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Potential neural substrates
underlying circadian and olfactory
disruptions in preclinical
Alzheimer’s disease

Quiana L. Jeffs, Jonathan F. Prather and William D. Todd*

Department of Zoology and Physiology, Program in Neuroscience, University of Wyoming, Laramie,
WY, United States

Alzheimer's disease (AD) is the leading cause of dementia, with over 45 million
patients worldwide, and poses significant economic and emotional burdens to
both patients and caregivers, significantly raising the number of those affected.
Unfortunately, much of the existing research on the disease only addresses a small
subset of associated symptomologies and pathologies. In this review, we propose
to target the earliest stages of the disease, when symptomology first arises. In
these stages, before the onset of hallmark symptoms of AD such as cognitive
impairments and memory loss, circadian and olfactory disruptions arise and
are detectable. Functional similarities between circadian and olfactory systems
provide a basis upon which to seek out common mechanisms in AD which may
target them early on in the disease. Existing studies of interactions between
these systems, while intriguing, leave open the question of the neural substrates
underlying them. Potential substrates for such interactions are proposed in this
review, such as indirect projections that may functionally connect the two systems
and dopaminergic signaling. These substrates may have significant implications
for mechanisms underlying disruptions to circadian and olfactory function
in early stages of AD. In this review, we propose early detection of AD using a
combination of circadian and olfactory deficits and subsequent early treatment
of these deficits may provide profound benefits to both patients and caregivers.
Additionally, we suggest that targeting research toward the intersection of these
two systems in AD could uncover mechanisms underlying the broader set of
symptoms and pathologies that currently elude researchers.
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circadian dysfunction, olfactory dysfunction, Alzheimer's disease, olfactory bulb,
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia, with over 45 million patients
worldwide, constituting between 10 and 30% of individuals above the age of 65 (Masters et al.,
2015; Prince et al,, 2015). As of 2021, AD was the seventh leading cause of death in the US
overall, and the fifth leading cause in individuals over the age of 65 (Alzheimer’s Association,
2022). Many therapies available for patients merely mediate symptoms and do not slow the
progression of the disease, more often than not leading to institutionalization — which places
significant financial and emotional burden on both patients and caregivers (Masters et al., 2015;
Alzheimer’s Association, 2022). Patients over the age of 65 make up over 95% of the patient
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population, although patients with an early-onset subtype of AD may
begin to experience symptoms as early as the age of 35 (van der Flier
etal, 2011; Prince et al., 2015). Late-onset AD thus accounts for the
vast majority of cases, typically emerging around the ages of 65
or above.

This discrepancy in patients experiencing early- and late-onset
AD, among other factors, presents significant hurdles to understanding
the underlying mechanisms of this disease. The vast majority of
identified genetic markers for the disease are associated with early-
onset AD, while most cases of late-onset AD are sporadic in origin
(van der Flier et al., 2011). It is not clear why AD-related molecular
pathologies spread in the stereotypical spatiotemporal pattern that
they follow, nor is it clear which, if any, of those pathologies are related
to factors governing the onset of AD symptoms (Benilova et al., 2012;
Sengoku, 2020). Further, it is an open question whether these
identified pathologies even cause the symptoms and eventual
neurodegeneration observed in AD or are instead coincidental with
other hallmarks of the disease and aging in general such as
neuroinflammation and oxidative stress (Benilova et al,, 2012;
Calsolaro and Edison, 2016; Ionescu-Tucker and Cotman, 2021; Bai
et al,, 2022). These wide-ranging barriers to fully characterizing AD
highlight the importance of determining where to begin in the search
for causal factors underlying it.

One reasonable approach for investigating causal factors is to
begin with a focus on the earliest disturbances associated with
AD. Disruptions to olfactory and circadian function occur in the
preclinical stages of AD, before the onset of hallmark symptoms such
as cognitive impairment and memory loss (Bacon et al., 1998; Wilson
etal., 2009; Musiek et al., 2018). Olfactory and circadian dysfunction
alike are highly prevalent among AD patients, making their
examination relevant to the broader patient population (Attems et al.,
2005; Leng et al., 2019). Olfactory disruption in aged individuals is
strongly predictive of the onset of AD, sometimes preceding the
clinical presentation of the disease by at least a year (Wilson et al.,
2009; Devanand et al., 2015). It is possible that the mechanisms
underlying such olfactory dysfunction may be causative for the further
progression of AD. Even if this is not the case, the early appearance of
such disruptions supports their use as a predictive clinical biomarker
and warrants an investigation into their potentially shared mechanisms
with AD onset and progression. Similarly, circadian disruption in aged
individuals is strongly predictive of the onset of AD, sometimes also
preceding the clinical presentation of the disease by a substantial
amount of time (Musiek et al., 2018). These disruptions in themselves
have been proposed as a causative mechanism in the onset of AD and
the buildup of the molecular pathologies associated with the disease
(Roh et al,, 2014; Kress et al., 2018). This possibility and the early
presentation of circadian disruption additionally warrant its use as a
predictive clinical biomarker and further investigation of its role in
mechanisms of AD onset and progression. Early detection of AD
through the use of these combinatorial biomarkers is of vital
importance for potentially slowing the onset of the disease, and giving
patients and caregivers the opportunity to plan for the future while
patients remain lucid (Rasmussen and Langerman, 2019).

In this review we argue for the use of olfactory and circadian
disruptions as predictive clinical biomarkers for the onset of AD, and
we propose that these systems should be investigated in tandem
regarding the mechanisms underlying AD onset and progression.
We also discuss the early onset of AD-related olfactory and circadian
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disturbances, and the functional similarities between these two
systems. We consider the well-documented interactions between the
olfactory and circadian systems which have yet to be thoroughly
characterized mechanistically. Finally, we explore potential
mechanisms which may underlie these interactions, highlighting
those which seem most plausible and may have most relevance to early
stages of AD.

Alzheimer's disease

AD is characterized by the buildup of two misfolded proteins:
amyloid-beta (Ap), which accumulates extracellularly as plaques, and
hyperphosphorylated tau (pTau), which accumulates intracellularly as
neurofibrillary tangles. The temporospatial spread of these pathologies
follows a fairly stereotypical pattern, beginning in the entorhinal
cortex and subcortical areas and then spreading throughout the rest
of the brain (Braak and Braak, 1991; Schonheit et al., 2004). Of
particular note, olfactory areas, including the entorhinal cortex, and
brainstem structures that project to the circadian system, such as the
lateral parabrachial nucleus, consistently develop AD pathology
earlier than other brain regions (Rub et al., 2001; Braak et al., 2006;
Warfield et al., 2023), which may underlie the early appearance of
dysfunction of these processes. Researchers debate the contributions
of plaques and tangles to the symptoms of AD, although many studies
agree that the load of Af and pTau correlates with the severity of
symptoms (Nelson et al., 2012; Attems et al., 2014). As the disease
becomes more severe, plaques and tangles continue to spread
throughout the brain, and eventually lead to neurodegeneration (i.e.,
massive cell death).

While AD was first described over one hundred years ago, it
remains an extremely elusive disease, with no clear cause for its onset,
and disagreement regarding the effects of its associated molecular
pathologies (Hippius and Neundorfer, 2003). It has been argued that
the presence of plaques and tangles may be purely correlative with the
symptoms of the disease rather than causative, as other pathological
hallmarks present, namely neuroinflammation and oxidative stress,
have been identified as key contributors to symptoms of AD (Kinney
et al,, 2018; Long and Holtzman, 2019; Bai et al., 2022). In both
laboratory and clinical studies, drugs which clear Af have
unfortunately not been found to stop disease progression or ameliorate
symptoms, lending credence to the idea that this pathological marker
may be coincidental (Small and Duff, 2008; Panza et al., 2019).
Another barrier to understanding this disease is the animal models
that are used in basic research settings. Late-onset AD comprises over
95% of the total patient population and is overwhelmingly sporadic in
origin (Bettens et al., 2010). While risk factors such as sex, diabetes,
and heart disease have been identified, there are no clear causes for
sporadic AD (Scheyer et al., 2018; Silva et al., 2019). Early-onset AD,
in contrast, is tied more clearly to genetic predisposition; these genetic
mutations are the basis upon which animal models, most often
transgenic mice, are created (Yokoyama et al., 2022). Although the
genetic basis for these animal models may differ from the cause of
disease onset for a large majority of the AD patient population, many
AD animal models mirror the anatomical spread of pathology and the
temporal progression of many behavioral and physiological symptoms
observed in AD patients. This parallel between patterns of progression
in animal models and humans makes AD animal models a valuable
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tool in basic research for investigating the disease (Yokoyama et al.,
2022). Importantly for this review, several of these animal models have
been found to specifically exhibit olfactory and circadian symptoms
similar to those observed in AD patients (Sheehan and Musiek, 2020;
Zhang et al., 2022).

Preclinical olfactory and circadian
symptoms

Symptomatically, olfactory and circadian dysfunction are often
the earliest detectable signs of AD. These deficits appear well before
the onset of AD’s hallmark symptoms of cognitive impairment and
memory loss and may in fact contribute to disease onset (Bacon et al.,
1998; Devanand et al., 2008; Doty, 2009; Wilson et al., 2009; Musiek
et al,, 2018). Olfactory and circadian processes become weaker with
normal aging (Doty and Kamath, 2014; Hood and Amir, 2017), but
this dysfunction is significantly more pronounced in age-matched AD
patients (Mesholam et al., 1998; Masurkar and Devanand, 2014; Wang
et al., 2015; Musiek et al., 2018).

Early olfactory deficits associated with AD are typically confined
to those that rely on the perception of an odor’s identity rather than
odor detection. In longitudinal studies linking olfactory dysfunction
with the onset of AD, odor identification and discrimination (the
ability to detect differences in odors) are more impaired than
sensitivity (Rahayel et al., 2012; Jung et al., 2019). The nature of these
deficits may elucidate the mechanisms underlying them, such as a
differential impact on downstream olfactory structures at this stage of
this disease, causing perceptual deficits in identifying and
differentiating odors while leaving the detection of odors intact. It is
difficult to determine the proportions of preclinical AD patients with
each of these forms of disruption as the majority of validated clinical
assessments assess only one facet of olfactory function.

Early circadian deficits associated with AD are typically confined
to shifts and fragmentation of rhythms, suggesting an issue with
entrainment to the daily light cycle. These present as phase delays,
defined as rhythms shifted to be later in the day, and sleep
fragmentation, in which patients sleep for small bouts rather than
during one consolidated period (Tranah et al., 2011; Musiek et al,,
2018). Circadian disruptions have been found in basic research
settings to have a bidirectional relationship with AD severity, in that
pathologies associated with AD lead to circadian disruptions
(Sterniczuk et al., 2010; Duncan et al., 2012; Warfield et al., 2023),
while circadian disruptions lead to increases in pathological load (Roh
et al,, 2014; Kress et al., 2018). One potential mechanism for the
increase in pathological load as a result of circadian disruption may
be related to the glymphatic system, which has been found to aid in
the clearance of Af during sleep, particularly during long, consolidated
bouts of sleep (Kang et al., 2009; Xie et al., 2013; Hablitz et al., 2020).

The early emergence of olfactory and circadian disruptions in AD
and the high proportion of patients who experience them strongly
suggest that it would be clinically useful to assess the function of these
systems in tandem as a predictive clinical biomarker. There are a small
number of validated tests that are utilized for the purpose of assessing
olfactory function as a biomarker for AD (Doty et al., 1984, 1996;
Hummel et al., 1997; Jackman and Doty, 2005). Although circadian
function has been strongly suggested for use as a biomarker, there
does not yet exist a validated test of circadian function for this purpose
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(Musiek et al., 2015; Hoyt and Obrietan, 2022). Such a test could be as
simple as providing an actigraphy watch that records periods of rest
and activity to at-risk individuals in order to assess times and length
of rest.

Functional similarities of circadian and
olfactory systems

The olfactory and circadian centers of the brain exhibit strong
functional similarities involving the generation of intrinsic genetic
rhythmicity and the synchronization of such rhythmicity in
downstream structures. Cells throughout the brain and body express
oscillator genes that include Clock, Bmall, Per, and Cry. In short,
Clock and Bmall induce the expression of Per and Cry genes, which
then are translated into proteins that subsequently feedback and
inhibit their own expression by Clock and Bmall. This negative
feedback loop takes about 24 h to complete, providing the foundation
for circadian rhythmicity (Reppert and Weaver, 2002). On a cellular
scale, these rhythms impact the relative levels of metabolic function
across the day (Huang et al., 2011). On an organismal scale, these
rhythms modulate physiological processes ranging from sleep to
regulation of body temperature to the ability to detect a sensory
stimulus (Saper, 2013). The vast majority of cells in the body require
an input to synchronize these rhythms with those of other cells, and
historically this synchronizing input was thought to come solely from
the suprachiasmatic nucleus (SCN) of the hypothalamus, the “master
pacemaker” and hub of the circadian system (Reppert and Weaver,
2002). More recently, evidence has emerged that a subset of neural
olfactory tissues does not require the SCN as a synchronizing input
(Granados-Fuentes et al., 2004a, 2006). Instead, those olfactory sites
receive their synchronizing input from the olfactory bulb (OB), the
hub of the olfactory system (Granados-Fuentes et al., 2006).

Within the SCN, rhythmic expression of oscillator genes is
entrained, or synchronized by, light-related activity transmitted from
the retina to the SCN via a direct axonal projection (Reppert and
Weaver, 2002). This entrainment to light allows diurnal organisms to
align the onset of activity each day to the light cycle, and nocturnal
organisms to align the onset of activity to the dark cycle. Pacemaker
neurons within the SCN receive this entraining input and use the
timing of light activity to rhythmically express the neuropeptide
vasoactive intestinal peptide (VIP). Expression of VIP is necessary for
maintaining synchrony of the expression of oscillator genes among
SCN cells as well as in cells peripheral to the SCN (Aton et al., 2005;
Todd et al., 2020). The SCN also receives input from brain regions
other than the retina which send signals that can also act as entraining
cues, and these timing-related cues are known as zeitgebers (Hastings
et al.,, 1998; Saper, 2013). These zeitgebers drive rhythmic activity in
the SCN, and that activity synchronizes the activity in downstream
pathways and peripheral tissues, including the olfactory system.

Within the OB, cells are synchronously rhythmic in their
expression of oscillatory genes (Granados-Fuentes et al., 2004b). Cells
in the OB appear to receive input from the SCN as OB rhythms are
entrained by SCN activity, although the exact pathway for this is
unknown (Granados-Fuentes et al., 2004a). Importantly, however, this
input is not necessary to maintain synchronous rhythmic gene
expression in OB neurons (Granados-Fuentes et al., 2004a). Cells
elsewhere in the body are also affected by the synchronizing signal of
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the SCN, but those cells do not maintain synchronized rhythmicity
without that influence from the SCN. Thus, the OB is intrinsically
rhythmic in its gene expression, and the purpose of the input from the
SCN is to preserve synchrony between activity of the OB and that of
cells elsewhere throughout the body. As in the case of the SCN,
rhythmic VIP expression within the OB is necessary for maintaining
synchrony of the expression of oscillator genes among OB cells (Miller
et al,, 2014). Also similar to the SCN, the OB appears to receive
entraining signals that can act as zeitgebers from structures aside from
the SCN (Nolasco et al., 2012). It is unclear how the OB sends
synchronizing signals to structures peripheral to it, but it has been
shown that it communicates such signals to downstream olfactory
structures, namely the piriform cortex (Granados-Fuentes et al., 2006;
Takeuchi et al., 2023). Studies of mice have demonstrated that these
rhythms are not merely incidental and have significant behavioral
implications for olfactory sensitivity and discrimination, as measured
by neural activity and behavior, as well as more complex behavioral
tasks requiring olfaction (Nordin et al., 2003; Granados-Fuentes et al.,
2011; Pantazopoulos et al., 2011; Takeuchi et al., 2023).

These functional similarities between the circadian and olfactory
systems provide a basis upon which to seek out common mechanisms
in AD which may target them during the early stages of the disease.
Based on these similarities, it is possible that such mechanisms may
target pathways connecting the two systems, the function of the
neuropeptide VIP, the expression of oscillatory genes, or regions
which project to both the SCN and the OB. More work is needed to
examine how AD pathology impacts the function of such olfactory
and circadian processes and leads to symptomology, and whether
targeting shared pathways can ameliorate such comorbid disruptions.

Interactions between circadian and
olfactory systems

The interactions between circadian and olfactory systems are
bidirectional and wide-ranging, with direct consequences for
symptomology present in AD. As discussed in the previous section,
the circadian system exerts its influence on the olfactory system by
synchronizing rhythms of the OB to those of the rest of the body.
Importantly, the SCN is not necessary to synchronize these rhythms
within the OB or its immediate downstream structures, as
demonstrated by research in rodents (Granados-Fuentes et al., 2011).
Much of the literature regarding interactions between these systems
suggests that the olfactory system exerts a robust influence on the
circadian system by providing a timing cue complementary to light
input. Relevant to AD, when olfactory input is removed, circadian
deficits similar to those present in early stages of AD occur as
detailed below.

Much work suggests that olfactory stimulation has a profound
effect on circadian timing, which has strong implications for
associations between olfactory and circadian deficits present in
preclinical AD. One study performed in the nocturnal primate
Microcebus murinus found that olfactory bulbectomy led to delays in
re-entrainment to altered light cycles as well as changes to rhythms of
body temperature and locomotor activity (Perret et al., 2003). This
experiment is particularly interesting as it represents the only one of
its kind to examine the effect of a gross olfactory perturbation on
circadian function in a primate. Additionally, such circadian
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disruption that results from the removal of olfactory input indicates
problems with entrainment similar to those seen in early AD patients.
Translational support for this result is present in several other studies
in rodents that led to similar observations of disruptions in several
circadian rhythms after partial or full lesions to the OB, including
stress responses, sleep, hormone release, and immune responses
(Marcilhac et al., 1997; Saulea et al., 1998; Vinkers et al., 2009; Yuan
etal, 2020). Timed presentation of odors, conversely, has an opposite
effect of enhancing entrainment of circadian rhythms to light.
Presentation at regular times of both social and non-social odorants
in rodents has been observed to not only increase rates of
re-entrainment to altered light cycles, but also to enhance activation
of the immediate early gene cFos in the SCN in response to light
pulses (Amir et al., 1999; Governale and Lee, 2001; Jechura et al.,
2006). Amir and colleagues demonstrated enhanced cFos activation
within the SCN in response to olfactory stimulation, which is
compelling evidence for a potential pathway that carries olfactory
information to the circadian system, with an intriguing caveat. In this
study, rats were either exposed to only olfactory stimulation, a light
pulse simultaneously with olfactory stimulation, or a light pulse only,
during the late rest period or early active period. Rats exposed to
stimuli during the late rest period did not experience any significant
phase shifts, and rats exposed to stimuli during the early active period
only displayed phase shifts modulated by olfactory stimulation when
combined with a light pulse. These phase shifts were enhanced as
compared to light pulses alone. Similarly, cFos activation in the SCN
was absent in the case of olfactory stimulation alone, but cFos
activation was enhanced when olfactory stimulation was combined
with a light pulse as compared to light pulses alone (Amir et al., 1999).
These results suggest that properly timed olfactory stimuli can
accelerate reentrainment. Although such experiments have yet to
be recapitulated in humans, there is good evidence for a role of
repeatedly providing stimulation by the same set of odors in olfactory
rehabilitation in individuals with olfactory loss (Hummel et al., 2009;
Pieniak et al., 2022). Of consequence to AD patients, this may support
that bright light therapy combined with strong olfactory stimulation
in the early morning could provide the dual benefit of rescuing light
entrainment deficits and olfactory deficits.

These studies, while intriguing, leave open the question of neural
substrates that underlie these interactions. In the next section of this
review, we discuss potential substrates for these interactions, although
in all cases these substrates require further study to determine
their validity.

Potential mechanisms underlying
interactions between systems

The observed interactions between circadian and olfactory systems
strongly suggest the presence of an indirect pathway conferring
information between them. While some early work utilizing nonspecific
tracing methods suggested there may be direct projections between
these systems, more recent studies utilizing cell-type specific retrograde
tracing have not recapitulated this (Krout et al., 2002; Todd et al., 2020).
However, many inputs to the SCN follow indirect pathways so this may
be the case here as well. As depicted in Figure 1, one possible pathway
between the SCN to olfactory structures relies on a relay, the
paraventricular thalamus (PVT). Odor presentations have been shown
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FIGURE 1
The paraventricular thalamus (PVT) represents a potential, bidirectional relay between the olfactory and circadian systems. Olfactory stimulation has
been found to induce activation of the PVT, although the pathway which carries this information is not yet known (dotted line). The PVT is also a major
source of input to the suprachiasmatic nucleus (SCN) of the hypothalamus, the hub of the circadian system. Conversely, the SCN is known to project
to the PVT, which has been shown to further send direct projections to the anterior olfactory nucleus (aON). Completing this potential circuit, the aON
is a source of input to the olfactory bulb (OB).

to induce cFos expression in the PV'T, which is a major source of input
to the SCN (Moga and Moore, 1997; Amir et al., 1999). However, the
pathway which would bring odor information to this area is unclear.
Intriguingly, the SCN also sends projections to the PVT which then
projects directly to several olfactory regions including the anterior
olfactory nucleus (Moga et al., 1995). This pathway with the PVT as a
relay may represent a single, bidirectional route through which circadian
and olfactory information is sent between the systems.

In addition to this proposed pathway, there exist several confirmed
pathways linking the olfactory system and hypothalamus specifically
for the purpose of sharing information about environmental odors
and reproduction (Gascuel et al,, 2012). In particular, the nervus
terminalis (also known as the overlooked cranial nerve “0” which is
present medial to the olfactory nerve) is of interest. The nervus
terminalis, described in humans as well as other mammalian literature,
projects to both olfactory and hypothalamic structures, namely the
preoptic area and infundibulum, and may play a bidirectional,
modulatory role between these areas (Vilensky, 2014). It is worth
noting that existing research has heavily implicated the nervus
terminalis in reproductive development, particularly in regard to the
hypothalamic-pituitary-gonad axis (Vilensky, 2014). However, given
that a comprehensive description of the functions of this
oft-overlooked cranial nerve is still an active area of research, further
studies will be needed to determine its significance in regard to the
circadian system.

These proposed pathways represent potential therapeutic targets
by which to ameliorate symptoms and pathology of these two systems
targeted in early AD. Changes to cell signaling or cell counts of these
regions have garnered little attention in AD research, so further
studies are needed to determine what form these therapies would take.
Neuropeptides shared between circadian and olfactory systems may
also underlie their interactions, or may represent a shared substrate
that is similarly targeted in early stages of AD. VIP is expressed in
regions associated with these systems and is crucial for the proper
functioning of each system (Miller et al., 2014; Todd et al., 2020).
Additionally, dopamine is released in response to olfactory stimulation
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while the circadian system expresses dopamine receptors, which may
underlie entrainment to reward (Grippo et al., 2017; Gillman et al.,
2019; Midroit et al., 2021).

VIP is a prime candidate as a shared molecular target of circadian
and olfactory systems in AD as its rhythmic expression in these areas
is necessary for synchronizing the oscillatory gene activity of cells
within them (Aton et al., 2005; Miller et al., 2014). Of note, inactivation
of VIP cells in the OB has been found in mice to impair odor detection
and discrimination and may also impair outbound signaling from the
OB, meaning that global impairment of VIP function would strongly
impact both normal circadian and olfactory function (Wang et al.,
2022). Accordingly, a study utilizing a mouse model in which
VIP-expressing cells were targeted for deletion of the protein kinase
mTOR found that both circadian and olfactory functioning was
significantly disrupted (Liu et al., 2018). This should be of particular
interest to AD researchers as mTOR signaling has also been implicated
in learning and memory, and, more specifically, appears to have a
bidirectional upregulatory relationship with Ap, leading to an increase
in hyperphosphorylation of Tau (Hoeffer et al., 2008; Oddo, 2012;
Huang et al., 2013). Additionally, mTOR signaling has been found to
contribute to inflammation and oxidative stress which have been
postulated to be the source of symptoms associated with AD (Rapaka
et al., 2022). Rapamycin, a drug which inhibits mTOR signaling, has
been found to significantly reduce the load of Af and slow or halt the
progression of symptoms in an AD mouse model and has been
suggested as a clinical treatment for AD patients (Spilman et al., 2010;
Kaeberlein and Galvan, 2019). Further research is needed to determine
if such downregulation by rapamycin specifically rescues AD-related
circadian and olfactory deficits, and how early in the course of AD
mTOR is dysregulated. If it is dysregulated early, mTOR dysfunction
may underlie a wide host of pathological disturbances present in AD.

An especially intriguing idea is that dopamine may represent
both a shared substrate for symptomology of AD and a
neuropeptide that mediates interactions between the circadian and
olfactory systems. The hedonic nature of olfaction suggests a
potential causal link between the release of dopamine in response
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to pleasant odors and entrainment of the SCN. Thus, subsequent
removal of this dopamine cue would then lead to disruptions in
entrainment of circadian rhythms. Reward in itself can act as a
zeitgeber, providing important complementary timing information
to the SCN in conjunction with light (Gillman et al., 2019). A study
performed in rodents and partially validated in humans suggests
that attractive odors can serve as a reward, activating dopaminergic
neurons in the ventral tegmental area (VTA) (Midroit et al., 2021).
This finding suggests that in day-to-day activities, timed
presentation of pleasant odors such as the aroma of brewing coffee
may cause the timed release of dopamine which could act as a
zeitgeber. As depicted in Figure 2, there is also a circuit basis for
this interaction. Midroit and colleagues demonstrated that
attractive odors are processed selectively in the posterior OB, and
these signals are then sent directly to the olfactory tubercle, which
then presumably projects to the VTA based on its activation by
attractive odors. Intriguingly, the VTA sends direct dopaminergic
input to the SCN that is received by the D1 receptor subtype on
SCN neurons (Grippo et al., 2017). Further validating this as a
potential functional circuit between the olfactory and circadian
systems, the effects of directly stimulating dopamine signaling
from the VTA to the SCN are strikingly similar to those observed
in studies of timed administration of odorants in animal studies.
Both timed direct stimulation of dopaminergic VTA cells and
timed administration of odorants have been found to increase the
rate of re-entrainment to shifts in light cycles (Amir et al., 1999;
Governale and Lee, 2001; Jechura et al., 2006; Grippo et al., 2017).
Together, these findings provide both functional and anatomical
evidence in support for a circuit from olfactory to circadian centers
with the dopaminergic VTA as a relay. Relevant to AD, some recent
studies have found a reduction of dopaminergic activity within the
VTA in early stages of AD in both mouse models and humans that
may underlie deficits in reward processing and memory (Nobili
etal., 2017; De Marco and Venneri, 2018). It is conceivable that, in
addition to underlying these deficits, this loss may also contribute
to entrainment deficits of the SCN as a result of the removal or
weakening of reward signals such as odors.

aoB

\ pOB

G @

FIGURE 2

The posterior olfactory bulb (pOB) is known to selectively send
information regarding pleasant odorants through projections to the
olfactory tubercle (OT). The activation of the olfactory system by
pleasant odorants has also been found to activate cells of the ventral
tegmental area (VTA), although the pathway which carries this
information is not yet confirmed (dotted line). In a separate study, the
VTA was found to send direct dopaminergic input (A) to the
suprachiasmatic nucleus (SCN) of the hypothalamus, the hub of the
circadian system. aOB, anterior olfactory bulb.
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Discussion

AD represents an excessively complex and multi-faceted problem
to tackle, and understanding the mechanisms of its onset is a logical
place to start. To this end, shedding light on the processes underlying
interactions between the systems affected earliest in the disease may
make this solution even more attainable. Evidence presented in this
review demonstrates that the circadian and olfactory systems are an
excellent place to start in this endeavor. Circadian and olfactory
deficits are often the earliest detectable signs of AD, which alone is
sufficient for their use as predictive clinical biomarkers for AD. Studies
clearly demonstrate that these systems share significant functional
similarities and interact bidirectionally. Further, the disruption of such
interactions leads to circadian deficits similar to those present in early
AD. Given this evidence, it follows that studying AD in the context of
both the circadian and olfactory systems may yield insights of
consequence to the broader symptomology of the disease.

Molecular pathologies associated with AD consistently develop in
higher olfactory regions, such as the entorhinal cortex, and regions
that project to the circadian system, such as the lateral parabrachial
nucleus of the brainstem earlier than other brain regions (Rub et al.,
2001; Braak et al., 2006; Warfield et al., 2023). These pathologies may
or may not directly contribute to symptomology associated with early
deficits of these systems, but nonetheless are strong evidence for their
early targeting by mechanisms of AD. Deficits in the function of these
systems arise significantly earlier than the ability to clinically diagnose
the disease, lending benefit to their use as predictive biomarkers for
disease onset (Bacon et al., 1998; Devanand et al., 2008; Doty, 2009;
Wilson et al., 2009; Musiek et al., 2018). Particularly in the case of
circadian deficits, this dysfunction may, in fact, contribute to the onset
of AD (Roh etal., 2014; Kress et al., 2018), emphasizing the importance
of closely observing individuals with circadian deficits who are at risk
of developing AD.

The SCN and OB, hubs of the circadian and olfactory systems,
respectively, both display the unique feature of intrinsically-generated
rhythmicity of clock genes (Reppert and Weaver, 2002; Granados-
Fuentes et al., 2004b). In each case, this rhythmicity is entrained by
external cues, and, in turn, the rhythmic signals produced in each area
project to downstream regions to provide an entraining signal
(Hastings et al., 1998; Granados-Fuentes et al., 2004a, 2006; Nolasco
etal.,, 2012; Saper, 2013). The entraining signals provided by each of
these systems have significant implications for behavior, and the
rhythms that they provide have been found to be negatively impacted
in AD, particularly in the case of the circadian system (Granados-
Fuentes et al., 2011; Saper, 2013; Musiek et al., 2018; Takeuchi et al.,
2023). Synchrony of rhythmicity within the cells of the SCN and OB
is dependent on the neuropeptide VIP, which is a potential shared
target by mechanisms of AD (Aton et al., 2005; Oddo, 2012; Miller
etal., 2014; Liu et al., 2018; Todd et al., 2020).

Strengthening the case for a connection between the circadian and
olfactory systems, the two systems are well-established to interact with
one another. While not solely necessary for its entrainment, the SCN
does provide an entraining signal to the OB (Granados-Fuentes et al.,
2011). The olfactory system similarly exerts a significant influence on
the circadian system that allows for odor cues to provide a
complementary entraining signal to light cues (Amir et al., 1999;
Governale and Lee, 2001; Perret et al., 2003; Jechura et al., 2006).
Olfactory deficits in preclinical AD may thus underlie or contribute
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to problems with entrainment of the circadian system including phase
delays and sleep fragmentation. In turn, rescuing early olfactory
deficits through therapies such as odor training, i.e., repeatedly
providing stimulation by the same set of odors, may help to mitigate
early circadian deficits (Hummel et al., 2009; Pieniak et al., 2022).

Two distinct indirect pathways that may underlie these
interactions are proposed in this review, one relying on the PVT as a
relay and the other on the nervus terminalis as a relay. As depicted in
Figure 1, in the case of the PVT this pathway may be bidirectional,
with odor information activating the PVT which then directly projects
to the SCN (Moga and Moore, 1997; Amir et al., 1999). The SCN also
sends projections to the PVT which in turn projects directly to several
olfactory regions (Moga et al, 1995). In the case of the nervus
terminalis, this pathway may also be bidirectional, as the nervus
terminalis projects to both olfactory and hypothalamic structures
(Vilensky, 2014). Unfortunately, due to the lack of research regarding
this oft-overlooked cranial nerve, it is not yet known whether there
exist direct projections carrying olfactory or circadian information to
the nervus terminalis.

Most relevant to AD, two molecular mechanisms that may
underlie interactions between the circadian and olfactory systems
are additionally proposed in this review, one being the shared
expression of VIP in the SCN and OB and the other being
dopaminergic signaling as a result of olfactory stimulation within
the SCN. VIP is necessary for proper functioning of circadian and
olfactory processes (Aton et al., 2005; Miller et al., 2014; Wang
et al., 2022), and accordingly, at least one study involving the
deletion of the protein kinase mTOR in VIP led to both circadian
and olfactory deficits (Liu et al., 2018). mTOR has additionally
been implicated in several other processes that are impaired in AD,
meaning that mTOR dysregulation may represent a mechanism of
AD which targets a broad range of systems disrupted in the disease
(Hoeffer et al., 2008; Oddo, 2012; Huang et al., 2013).

Dopaminergic cells of the VTA are activated in response to odor
stimulation, and the VTA is separately known to send direct
dopaminergic input to the SCN (Grippo et al., 2017; Midroit et al.,
2021). Strong evidence for this as a functional, dopaminergic pathway
is the fact that the entrainment effects of odor stimulation on the SCN
are strikingly similar to those of dopaminergic release from VTA cells
on the SCN (Amir et al., 1999; Governale and Lee, 2001; Jechura et al.,
2006; Grippo et al., 2017), as depicted in Figure 2. Implicating this
pathway as a target of AD, dopaminergic signaling has previously been
found to be reduced in the VTA in early stages of the disease (Nobili
etal,, 2017; De Marco and Venneri, 2018). This reduced signaling may
underlie deficits to circadian entrainment in this stage of AD as it
would reduce odor stimulation to the SCN which has been shown to
produce entrainment deficits in rodent and primate studies (Marcilhac
et al., 1997; Perret et al., 2003; Vinkers et al., 2009).

The combined use of circadian and olfactory deficits as a
predictive biomarker for the onset of AD represents a robust, practical,
and economically feasible method to screen for individuals at risk for
developing the disease. Circadian deficits can be examined in patients
through the use of an actigraphy watch, which measures times of rest
and activity (Wang et al., 2015), and these are widely used, and
relatively inexpensive and accessible. Similarly, several tests already
exist for the examination of olfactory deficits that do not require
extensive training to be administered correctly, and can be accessed
relatively easily by clinicians (Doty et al., 1984, 1996; Hummel et al.,
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1997; Jackman and Doty, 2005). Incorporating actigraphy and
olfactory testing into longitudinal studies using analyses that detect
preclinical AD, such as cerebrospinal fluid biomarkers or amyloid beta
and tau positron emission tomography imaging (Musiek et al., 2018),
could reveal shared neural mechanisms that lead to better
understanding of disease progression.

In our discussion of research findings presented throughout
this review, it is important to note that many come from rodent
studies which utilize mouse models that express genetic mutations
derived from individuals with early-onset AD (Yokoyama et al.,
2022). Early-onset AD patients constitute less than 5 % of the
whole AD patient population, so it is conceivable that these models
do not represent the properties of the disease shared by the vast
majority of patients (Bettens et al., 2010). However, properties such
as the spatiotemporal spread of molecular pathologies throughout
the brain and the progression of symptomology are recapitulated
in many AD mouse models, lending credence to their use in
preclinical work on AD (Yokoyama et al., 2022). Such models thus
represent an opportunity to identify and manipulate the specific
neural circuits that develop AD-related dysfunction associated
with this pathology and its temporal relationship with the
emergence of olfactory and circadian dysfunction, which is much
less feasible in preclinical AD patients.

We have presented evidence demonstrating the early onset of
circadian and olfactory deficits in relation to the onset of AD, which
in conjunction with the similarities and interactions of these two
systems, may represent shared processes that are among the earliest of
targets of the disease. This points to a need in the field of preclinical
AD research for researchers with multidisciplinary training who adopt
a holistic approach of examining deficits in each of these systems in
tandem, rather than researchers would focus only on one or the other.
More specifically, this necessitates the establishment and use of AD
mouse models that exhibit both circadian and olfactory deficits similar
those seen in AD patients. As it stands, this field of research includes
many studies that are limited in scope and yield similarly myopic
results, providing little insight into overall disease mechanisms that
target multiple systems. However, we argue that taking an integrative
and multidisciplinary approach to preclinical AD research that
incorporates a focus on the earliest comorbid disruptions, such as that
seen in circadian and olfactory processing, has the potential to lead to
broader insights into the disease as a whole.

Conclusion

Currently, several mechanisms for the disruption of circadian and
olfactory deficits in AD have been proposed (Cedernaes et al., 2017;
Misiak et al., 2017; Lachen-Montes et al., 2019; Liu et al., 2023).
Unfortunately, many of these mechanisms fail to explain or address
the deficits in each of these systems that are comorbid at the clinical
onset of the disease. Further, many of these mechanisms similarly fail
to address the vast pathology and symptomology of the disease. At
present, many of the studies in AD research address its mechanistic
underpinnings from a single-faceted approach, such as determining
molecular changes to a particular system or neural structure in AD
that may lead to its associated deficits. Instead, we have argued here
that an integrative approach to AD research that incorporates both
circadian and olfactory function may uncover broader mechanisms
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that not only affect these systems, but that globally contribute to the
onset and progression of the disease.
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