/10.1038/s41467-017-01782-z
https://doi.org/10.1177/1073858420939552
https://doi.org/10.1177/1073858420939552
https://doi.org/10.1177/10738584231189435
https://doi.org/10.1007/s00401-017-1709-7
https://doi.org/10.1007/s00401-017-1709-7
https://doi.org/10.1159/000275062
https://doi.org/10.1038/s41467-023-40548-8
https://doi.org/10.1016/0006-8993(81)91149-5
https://doi.org/10.1016/0006-8993(81)91149-5
https://doi.org/10.1007/s00441-018-2814-1
https://doi.org/10.1007/s00441-018-2814-1
https://doi.org/10.5665/sleep.3762
https://doi.org/10.1113/JP277779
https://doi.org/10.1111/bpa.12289
https://doi.org/10.1093/cercor/bhab226
https://doi.org/10.1093/cercor/bhab226
https://doi.org/10.1016/j.eclinm.2021.100988
https://doi.org/10.3233/JAD-220808
https://doi.org/10.1016/j.medp.2024.100060
https://doi.org/10.1038/s41593-022-01236-w
https://doi.org/10.1038/s41593-022-01236-w
https://doi.org/10.1016/j.neuroimage.2020.117301
https://doi.org/10.1038/s41380-021-01136-8
https://doi.org/10.1111/jnc.13691
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1016/j.cub.2018.09.054
https://doi.org/10.1177/0269881113490326
https://doi.org/10.1002/ana.20533
https://doi.org/10.1002/ana.20533
https://doi.org/10.1007/BF00688687
https://doi.org/10.1007/BF00688687
https://doi.org/10.3390/ijms26093994
https://doi.org/10.3390/ijms26093994
https://doi.org/10.1016/S1388-2457(03)00002-6
https://doi.org/10.1016/S1388-2457(03)00002-6
https://doi.org/10.1016/j.neuron.2010.02.011
https://doi.org/10.1016/j.neuron.2010.02.011
https://doi.org/10.3389/fneur.2021.645171
https://doi.org/10.3389/fneur.2021.645171
https://doi.org/10.1371/journal.pcbi.1009163
https://doi.org/10.1093/cercor/bhad137
https://doi.org/10.1038/s41398-022-02024-7
https://doi.org/10.1016/S0140-6736(25)00184-9
https://doi.org/10.1523/JNEUROSCI.1748-13.2013
https://doi.org/10.1523/JNEUROSCI.1748-13.2013
https://doi.org/10.1016/j.jbc.2024.108147
https://doi.org/10.1016/j.neuroimage.2022.119455
https://doi.org/10.3233/JAD-2010-100234
https://doi.org/10.1038/s41598-022-15109-6
https://doi.org/10.1093/jnen/59.8.733
https://doi.org/10.1093/jnen/59.8.733
https://doi.org/10.1212/wnl.58.12.1791
https://doi.org/10.1016/j.neurobiolaging.2006.05.029

A. Antonioni

Thamizhmani, L., Ganapathy, K., Palaniswamy, H.P., Patil, D.S., Purdy, S.C., 2024.
Efficacy of acoustic stimulation techniques on cognitive functions in individuals with
Alzheimer’s disease—a scoping review. Alz Res Ther. 16, 174. https://doi.org/
10.1186/513195-024-01544-2.

Theofilas, P., Ehrenberg, A.J., Dunlop, S., Di Lorenzo Alho, A.T., Nguy, A., Leite, R.E.P.,
Rodriguez, R.D., Mejia, M.B., Suemoto, C.K., Ferretti-Rebustini, R.E.D.L.,

Polichiso, L., Nascimento, C.F., Seeley, W.W., Nitrini, R., Pasqualucci, C.A., Jacob
Filho, W., Rueb, U., Neuhaus, J., Heinsen, H., Grinberg, L.T., 2017. Locus coeruleus
volume and cell population changes during Alzheimer’s disease progression: A
stereological study in human postmortem brains with potential implication for early-
stage biomarker discovery. Alzheimers Dement 13, 236-246. https://doi.org/
10.1016/j.jalz.2016.06.2362.

Theriault, J.E., Katsumi, Y., Reimann, H.M., Zhang, J., Deming, P., Dickerson, B.C.,
Quigley, K.S., Barrett, L.F., 2025. It’s not the thought that counts: Allostasis at the
core of brain function. Neuron 113, 4107-4133. https://doi.org/10.1016/j.
neuron.2025.09.028.

Therriault, J., Pascoal, T.A., Lussier, F.Z., Tissot, C., Chamoun, M., Bezgin, G., Servaes, S.,
Benedet, A.L., Ashton, N.J., Karikari, T.K., Lantero-Rodriguez, J., Kunach, P.,
Wang, Y.-T., Fernandez-Arias, J., Massarweh, G., Vitali, P., Soucy, J.-P., Saha-
Chaudhuri, P., Blennow, K., Zetterberg, H., Gauthier, S., Rosa-Neto, P., 2022.
Biomarker modeling of Alzheimer’s disease using PET-based Braak staging. Nat.
Aging 2, 526-535. https://doi.org/10.1038/543587-022-00204-0.

Thomann, P.A., Dos Santos, V., Toro, P., Schonknecht, P., Essig, M., Schroder, J., 2009b.
Reduced olfactory bulb and tract volume in early Alzheimer’s disease-a MRI study.
Neurobiol. Aging 30, 838-841. https://doi.org/10.1016/].
neurobiolaging.2007.08.001.

Thomann, P.A., Dos Santos, V., Seidl, U., Toro, P., Essig, M., Schroder, J., 2009a. MRI-
derived atrophy of the olfactory bulb and tract in mild cognitive impairment and
Alzheimer’s disease. J. Alzheimers Dis. 17, 213-221. https://doi.org/10.3233/JAD-
2009-1036.

Thomsen, M.S., Routhe, L.J., Moos, T., 2017. The vascular basement membrane in the
healthy and pathological brain. J. Cereb. Blood Flow. Metab. 37, 3300-3317.
https://doi.org/10.1177/0271678X17722436.

Tian, Q., An, Y., Kitner-Triolo, M.H., Davatzikos, C., Studenski, S.A., Ferrucci, L.,
Resnick, S.M., 2023. Associations of Olfaction With Longitudinal Trajectories of
Brain Volumes and Neuropsychological Function in Older Adults. Neurology 100,
€964-e974. https://doi.org/10.1212/WNL.0000000000201646.

Tissot, C., Servaes, S., Lussier, F.Z., Ferrari-Souza, J.P., Therriault, J., Ferreira, P.C.L.,
Bezgin, G., Bellaver, B., Leffa, D.T., Mathotaarachchi, S.S., Chamoun, M.,
Stevenson, J., Rahmouni, N., Kang, M.S., Pallen, V., Margherita-Poltronetti, N.,
Wang, Y.-T., Fernandez-Arias, J., Benedet, A.L., Zimmer, E.R., Soucy, J.-P.,
Tudorascu, D.L., Cohen, A.D., Sharp, M., Gauthier, S., Massarweh, G., Lopresti, B.,
Klunk, W.E., Baker, S.L., Villemagne, V.L., Rosa-Neto, P., Pascoal, T.A., 2023. The
Association of Age-Related and Off-Target Retention with Longitudinal
Quantification of [18F]MK6240 Tau PET in Target Regions. J. Nucl. Med 64,
452-459. https://doi.org/10.2967/jnumed.122.264434.

Titulaer, J., Bjorkholm, C., Feltmann, K., Malmlof, T., Mishra, D., Bengtsson Gonzales, C.,
Schilstrom, B., Konradsson-Geuken, A., 2021. The Importance of Ventral
Hippocampal Dopamine and Norepinephrine in Recognition Memory. Front Behav.
Neurosci. 15, 667244. https://doi.org/10.3389/fnbeh.2021.667244.

Tobaldini, E., Nobili, L., Strada, S., Casali, K.R., Braghiroli, A., Montano, N., 2013. Heart
rate variability in normal and pathological sleep. Front. Physiol. 4. https://doi.org/
10.3389/fphys.2013.00294.

Toccaceli Blasi, M., Valletta, M., Trebbastoni, A., D’Antonio, F., Talarico, G.,
Campanelli, A., Sepe Monti, M., Salati, E., Gasparini, M., Buscarnera, S., Salzillo, M.,
Canevelli, M., Bruno, G., 2023. Sundowning in Patients with Dementia:
Identification, Prevalence, and Clinical Correlates. J. Alzheimer’S. Dis. 94, 601-610.
https://doi.org/10.3233/JAD-230094.

Tolar, M., Hey, J., Power, A., Abushakra, S., 2021. Neurotoxic Soluble Amyloid
Oligomers Drive Alzheimer’s Pathogenesis and Represent a Clinically Validated
Target for Slowing Disease Progression. Int J. Mol. Sci. 22, 6355. https://doi.org/
10.3390/ijms22126355.

Tomassini, A., Hezemans, F.H., Ye, R., Tsvetanov, K.A., Wolpe, N., Rowe, J.B., 2022.
Prefrontal Cortical Connectivity Mediates Locus Coeruleus Noradrenergic Regulation
of Inhibitory Control in Older Adults. J. Neurosci. 42, 3484-3493. https://doi.org/
10.1523/JNEUROSCI.1361-21.2022.

Tomic, J.L., Pensalfini, A., Head, E., Glabe, C.G., 2009. Soluble fibrillar oligomer levels
are elevated in Alzheimer’s disease brain and correlate with cognitive dysfunction.
Neurobiol. Dis. 35, 352-358. https://doi.org/10.1016/j.n1bd.2009.05.024.

Toniolo, S., Serra, L., Olivito, G., Caltagirone, C., Mercuri, N.B., Marra, C.,

Cercignani, M., Bozzali, M., 2020. Cerebellar White Matter Disruption in Alzheimer’s
Disease Patients: A Diffusion Tensor Imaging Study. J. ALZHEIMERS Dis. 74,
615-624. https://doi.org/10.3233/JAD-191125.

Toniolo, S., Pisotta, I., Manto, M., 2023. Editorial: The role of the cerebellum in dementia

Tononi, G., Cirelli, C., 2006. Sleep function and synaptic homeostasis. Sleep. Med Rev.
10, 49-62. https://doi.org/10.1016/j.smrv.2005.05.002.

Tononi, G., Cirelli, C., 2014. Sleep and the price of plasticity: from synaptic and cellular
homeostasis to memory consolidation and integration. Neuron 81, 12-34. https://
doi.org/10.1016/j.neuron.2013.12.025.

Topalis, V., Voros, C., Ziaka, M., 2026. Targeting Inflammation in Alzheimer’s Disease:
Insights Into Pathophysiology and Therapeutic Avenues-A Comprehensive Review.
J. Geriatr. Psychiatry Neurol. 39, 115-144. https://doi.org/10.1177/
08919887251361578.

Toro, M.D.C., Demarco, F.R., Giacomin, L.T., da Cunha, F.R., Dos Reis, M.G.A.,
Sakano, E., 2023. Self-awareness of olfactory dysfunction in elderly individuals

42

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

without neurodegenerative diseases. Eur. Arch. Otorhinolaryngol. 280, 473-478.
https://doi.org/10.1007/s00405-022-07614-1.

Torres-Herraez, A., Watson, T.C., Rondi-Reig, L., 2022. Delta Oscillations Coordinate
Intracerebellar and Cerebello-Hippocampal Network Dynamics during Sleep.

J. Neurosci. 42, 2268-2281. https://doi.org/10.1523/JNEUROSCIL.1479-21.2021.

Tran, T.T., Speck, C.L., Gallagher, M., Bakker, A., 2022. Lateral entorhinal cortex
dysfunction in amnestic mild cognitive impairment. Neurobiol. Aging 112, 151-160.
https://doi.org/10.1016/j.neurobiolaging.2021.12.008.

Trecca, E.M.C., Marano, P.G., Madaro, F., Fortunato, F., Frisotti, D.R., Caponio, V.C.A.,
Vocale, M., Cassano, M., 2024. Impact of obstructive sleep apnea syndrome on
olfactory and gustatory capacity. Chem. Senses 49, bjae022. https://doi.org/
10.1093/chemse/bjae022.

Tripanpitak, K., Wolf, A., Kapitonova, M., Umeda, S., Ball, T., Otake-Matsuura, M., 2026.
Biomarkers for Alzheimer’s disease and mild cognitive impairment: Recent advances
in task-based EEG. J. Alzheimer’S. Dis. 110, 58-73. https://doi.org/10.1177/
13872877251413700.

Tsering, W., de la Rosa, A., Ruan, 1.Y., Philips, J.L., Bathe, T., Villareal, J.A., Prokop, S.,
2025. Preferential clustering of microglia and astrocytes around neuritic plaques
during progression of Alzheimer’s disease neuropathological changes. J. Neurochem.
169, el16275. https://doi.org/10.1111/jnc.16275.

Tsolaki, A.C., Kosmidou, V., Kompatsiaris, I. (Yiannis), Papadaniil, C., Hadjileontiadjis, L.,
Adam, A., Tsolaki, M., 2017. Brain source localization of MMN and P300 ERPs in
mild cognitive impairment and Alzheimer’s disease: a high-density EEG approach.
Neurobiol. Aging 55, 190-201. https://doi.org/10.1016/j.
neurobiolaging.2017.03.025.

Turner, J.R., Ortinski, P.I., Sherrard, R.M., Kellar, K.J., 2011. Cerebellar Nicotinic
Cholinergic Receptors are Intrinsic to the Cerebellum: Implications for Diverse
Functional Roles. Cerebellum 10, 748-757. https://doi.org/10.1007/s12311-011-
0285-y.

Ubeda-Banon, I., Saiz-Sanchez, D., Flores-Cuadrado, A., Rioja-Corroto, E., Gonzalez-
Rodriguez, M., Villar-Conde, S., Astillero-Lopez, V., Cabello-de la Rosa, J.P.,
Gallardo-Alcaniz, M.J., Vaamonde-Gamo, J., Relea-Calatayud, F., Gonzalez-

Lopez, L., Mohedano-Moriano, A., Rabano, A., Martinez-Marcos, A., 2020. The
human olfactory system in two proteinopathies: Alzheimer’s and Parkinson’s
diseases. Transl. Neurodegener. 9, 22. https://doi.org/10.1186/540035-020-00200-
7.

Ueha, R., Ueha, S., Kondo, K., Sakamoto, T., Kikuta, S., Kanaya, K., Nishijima, H.,
Matsushima, K., Yamasoba, T., 2016. Damage to Olfactory Progenitor Cells Is
Involved in Cigarette Smoke-Induced Olfactory Dysfunction in Mice. Am. J. Pathol.
186, 579-586. https://doi.org/10.1016/j.ajpath.2015.11.009.

Um, Y.H., Wang, S.-M., Kang, D.W., Kim, Sunghwan, Kim, Suhyung, Kim, D., Choe, Y.S.,
Kim, R.E.Y., Lim, H.K., 2026. Cerebellar subregional structural changes across the
Alzheimer’s disease continuum: a longitudinal analysis of cognitive and behavioural
correlates. Brain Commun. 8, fcaf500. https://doi.org/10.1093/braincomms/
fcaf500.

Ungvari, Z., Fekete, M., Lehoczki, A., Munkdcsy, G., Fekete, J.T., Z&bo, V., Purebl, G.,
Varga, P., Ungvari, A., Gy6rffy, B., 2025. Sleep disorders increase the risk of
dementia, Alzheimer’s disease, and cognitive decline: a meta-analysis. Geroscience
47, 4899-4920. https://doi.org/10.1007/s11357-025-01637-2.

Urbini, N., Siciliano, L., Olivito, G., Leggio, M., 2023. Unveiling the role of cerebellar
alterations in the autonomic nervous system: a systematic review of autonomic
dysfunction in spinocerebellar ataxias. J. Neurol. 270, 5756-5772. https://doi.org/
10.1007/s00415-023-11993-8.

Van Egroo, M., Narbutas, J., Chylinski, D., Villar Gonzélez, P., Maquet, P., Salmon, E.,
Bastin, C., Collette, F., Vandewalle, G., 2019. Sleep-wake regulation and the
hallmarks of the pathogenesis of Alzheimer’s disease. Sleep 42, zsz017. https://doi.
0rg/10.1093/sleep/zsz017.

Van Egroo, M., Koshmanova, E., Vandewalle, G., Jacobs, H.L.L., 2022. Importance of the
locus coeruleus-norepinephrine system in sleep-wake regulation: Implications for
aging and Alzheimer’s disease. Sleep. Med. Rev. 62, 101592. https://doi.org/
10.1016/j.smrv.2022.101592.

Van Egroo, M., Riphagen, J.M., Ashton, N.J., Janelidze, S., Sperling, R.A., Johnson, K.A.,
Yang, H.-S., Bennett, D.A., Blennow, K., Hansson, O., Zetterberg, H., Jacobs, H.LL.,
2023. Ultra-high field imaging, plasma markers and autopsy data uncover a specific
rostral locus coeruleus vulnerability to hyperphosphorylated tau. Mol. Psychiatry 28,
2412-2422. https://doi.org/10.1038/s41380-023-02041-y.

Van Egroo, M., van Someren, E.J.W., Grinberg, L.T., Bennett, D.A., Jacobs, H.LL., 2024.
Associations of 24-Hour Rest-Activity Rhythm Fragmentation, Cognitive Decline,
and Postmortem Locus Coeruleus Hypopigmentation in Alzheimer’s Disease. Ann.
Neurol. 95, 653-664. https://doi.org/10.1002/ana.26880.

Van Rossem, D., Allemeersch, G.-J., Barros, N., Temmerman, J., Desmet, M., Ringoot, .,
Ribbens, A., Michiels, V., De Mey, J., Baeken, C., Engelborghs, S., De Witte, S., 2025.
Assessing the link between cerebellar volume and cognitive function in Alzheimer’s
disease: a pilot study. Sci. Rep. 15, 32943. https://doi.org/10.1038/s41598-025-
12975-8.

Vance, D.E., Del Bene, V.A,, Kamath, V., Frank, J.S., Billings, R., Cho, D.-Y., Byun, J.Y.,
Jacob, A., Anderson, J.N., Visscher, K., Triebel, K., Martin, K.M., Li, W., Puga, F.,
Fazeli, P.L., 2023. Does Olfactory Training Improve Brain Function and Cognition? A
Systematic Review. Neuropsychol. Rev. 1-37. https://doi.org/10.1007/s11065-022-
09573-0.

Vasavada, M.M., Wang, J., Eslinger, P.J., Gill, D.J., Sun, X., Karunanayaka, P., Yang, Q.
X., 2015. Olfactory Cortex Degeneration in Alzheimer’s Disease and Mild Cognitive
Impairment. J. Alzheimer’S. Dis. 45, 947-958. https://doi.org/10.3233/JAD-
141947.

Vecchi, T., Gatti, D., 2020. Memory as Prediction: From Looking Back to Looking
Forward. MIT Press.


https://doi.org/10.1186/s13195-024-01544-2
https://doi.org/10.1186/s13195-024-01544-2
https://doi.org/10.1016/j.jalz.2016.06.2362
https://doi.org/10.1016/j.jalz.2016.06.2362
https://doi.org/10.1016/j.neuron.2025.09.028
https://doi.org/10.1016/j.neuron.2025.09.028
https://doi.org/10.1038/s43587-022-00204-0
https://doi.org/10.1016/j.neurobiolaging.2007.08.001
https://doi.org/10.1016/j.neurobiolaging.2007.08.001
https://doi.org/10.3233/JAD-2009-1036
https://doi.org/10.3233/JAD-2009-1036
https://doi.org/10.1177/0271678X17722436
https://doi.org/10.1212/WNL.0000000000201646
https://doi.org/10.2967/jnumed.122.264434
https://doi.org/10.3389/fnbeh.2021.667244
https://doi.org/10.3389/fphys.2013.00294
https://doi.org/10.3389/fphys.2013.00294
https://doi.org/10.3233/JAD-230094
https://doi.org/10.3390/ijms22126355
https://doi.org/10.3390/ijms22126355
https://doi.org/10.1523/JNEUROSCI.1361-21.2022
https://doi.org/10.1523/JNEUROSCI.1361-21.2022
https://doi.org/10.1016/j.nbd.2009.05.024
https://doi.org/10.3233/JAD-191125
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref866
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref866
https://doi.org/10.1016/j.smrv.2005.05.002
https://doi.org/10.1016/j.neuron.2013.12.025
https://doi.org/10.1016/j.neuron.2013.12.025
https://doi.org/10.1177/08919887251361578
https://doi.org/10.1177/08919887251361578
https://doi.org/10.1007/s00405-022-07614-1
https://doi.org/10.1523/JNEUROSCI.1479-21.2021
https://doi.org/10.1016/j.neurobiolaging.2021.12.008
https://doi.org/10.1093/chemse/bjae022
https://doi.org/10.1093/chemse/bjae022
https://doi.org/10.1177/13872877251413700
https://doi.org/10.1177/13872877251413700
https://doi.org/10.1111/jnc.16275
https://doi.org/10.1016/j.neurobiolaging.2017.03.025
https://doi.org/10.1016/j.neurobiolaging.2017.03.025
https://doi.org/10.1007/s12311-011-0285-y
https://doi.org/10.1007/s12311-011-0285-y
https://doi.org/10.1186/s40035-020-00200-7
https://doi.org/10.1186/s40035-020-00200-7
https://doi.org/10.1016/j.ajpath.2015.11.009
https://doi.org/10.1093/braincomms/fcaf500
https://doi.org/10.1093/braincomms/fcaf500
https://doi.org/10.1007/s11357-025-01637-2
https://doi.org/10.1007/s00415-023-11993-8
https://doi.org/10.1007/s00415-023-11993-8
https://doi.org/10.1093/sleep/zsz017
https://doi.org/10.1093/sleep/zsz017
https://doi.org/10.1016/j.smrv.2022.101592
https://doi.org/10.1016/j.smrv.2022.101592
https://doi.org/10.1038/s41380-023-02041-y
https://doi.org/10.1002/ana.26880
https://doi.org/10.1038/s41598-025-12975-8
https://doi.org/10.1038/s41598-025-12975-8
https://doi.org/10.1007/s11065-022-09573-0
https://doi.org/10.1007/s11065-022-09573-0
https://doi.org/10.3233/JAD-141947
https://doi.org/10.3233/JAD-141947
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref890
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref890

A. Antonioni

Vemuri, P., Lowe, V.J., Knopman, D.S., Senjem, M.L., Kemp, B.J., Schwarz, C.G.,
Przybelski, S.A., Machulda, M.M., Petersen, R.C., Jack, C.R., 2017. Tau-PET uptake:
Regional variation in average SUVR and impact of amyloid deposition. Alzheimers
Dement (Amst. 6, 21-30. https://doi.org/10.1016/j.dadm.2016.12.010.

Villarejo-Galende, A., Gonzalez-Sanchez, M., Blanco-Palmero, V.A., Llamas-Velasco, S.,
Benito-Ledn, J., 2020. Non-steroidal Anti-inflammatory Drugs as Candidates for the
Prevention or Treatment of Alzheimer’s Disease: Do they Still Have a Role? Curr.
Alzheimer Res 17, 1013-1022. https://doi.org/10.2174/
1567205017666201127163018.

Vojtechova, 1., Machacek, T., Kristofikova, Z., Stuchlik, A., Petrasek, T., 2022. Infectious
origin of Alzheimer’s disease: Amyloid beta as a component of brain antimicrobial
immunity. PLoS Pathog. 18, €1010929. https://doi.org/10.1371/journal.
ppat.1010929.

Wabnegger, A., Schienle, A., 2019. Cerebellar Gray Matter and Olfactory Performance.
Chem. Senses 44, 507-510. https://doi.org/10.1093/chemse/bjz045.

Wagatsuma, A., Okuyama, T., Sun, C., Smith, L.M., Abe, K., Tonegawa, S., 2018. Locus
coeruleus input to hippocampal CA3 drives single-trial learning of a novel context.
Proc. Natl. Acad. Sci. USA 115, E310-E316. https://doi.org/10.1073/
pnas.1714082115.

Wahlheim, C.N., Christensen, A.P., Reagh, Z.M., Cassidy, B.S., 2022. Intrinsic functional
connectivity in the default mode network predicts mnemonic discrimination: A
connectome-based modeling approach. Hippocampus 32, 21-37. https://doi.org/
10.1002/hipo.23393.

Wainstein, G., Miiller, E.J., Taylor, N., Munn, B., Shine, J.M., 2022. The role of the locus
coeruleus in shaping adaptive cortical melodies. Trends Cogn. Sci. 26, 527-538.
https://doi.org/10.1016/j.tics.2022.03.006.

Walchli, C., Griinig, V., Tal, K., Rodondi, N., Berlin, I., Humair, J.-P., Frei, A., Pohle, S.,
Jakob, J., Auer, R., Poletti, S.C., Schoeni, A., 2025. Association between duration or
intensity of tobacco smoking and olfactory function: A cross-sectional study among
smokers willing to quit smoking, 10.18332/tid/211073 Tob. Induc. Dis. 23. https://
doi.org/10.18332/tid/211073.

Walker, K.A,, Sharrett, A.R., Wu, A., Schneider, A.L.C., Albert, M., Lutsey, P.L., Bandeen-
Roche, K., Coresh, J., Gross, A.L., Windham, B.G., Knopman, D.S., Power, M.C.,
Rawlings, A.M., Mosley, T.H., Gottesman, R.F., 2019. Association of Midlife to Late-
Life Blood Pressure Patterns With Incident Dementia. JAMA 322, 535-545. https://
doi.org/10.1001/jama.2019.10575.

Wamsley, E.J., 2014. Dreaming and offline memory consolidation. Curr. Neurol.
Neurosci. Rep. 14, 433. https://doi.org/10.1007/5s11910-013-0433-5.

Wang, C., Holtzman, D.M., 2020. Bidirectional relationship between sleep and
Alzheimer’s disease: role of amyloid, tau, and other factors.
Neuropsychopharmacology 45, 104-120. https://doi.org/10.1038/s41386-019-
0478-5.

Wang, J., Eslinger, P.J., Doty, R.L., Zimmerman, E.K., Grunfeld, R., Sun, X.,
Meadowcroft, M.D., Connor, J.R., Price, J.L., Smith, M.B., Yang, Q.X., 2010.
Olfactory deficit detected by fMRI in early Alzheimer’s disease. Brain Res 1357,
184-194. https://doi.org/10.1016/j.brainres.2010.08.018.

Wang, Q., Chen, B., Zhong, X., Zhou, H., Zhang, M., Mai, N., Wu, Z., Huang, X.,
Haehner, A., Chen, X., Auber, L.A., Peng, Q., Hummel, T., Ning, Y., 2021. Olfactory
Dysfunction Is Already Present with Subjective Cognitive Decline and Deepens with
Disease Severity in the Alzheimer’s Disease Spectrum. J. Alzheimers Dis. 79,
585-595. https://doi.org/10.3233/JAD-201168.

Wang, Y., Li, Q., Yao, L., He, N., Tang, Y., Chen, L., Long, F., Chen, Y., Kemp, G.J., Lui, S.,
Li, F., 2024. Shared and differing functional connectivity abnormalities of the default
mode network in mild cognitive impairment and Alzheimer’s disease. Cereb. Cortex
34, bhae094. https://doi.org/10.1093/cercor/bhae094.

Warfield, A.E., Gupta, P., Ruhmann, M.M., Jeffs, Q.L., Guidone, G.C., Rhymes, HW.,
Thompson, M.I., Todd, W.D., 2023. A brainstem to circadian system circuit links Tau
pathology to sundowning-related disturbances in an Alzheimer’s disease mouse
model. Nat. Commun. 14, 5027. https://doi.org/10.1038/541467-023-40546-w.

Warmenhoven, N., Salvadé, G., Janelidze, S., Mattsson-Carlgren, N., Bali, D., Orduna
Dolado, A., Kolb, H., Triana-Baltzer, G., Barthélemy, N.R., Schindler, S.E.,
Aschenbrenner, A.J., Raji, C.A., Benzinger, T.L.S., Morris, J.C., Ibanez, L.,

Timsina, J., Cruchaga, C., Bateman, R.J., Ashton, N., Arslan, B., Zetterberg, H.,
Blennow, K., Pichet Binette, A., Hansson, O., 2025. A comprehensive head-to-head
comparison of key plasma phosphorylated tau 217 biomarker tests. Brain 148,
416-431. https://doi.org/10.1093/brain/awae346.

Waterhouse, B.D., Navarra, R.L., 2019. The locus coeruleus-norepinephrine system and
sensory signal processing: A historical review and current perspectives. Brain Res
1709, 1-15. https://doi.org/10.1016/j.brainres.2018.08.032.

Waterhouse, B.D., Predale, H.K., Plummer, N.W., Jensen, P., Chandler, D.J., 2022.
Probing the structure and function of locus coeruleus projections to CNS motor
centers. Front. Neural Circuits 16. https://doi.org/10.3389/fncir.2022.895481.

Waymel, A., Friedrich, P., Bastian, P.-A., Forkel, S.J., Thiebaut de Schotten, M., 2020.
Anchoring the human olfactory system within a functional gradient. Neuroimage
216, 116863. https://doi.org/10.1016/j.neuroimage.2020.116863.

Webers, A., Heneka, M.T., Gleeson, P.A., 2020. The role of innate immune responses and
neuroinflammation in amyloid accumulation and progression of Alzheimer’s disease.
Immunol. Cell Biol. 98, 28-41. https://doi.org/10.1111/imcb.12301.

Wei, Y., Jiang, X., Li, Y., Chen, L., Wu, D., 2025. Association Between Limited Airflow in
Olfactory Cleft and Impaired Olfactory Function: A Systematic Review. Am. J.
Rhinol. Allergy 39, 431-443. https://doi.org/10.1177/19458924251360408.

Weiler, M., Northoff, G., Damasceno, B.P., Balthazar, M.L.F., 2016. Self, cortical midline
structures and the resting state: Implications for Alzheimer’s disease. Neurosci.
Biobehav Rev. 68, 245-255. https://doi.org/10.1016/j.neubiorev.2016.05.028.

43

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

Weinshenker, D., 2018. Long Road to Ruin: Noradrenergic Dysfunction in
Neurodegenerative Disease. Trends Neurosci. 41, 211-223. https://doi.org/
10.1016/j.tins.2018.01.010.

Whitcroft, K.L., Hummel, T., 2019. Clinical Diagnosis and Current Management
Strategies for Olfactory Dysfunction: A Review. JAMA Otolaryngol. Head. Neck Surg.
145, 846-853. https://doi.org/10.1001/jamaoto.2019.1728.

White, T.L., 2009. A second look at the structure of human olfactory memory. Ann. N. Y
Acad. Sci. 1170, 338-342. https://doi.org/10.1111/j.1749-6632.2009.03878.x.
Whitt, J.L., Ewall, G., Chakraborty, D., Adegbesan, A., Lee, R., Kanold, P.O., Lee, H.-K.,
2022. Visual Deprivation Selectively Reduces Thalamic Reticular Nucleus-Mediated
Inhibition of the Auditory Thalamus in Adults. J. Neurosci. 42, 7921-7930. https://

doi.org/10.1523/JNEUROSCI.2032-21.2022.

Wilson, B.S., Tucci, D.L., Merson, M.H., O’Donoghue, G.M., 2017. Global hearing health
care: new findings and perspectives. Lancet 390, 2503-2515. https://doi.org/
10.1016/50140-6736(17)31073-5.

Wilson, D.A., 2010. Single-unit activity in piriform cortex during slow-wave state is
shaped by recent odor experience. J. Neurosci. 30, 1760-1765. https://doi.org/
10.1523/JNEUROSCI.5636-09.2010.

Wilson, D.A., Yan, X., 2010. Sleep-like states modulate functional connectivity in the rat
olfactory system. J. Neurophysiol. 104, 3231-3239. https://doi.org/10.1152/
jn.00711.2010.

Wilson, D.A., Best, A.R., Sullivan, R.M., 2004. Plasticity in the Olfactory System: Lessons
for the Neurobiology of Memory. Neuroscientist 10, 513-524. https://doi.org/
10.1177/1073858404267048.

Wilson, D.A., Hoptman, M.J., Gerum, S.V., Guilfoyle, D.N., 2011. State-dependent
functional connectivity of rat olfactory system assessed by fMRI. Neurosci. Lett. 497,
69-73. https://doi.org/10.1016/j.neulet.2011.04.031.

Wilson, R.S., Nag, S., Boyle, P.A., Hizel, L.P., Yu, L., Buchman, A.S., Schneider, J.A.,
Bennett, D.A., 2013. Neural reserve, neuronal density in the locus ceruleus, and
cognitive decline. Neurology 80, 1202-1208. https://doi.org/10.1212/
WNL.0b013e3182897103.

Winer, J.R., Morehouse, A., Fenton, L., Harrison, T.M., Ayangma, L., Reed, M., Kumar, S.,
Baker, S.L., Jagust, W.J., Walker, M.P., 2021. Tau and p-Amyloid Burden Predict
Actigraphy-Measured and Self-Reported Impairment and Misperception of Human
Sleep. J. Neurosci. 41, 7687-7696. https://doi.org/10.1523/JNEUROSCI.0353-
21.2021.

Witts, E.C., Mathews, M.A., Murray, A.J., 2023. The locus coeruleus directs sensory-
motor reflex amplitude across environmental contexts. Curr. Biol. 33, 4679-4688.e3.
https://doi.org/10.1016/j.cub.2023.08.085.

Wnuk, H.K., Van Orden, K.A., Wang, K.H., 2025. Bridging social isolation, loneliness, and
brain aging: A narrative review of mechanisms and translational interventions.
Neurosci. Biobehav Rev. 179, 106451. https://doi.org/10.1016/j.
neubiorev.2025.106451.

Wolpe, N., Ingram, J.N., Tsvetanov, K.A., Geerligs, L., Kievit, R.A., Henson, R.N.,
Wolpert, D.M., Cam-CAN, Rowe, J.B., 2016. Ageing increases reliance on
sensorimotor prediction through structural and functional differences in
frontostriatal circuits. Nat. Commun. 7, 13034. https://doi.org/10.1038/
ncomms13034.

Wu, A., Yu, B., Komiyama, T., 2020. Plasticity in olfactory bulb circuits. Curr. Opin.
Neurobiol. 64, 17-23. https://doi.org/10.1016/j.conb.2020.01.007.

Wu, Jing, Yin, X., Liu, Y., Ji, W., Li, J,, Xiao, G., Zhang, H., Liu, C., Wu, X., Xu, J.,
Huang, S., Hua, Y., Qiu, F., Lin, N., Wu, H., Wang, Y., Xu, C., Du, Q., 2025. The
combined effects of visual impairment, hearing loss, and olfactory dysfunction on
cognitive impairment: An individually matched case-control study. Alzheimers
Dement 21, €70439. https://doi.org/10.1002/alz.70439.

Wu, Junjie, Toporek, A., Lin, Q., Goldstein, F.C., Loring, D.W., Kelberman, M.A,,
Weinshenker, D., Levey, A.L, Lah, J.J., Qiu, D., 2025. Probing locus coeruleus
functional network in healthy aging and its association with Alzheimer’s disease
biomarkers using pupillometry. Alz Res Ther. 17, 53. https://doi.org/10.1186/
513195-025-01701-1.

Wu, N, Rao, X., Gao, Y., Wang, J., Xu, F., 2013. Amyloid-p Deposition and Olfactory
Dysfunction in an Alzheimer’s Disease Model. J. Alzheimer’S. Dis. 37, 699-712.
https://doi.org/10.3233/JAD-122443.

Wu, T., Hallett, M., 2013. The cerebellum in Parkinson’s disease. Brain 136, 696-709.
https://doi.org/10.1093/brain/aws360.

Wu, X., Yang, Z., Zou, J., Gao, H., Shao, Z., Li, C., Lei, P., 2025. Protein kinases in
neurodegenerative diseases: current understandings and implications for drug
discovery. Sig Transduct. Target Ther. 10, 146. https://doi.org/10.1038/541392-
025-02179-x.

Xia, T., Hu, X., 2025. Memory editing during sleep: mechanisms, clinical applications,
and technological innovations. Trends Cogn. Sci. 0. https://doi.org/10.1016/j.
tics.2025.07.010.

Xiang, W., Shen, Y., Chen, S., Tan, H., Cao, Q., Xu, L., 2024. Causal relationship between
sleep disorders and the risk of Alzheimer’s disease: A Mendelian randomization
study. Sleep. Med. 120, 34-43. https://doi.org/10.1016/j.sleep.2024.06.007.

Xu, L., Peng, L., An, X., Zhong, X., Shao, Y., Dong, Y., Fu, W., 2026. Sleep deprivation
disrupts postural balance and sensorimotor integration: A combined
psychophysiological-behavioral analysis. Neuroimage 325, 121667. https://doi.org/
10.1016/j.neuroimage.2025.121667.

Xu, W., De Carvalho, F., Clarke, A.K., Jackson, A., 2021. Communication from the
cerebellum to the neocortex during sleep spindles. Prog. Neurobiol. 199, 101940.
https://doi.org/10.1016/j.pneurobio.2020.101940.

Xu, W., De Carvalho, F., Jackson, A., 2022. Conserved Population Dynamics in the
Cerebro-Cerebellar System between Waking and Sleep. J. Neurosci. 42, 9415-9425.
https://doi.org/10.1523/JNEUROSCI.0807-22.2022.


https://doi.org/10.1016/j.dadm.2016.12.010
https://doi.org/10.2174/1567205017666201127163018
https://doi.org/10.2174/1567205017666201127163018
https://doi.org/10.1371/journal.ppat.1010929
https://doi.org/10.1371/journal.ppat.1010929
https://doi.org/10.1093/chemse/bjz045
https://doi.org/10.1073/pnas.1714082115
https://doi.org/10.1073/pnas.1714082115
https://doi.org/10.1002/hipo.23393
https://doi.org/10.1002/hipo.23393
https://doi.org/10.1016/j.tics.2022.03.006
https://doi.org/10.18332/tid/211073
https://doi.org/10.18332/tid/211073
https://doi.org/10.1001/jama.2019.10575
https://doi.org/10.1001/jama.2019.10575
https://doi.org/10.1007/s11910-013-0433-5
https://doi.org/10.1038/s41386-019-0478-5
https://doi.org/10.1038/s41386-019-0478-5
https://doi.org/10.1016/j.brainres.2010.08.018
https://doi.org/10.3233/JAD-201168
https://doi.org/10.1093/cercor/bhae094
https://doi.org/10.1038/s41467-023-40546-w
https://doi.org/10.1093/brain/awae346
https://doi.org/10.1016/j.brainres.2018.08.032
https://doi.org/10.3389/fncir.2022.895481
https://doi.org/10.1016/j.neuroimage.2020.116863
https://doi.org/10.1111/imcb.12301
https://doi.org/10.1177/19458924251360408
https://doi.org/10.1016/j.neubiorev.2016.05.028
https://doi.org/10.1016/j.tins.2018.01.010
https://doi.org/10.1016/j.tins.2018.01.010
https://doi.org/10.1001/jamaoto.2019.1728
https://doi.org/10.1111/j.1749-6632.2009.03878.x
https://doi.org/10.1523/JNEUROSCI.2032-21.2022
https://doi.org/10.1523/JNEUROSCI.2032-21.2022
https://doi.org/10.1016/S0140-6736(17)31073-5
https://doi.org/10.1016/S0140-6736(17)31073-5
https://doi.org/10.1523/JNEUROSCI.5636-09.2010
https://doi.org/10.1523/JNEUROSCI.5636-09.2010
https://doi.org/10.1152/jn.00711.2010
https://doi.org/10.1152/jn.00711.2010
https://doi.org/10.1177/1073858404267048
https://doi.org/10.1177/1073858404267048
https://doi.org/10.1016/j.neulet.2011.04.031
https://doi.org/10.1212/WNL.0b013e3182897103
https://doi.org/10.1212/WNL.0b013e3182897103
https://doi.org/10.1523/JNEUROSCI.0353-21.2021
https://doi.org/10.1523/JNEUROSCI.0353-21.2021
https://doi.org/10.1016/j.cub.2023.08.085
https://doi.org/10.1016/j.neubiorev.2025.106451
https://doi.org/10.1016/j.neubiorev.2025.106451
https://doi.org/10.1038/ncomms13034
https://doi.org/10.1038/ncomms13034
https://doi.org/10.1016/j.conb.2020.01.007
https://doi.org/10.1002/alz.70439
https://doi.org/10.1186/s13195-025-01701-1
https://doi.org/10.1186/s13195-025-01701-1
https://doi.org/10.3233/JAD-122443
https://doi.org/10.1093/brain/aws360
https://doi.org/10.1038/s41392-025-02179-x
https://doi.org/10.1038/s41392-025-02179-x
https://doi.org/10.1016/j.tics.2025.07.010
https://doi.org/10.1016/j.tics.2025.07.010
https://doi.org/10.1016/j.sleep.2024.06.007
https://doi.org/10.1016/j.neuroimage.2025.121667
https://doi.org/10.1016/j.neuroimage.2025.121667
https://doi.org/10.1016/j.pneurobio.2020.101940
https://doi.org/10.1523/JNEUROSCI.0807-22.2022

A. Antonioni

Yaffe, K., Freimer, D., Chen, H., Asao, K., Rosso, A., Rubin, S., Tranah, G., Cummings, S.,
Simonsick, E., 2017. Olfaction and risk of dementia in a biracial cohort of older
adults. Neurology 88, 456-462. https://doi.org/10.1212/WNL.0000000000003558.

Yamaguchi, M., 2017. The role of sleep in the plasticity of the olfactory system. Neurosci.
Res 118, 21-29. https://doi.org/10.1016/j.neures.2017.03.014.

Yamasaki, M., Takeuchi, T., 2017. Locus Coeruleus and Dopamine-Dependent Memory
Consolidation. Neural Plast. 2017, 8602690. https://doi.org/10.1155/2017/
8602690.

Yan, Y., Aierken, A., Wang, C., Song, D., Ni, J., Wang, Z., Quan, Z., Qing, H., 2022.

A potential biomarker of preclinical Alzheimer’s disease: The olfactory dysfunction
and its pathogenesis-based neural circuitry impairments. Neurosci. Biobehav Rev.
132, 857-869. https://doi.org/10.1016/j.neubiorev.2021.11.009.

Yang, C., Liu, G., Chen, X., Le, W., 2024. Cerebellum in Alzheimer’s disease and other
neurodegenerative diseases: an emerging research frontier. MedComm 5, e638.
https://doi.org/10.1002/mco02.638.

Yang, G., Xu, X., Gao, W., Wang, X., Zhao, Y., Xu, Y., 2025. Microglia-orchestrated
neuroinflammation and synaptic remodeling: roles of pro-inflammatory cytokines
and receptors in neurodegeneration. Front Cell Neurosci. 19, 1700692. https://doi.
org/10.3389/fncel.2025.1700692.

Yang, H., Luo, Y., Hu, Q., Tian, X., Wen, H., 2021. Benefits in Alzheimer’s Disease of
Sensory and Multisensory Stimulation. J. Alzheimer’S. Dis. 82, 463-484. https://doi.
org/10.3233/JAD-201554.

Yang, H., Yang, X., Yan, S., Sun, Z., 2022. Effect of acetylcholine deficiency on neural
oscillation in a brainstem-thalamus-cortex neurocomputational model related with
Alzheimer’s disease. Sci. Rep. 12, 14961. https://doi.org/10.1038/541598-022-
19304-3.

Yang, L., Guo, C., Zheng, Z., Dong, Y., Xie, Q., Lv, Z., Li, M., Ly, Y., Guo, X., Deng, R.,
Liu, Y., Feng, Y., Mu, R., Zhang, Xuliang, Ma, H., Chen, Z., Zhang, Z., Dong, Z.,
Yang, W., Zhang, Xiangnan, Cui, Y., 2025. Stress dynamically modulates neuronal
autophagy to gate depression onset. Nature 641, 427-437. https://doi.org/10.1038/
s41586-025-08807-4.

Yang, S., Xie, B., Liao, D., Sun, Y., Wang, Z., Zhang, H., Yang, Y., Guo, C., 2025.
Trajectory of olfactory cortex degeneration from normal cognition to Alzheimer’s
disease: Insights from multimodal neuroimaging. Neurobiol. Dis. 217, 107181.
https://doi.org/10.1016/j.nbd.2025.107181.

Yeshurun, Y., Lapid, H., Dudai, Y., Sobel, N., 2009. The privileged brain representation of
first olfactory associations. Curr. Biol. 19, 1869-1874. https://doi.org/10.1016/j.
cub.2009.09.066.

Yokoyama, T.K., Mochimaru, D., Murata, K., Manabe, H., Kobayakawa, K.,
Kobayakawa, R., Sakano, H., Mori, K., Yamaguchi, M., 2011. Elimination of adult-
born neurons in the olfactory bulb is promoted during the postprandial period.
Neuron 71, 883-897. https://doi.org/10.1016/j.neuron.2011.05.046.

Yousem, D.M., Williams, S.C., Howard, R.O., Andrew, C., Simmons, A., Allin, M.,
Geckle, R.J., Suskind, D., Bullmore, E.T., Brammer, M.J., Doty, R.L., 1997.
Functional MR imaging during odor stimulation: preliminary data. Radiology 204,
833-838. https://doi.org/10.1148/radiology.204.3.9280268.

Yousem, D.M., Maldjian, J.A., Hummel, T., Alsop, D.C., Geckle, R.J., Kraut, M.A.,
Doty, R.L., 1999. The effect of age on odor-stimulated functional MR imaging. AJNR
Am. J. Neuroradiol. 20, 600-608.

Yu, A.J., Dayan, P., 2005. Uncertainty, neuromodulation, and attention. Neuron 46,
681-692. https://doi.org/10.1016/j.neuron.2005.04.026.

Yu, H.-B,, Li, Z.-B., Zhang, H.-X., Wang, X.-L., 2006. Role of potassium channels in Abeta
(1-40)-activated apoptotic pathway in cultured cortical neurons. J. Neurosci. Res 84,
1475-1484. https://doi.org/10.1002/jnr.21054.

Yueh, B., Shapiro, N., MacLean, C.H., Shekelle, P.G., 2003. Screening and Management
of Adult Hearing Loss in Primary Care: Scientific Review. JAMA 289, 1976-1985.
https://doi.org/10.1001/jama.289.15.1976.

Zang, Y., De Schutter, E., 2019. Climbing Fibers Provide Graded Error Signals in
Cerebellar Learning. Front. Syst. Neurosci. 13. https://doi.org/10.3389/
fnsys.2019.00046.

Zarow, C., Lyness, S.A., Mortimer, J.A., Chui, H.C., 2003. Neuronal loss is greater in the
locus coeruleus than nucleus basalis and substantia nigra in Alzheimer and
Parkinson diseases. Arch. Neurol. 60, 337-341. https://doi.org/10.1001/
archneur.60.3.337.

Zeidler, Z., Hoffmann, K., Krook-Magnuson, E., 2020. HippoBellum: Acute Cerebellar
Modulation Alters Hippocampal Dynamics and Function. J. Neurosci. 40,
6910-6926. https://doi.org/10.1523/JNEUROSCI.0763-20.2020.

Zelano, C., Mohanty, A., Gottfried, J.A., 2011. Olfactory predictive codes and stimulus
templates in piriform cortex. Neuron 72, 178-187. https://doi.org/10.1016/j.
neuron.2011.08.010.

Zhang, A, Li, G., Yang, C., Liu, P., Wang, Yanfang, Kang, L., Wang, Yuchen, Zhang, K.,
2019. Alterations of amplitude of low-frequency fluctuation in treatment-resistant
versus non-treatment-resistant depression patients. Neuropsychiatr. Dis. Treat. 15,
2119-2128. https://doi.org/10.2147 /NDT.S199456.

Zhang, J., Liu, D., Fu, P., Liu, Z.-Q., Lai, C., Yang, C.-Q., Chen, K., Bao, W.-D., Hu, F.,
Du, H.-Y., Yang, W., Wang, J., Man, H.-Y., Lu, Y., Zhu, L.-Q., 2022. Social isolation
reinforces aging-related behavioral inflexibility by promoting neuronal necroptosis

Neuroscience and Biobehavioral Reviews 188 (2026) 106790

in basolateral amygdala. Mol. Psychiatry 27, 4050-4063. https://doi.org/10.1038/
541380-022-01694-5.

Zhang, J., Zhang, Y., Wang, J., Xia, Y., Zhang, Jiaxian, Chen, L., 2024. Recent advances
in Alzheimer’s disease: mechanisms, clinical trials and new drug development
strategies. Sig Transduct. Target Ther. 9, 211. https://doi.org/10.1038/541392-024-
01911-3.

Zhang, J., Kong, G., Yang, J., Pang, L., Li, X., 2025. Pathological mechanisms and
treatment progression of Alzheimer’s disease. Eur. J. Med Res 30, 625. https://doi.
org/10.1186/s40001-025-02886-9.

Zhang, Jinhuan, Ou, J., Lu, X., Wang, T., Dang, W., Ding, L., Liu, Y., Xu, J., Yan, B.,
Yu, H., 2025. Sleep disorders and the risk of cognitive decline or dementia: an
updated systematic review and meta-analysis of longitudinal studies. J. Neurol. 272,
689. https://doi.org/10.1007/s00415-025-13372-x.

Zhang, Q., Pang, Z., Lu, R., He, H., Ziemann, U., Gao, Z., 2025. Targeted Sensory System
Neuromodulation Improves Sensorimotor and Cognitive Deficits After Brain Injury:
Bridging Mechanisms to Practice. Neural Plast. 2025, 9100284. https://doi.org/
10.1155/np/9100284.

Zhang, W., Lian, T., He, M., Guo, P., Guan, H., Li, Jinghui, Qi, J., Luo, D., Li, Jing,
Zhang, Y., Huang, Y., Liu, G., Zhang, Weijia, Zheng, Z., Yue, H., Liu, Z., Zhang, F.,
Wang, R., Meng, Y., Zhang, Wei, 2025. Sleep disorders and Alzheimer’s disease:
relationship and mechanisms involving neuroinflammation, orexin and Ap. Fluids
Barriers CNS 22, 62. https://doi.org/10.1186/512987-025-00638-9.

Zhang, W., Liu, H., Qian, L., Zhang, C., Wang, D., Fang, K., Chen, R., Jiao, B., Shen, L.,
Liao, W., 2026. Altered cerebellar morphological similarity network correlates with
cognitive decline and cerebrospinal fluid biomarkers in mild Alzheimer’s disease: a
7T MRI study. Brain Res Bull., 111731 https://doi.org/10.1016/j.
brainresbull.2026.111731.

Zhang, X., Zhu, Y., Lu, J., Chen, Q., Chen, F., Long, C., Xu, X., Ge, D., Bai, Y., Liu, D.,
Du, S., Zhu, Z., Mai, X., Yang, Q.X., Zhang, B., 2024. Altered functional connectivity
of primary olfactory cortex-hippocampus-frontal cortex in subjective cognitive
decline during odor stimulation. Hum. Brain Mapp. 45, e26814. https://doi.org/
10.1002/hbm.26814.

Zhang, Y., Ren, R., Yang, L., Zhang, H., Shi, Y., Okhravi, H.R., Vitiello, M.V., Sanford, L.
D., Tang, X., 2022. Sleep in Alzheimer’s disease: a systematic review and meta-
analysis of polysomnographic findings. Transl. Psychiatry 12, 136. https://doi.org/
10.1038/541398-022-01897-y.

Zhang, Z., Liu, X., Jing, B., Hu, B., Ai, Z., Xing, B., Jiang, T., Peng, P., 2021. Cerebellar
involvement in olfaction: An fMRI Study. J. Neuroimaging 31, 517-523. https://doi.
org/10.1111/jon.12843.

Zhao, S., Toniolo, S., Hampshire, A., Husain, M., 2023. Effects of COVID-19 on cognition
and brain health. Trends Cogn. Sci. 27, 1053-1067. https://doi.org/10.1016/j.
tics.2023.08.008.

Zhao, S., Umpierre, A.D., Wu, L.-J., 2024. Tuning neural circuits and behaviors by
microglia in the adult brain. Trends Neurosci. 47, 181-194. https://doi.org/
10.1016/j.tins.2023.12.003.

Zhou, F.-W., Dong, H.-W., Ennis, M., 2016. Activation of f-noradrenergic receptors
enhances rhythmic bursting in mouse olfactory bulb external tufted cells.

J. Neurophysiol. 116, 2604-2614. https://doi.org/10.1152/jn.00034.2016.

Zhou, G., Lane, G., Cooper, S.L., Kahnt, T., Zelano, C., 2019. Characterizing functional
pathways of the human olfactory system. Elife 8, e47177. https://doi.org/10.7554/
elLife.47177.

Zhou, G., Olofsson, J.K., Koubeissi, M.Z., Menelaou, G., Rosenow, J., Schuele, S.U.,

Xu, P., Voss, J.L., Lane, G., Zelano, C., 2021. Human hippocampal connectivity is
stronger in olfaction than other sensory systems. Prog. Neurobiol. 201, 102027.
https://doi.org/10.1016/j.pneurobio.2021.102027.

Zhu, J.-N., Yung, W.-H., Kwok-Chong Chow, B., Chan, Y.-S., Wang, J.-J., 2006. The
cerebellar-hypothalamic circuits: potential pathways underlying cerebellar
involvement in somatic-visceral integration. Brain Res Rev. 52, 93-106. https://doi.
org/10.1016/j.brainresrev.2006.01.003.

Zhu, Y., Chen, Q., Chen, F., Lu, J., Long, C., Ge, D., Xu, X., Lei, Y., Wu, X., Du, S., Bai, Y.,
Liu, D., Chen, Y., Fan, S., Yang, H., Zhu, Z., Zhang, X., Yang, Q.X., Zhang, B., 2025.
Functional connectivity signatures of olfactory networks linked to cognitive risk: A
functional MRI study in subjective cognitive decline at risk for Alzheimer’s disease.
J. Alzheimers Dis., 13872877251373017 https://doi.org/10.1177/
13872877251373017.

Zobel, S., Hummel, T., Iigner, J., Finkelmeyer, A., Habel, U., Timmann, D., Schulz, J.B.,
Kronenbuerger, M., 2010. Involvement of the human ventrolateral thalamus in
olfaction. J. Neurol. 257, 2037-2043. https://doi.org/10.1007/500415-010-5656-7.

Zoccoli, G., Amici, R., 2020. Sleep and autonomic nervous system. Curr. Opin. Physiol.,
Physiol. Sleep. 15, 128-133. https://doi.org/10.1016/j.cophys.2020.01.002.

Zott, B., Simon, M.M., Hong, W., Unger, F., Chen-Engerer, H.-J., Frosch, M.P.,
Sakmann, B., Walsh, D.M., Konnerth, A., 2019. A vicious cycle of p amyloid-
dependent neuronal hyperactivation. Science 365, 559-565. https://doi.org/
10.1126/science.aay0198.

Zou, Y., Qian, Z., Chen, Y., Qian, H., Wei, G., Zhang, Q., 2019. Norepinephrine Inhibits
Alzheimer’s Amyloid-p Peptide Aggregation and Destabilizes Amyloid-p Protofibrils:
A Molecular Dynamics Simulation Study. ACS Chem. Neurosci. 10, 1585-1594.
https://doi.org/10.1021/acschemneuro.8b00537.

44


https://doi.org/10.1212/WNL.0000000000003558
https://doi.org/10.1016/j.neures.2017.03.014
https://doi.org/10.1155/2017/8602690
https://doi.org/10.1155/2017/8602690
https://doi.org/10.1016/j.neubiorev.2021.11.009
https://doi.org/10.1002/mco2.638
https://doi.org/10.3389/fncel.2025.1700692
https://doi.org/10.3389/fncel.2025.1700692
https://doi.org/10.3233/JAD-201554
https://doi.org/10.3233/JAD-201554
https://doi.org/10.1038/s41598-022-19304-3
https://doi.org/10.1038/s41598-022-19304-3
https://doi.org/10.1038/s41586-025-08807-4
https://doi.org/10.1038/s41586-025-08807-4
https://doi.org/10.1016/j.nbd.2025.107181
https://doi.org/10.1016/j.cub.2009.09.066
https://doi.org/10.1016/j.cub.2009.09.066
https://doi.org/10.1016/j.neuron.2011.05.046
https://doi.org/10.1148/radiology.204.3.9280268
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref951
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref951
http://refhub.elsevier.com/S0149-7634(26)00247-2/sbref951
https://doi.org/10.1016/j.neuron.2005.04.026
https://doi.org/10.1002/jnr.21054
https://doi.org/10.1001/jama.289.15.1976
https://doi.org/10.3389/fnsys.2019.00046
https://doi.org/10.3389/fnsys.2019.00046
https://doi.org/10.1001/archneur.60.3.337
https://doi.org/10.1001/archneur.60.3.337
https://doi.org/10.1523/JNEUROSCI.0763-20.2020
https://doi.org/10.1016/j.neuron.2011.08.010
https://doi.org/10.1016/j.neuron.2011.08.010
https://doi.org/10.2147/NDT.S199456
https://doi.org/10.1038/s41380-022-01694-5
https://doi.org/10.1038/s41380-022-01694-5
https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1186/s40001-025-02886-9
https://doi.org/10.1186/s40001-025-02886-9
https://doi.org/10.1007/s00415-025-13372-x
https://doi.org/10.1155/np/9100284
https://doi.org/10.1155/np/9100284
https://doi.org/10.1186/s12987-025-00638-9
https://doi.org/10.1016/j.brainresbull.2026.111731
https://doi.org/10.1016/j.brainresbull.2026.111731
https://doi.org/10.1002/hbm.26814
https://doi.org/10.1002/hbm.26814
https://doi.org/10.1038/s41398-022-01897-y
https://doi.org/10.1038/s41398-022-01897-y
https://doi.org/10.1111/jon.12843
https://doi.org/10.1111/jon.12843
https://doi.org/10.1016/j.tics.2023.08.008
https://doi.org/10.1016/j.tics.2023.08.008
https://doi.org/10.1016/j.tins.2023.12.003
https://doi.org/10.1016/j.tins.2023.12.003
https://doi.org/10.1152/jn.00034.2016
https://doi.org/10.7554/eLife.47177
https://doi.org/10.7554/eLife.47177
https://doi.org/10.1016/j.pneurobio.2021.102027
https://doi.org/10.1016/j.brainresrev.2006.01.003
https://doi.org/10.1016/j.brainresrev.2006.01.003
https://doi.org/10.1177/13872877251373017
https://doi.org/10.1177/13872877251373017
https://doi.org/10.1007/s00415-010-5656-7
https://doi.org/10.1016/j.cophys.2020.01.002
https://doi.org/10.1126/science.aay0198
https://doi.org/10.1126/science.aay0198
https://doi.org/10.1021/acschemneuro.8b00537

	Rethinking early Alzheimer’s disease: An impaired internal model updating disorder?
	1 Background
	2 AD pathophysiology: need for a different perspective?
	3 Sensory systems, particularly the olfactory system, are early, vulnerable targets of aging
	4 The LC: a trade union between sensory impairments and cognitive decline
	5 The cerebellum: another cue of the early breakdown of the sensorimotor prediction system
	6 A further target of early AD-related neuropathological changes: sleep
	7 Bridging predictive processing and AD pathophysiology: focus on molecular mechanisms
	8 An integrative overview of early AD pathophysiology and its clinical implications
	9 Different interpretations and future perspectives
	10 Conclusions
	List of abbreviations
	Authors' contributions
	Consent for publication
	Ethics approval and consent to participate
	Funding
	Declaration of Competing Interest
	References


