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Abstract

Life has evolved within a dynamic environment. In order to anticipate and prepare for recurrent
environmental changes, organisms have internalized biological solutions to challenges imposed
through sensory stimuli. Circadian rhythms have evolved to provide synchrony with the
predictable daily oscillators of environmental cues, and interactions among circadian oscillators
throughout the brain and the body influence the adaptive coordination of the organism as a
whole. To abstract relevant information, organisms must constantly sample not only rhythmic
features from the environment— such as light— but also more transient stimuli— such as
olfactory cues. Olfaction allows for active sampling of crucial survival information including
predator identification, social recognition, and sourcing of food. Importantly, odor stimuli exert
powerful control over learning and memory networks through the unique anatomical structure of
olfactory pathways, which in turn predispose the olfactory system to be more vulnerable to
neurodegenerative diseases. This research examines how desynchrony between internal biology
and external cues can impact overall organismal health, and in turn how neurodegenerative
disease alters perception of environmental stimuli. First, | examined how internal desynchrony
within the molecular machinery of the circadian clock affects behavior in the face of
environmental challenge by testing the hypothesis that a core circadian clock gene, per2, is
responsible for circadian clock responses to light. Lack of functional per2 prevented the normal
circadian period lengthening and compression of active period in response to light by increasing
the magnitude of phase advance in response to late evening/early morning light and decreasing
the magnitude of phase delay in response to early evening light (Chapter 3). In this way,
destabilization of the internal biological clock machinery through the functional mutation of the

per2 gene can affect the behavioral response to environmental stimuli. Experiments in Chapter 4
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disrupted circadian rhythms by manipulating exogenous stimuli: the timing of light and food, to
examine whether circadian disruption exacerbated symptoms of neurodegenerative disease. In
the APP/PS1-21 mouse model of Alzheimer’s Disecase (AD), mice were fed either only at night
or only during the day, the latter of which induced internal circadian desynchrony. Circadian
desynchrony itself idiosyncratically altered performance in some behavioral cognitive and
emotional tests, but it did not clearly exacerbate AD behavioral pathology. Finally, in Chapter 5,
| aimed to characterize how neurodegenerative disease alters perception of environmental cues,
by characterizing olfactory dysfunction in this same model of AD during the initial stage of
disease. An objective of this study was to identify behavioral markers for diagnosis of AD early
in development (Chapter 5). APP/PS1-21 mice at the initial stages of pathology showed reduced
discrimination between odorants in a non-rewarded paradigm. However, discrimination was
recovered under conditions of reward, indicating that mice may be able to recruit other neural
systems to compensate for impaired olfaction, when sufficiently motivated by appetitive stimuli.
This presents olfactory discrimination as a potential site for behavioral diagnosis of early-stage
AD. Together, these experiments identify novel interactions among sensory features of the

environment and their influence on brain function, behavior, and symptoms of disease.
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Chapter 1: Background and General Information

Life has evolved within a dynamic environment. To anticipate and prepare for recurrent
environmental changes, organisms have internalized biological solutions to challenges imposed
through sensory stimuli. For example, the Earth’s 24-hour rhythm of alternation between light
and darkness has resulted in the development of biological rhythms in nearly every organism.
Biological rhythms in physiology and behavior are essential for adaptive interactions within this
rhythmic environment. Circadian rhythms (CRs) have evolved to provide synchrony with the
predictable daily oscillations of environmental cues, such as the light cycle, food availability,
presence of predators, and temperature changes, through a process known as entrainment. In
organisms from bacteria to humans, CRs drive a myriad of daily rhythms in behavior and
physiology to promote both (1) internal synchrony among innumerable biological systems within
the individual, and (2) synchrony of the individual with the rhythmically-changing environment.
Well-described CRs including sleep and wakefulness, arousal, ingestive behavior, hormone
secretion, and immune response, positioning circadian rhythms at a pivotal point for impact on
health and disease (Benca et al., 2009; Coogan & Wyse, 2008; Sahar & Sassone-Corsi, 2009; M.
E. Young & Bray, 2007). It has been well established that the interactions between circadian
oscillators across the body influence adaptive coordination within the organism as a whole. This
dissertation aims to better understand how CRs support organismal homeostasis through
experiments that examine how environmental perturbations alter the coupling dynamics between

circadian clocks, and the impact of this altered coordination on physiology and behavior.

In ideal conditions, internal physiology and behavior maintain a stable phase relationship
with the environment. This requires both a functional internal circadian network that can
internalize environmental time cues to coordinate organismal physiology, as well as stable

1



environmental conditions with which an organism is able to align its behavior and physiology
(Pittendrigh, 1960). In addition to rhythmic features of the environment, to abstract relevant
information, organisms must constantly sample features from the environment, including both
regularly-recurring rhythmic events (e.g., sunrise sunset, seasonal changes in day length) and
more transient stimuli (e.g., sudden food appearance, olfactory stimuli). Indeed, olfaction allows
for active sampling of crucial survival information including predator identification, social
recognition, and sourcing of food. Importantly, odor stimuli exert powerful control over learning
and memory networks through the unique anatomical structure of olfactory pathways. Unlike
other sensory systems, olfactory information is transmitted directly from the sensory organ to the
cortex, without passing through the thalamic sensory relay system (Haberly & Price, 1977; Price
& Powell, 1971), although the olfactory cortex may perform the function of an olfactory
thalamus (Kay & Sherman, 2007). As a result, olfactory sensory information garners privileged
access to cortico-limbic structures, making it an interesting domain for investigating how the
sensory stimuli from the environment are integrated into cortical representations to impact
behavior (Merrick et al., 2014). Similarly, photic circadian time information is registered by the
brain and is subjected to its most essential calculations without being processed by the thalamic
input system, instead gaining access to the central circadian pacemaker via a direct retinal-
hypothalamic projection (Golombek & Rosenstein, 2010; Hannibal, 2002, 2021; R. F. Johnson et
al., 1988). Despite these broad similarities, investigations into how circadian and olfactory
information interact to modulate behavior are uncommon.

The following research program examines how desynchrony between internal biology
and external cues can impact organismal health. First, | examined how internal desynchrony

within the molecular machinery of the circadian clock affects behavior in the face of



environmental challenge by testing the hypothesis that a core circadian clock gene is responsible
for circadian clock responses to light (Chapter 3). Second, in a mouse model of Alzheimer’s
Disease (AD), I induced a state of profound circadian misalignment and evaluated the impact of
internal circadian desynchrony on disease progression (Chapter 4). Finally, | aimed to
characterize the progressive olfactory dysfunction in this same model of AD, with an objective
of identifying behavioral markers for diagnosis of the disease early in development (Chapter 5).
To provide a context for this work, background in circadian rhythms, misalignment, Alzheimer’s

Disease, and olfactory dysfunction is first considered.

Central coordination of bodily timekeeping

To adapt and respond appropriately to daily environmental changes, organisms have
evolved biological clocks that entrain to the 24-hour day. So crucial to functioning are circadian
clocks, that these molecular timekeepers exist in every cell of the body in both the brain and the
periphery. These clocks are organized hierarchically to create a circadian network, with a
superordinate (master) circadian pacemaker in the suprachiasmatic nucleus (SCN) of the
hypothalamus (Rusak & Zucker, 1979). Bilateral ablation of the SCN results in total elimination
of circadian rhythms in locomotor activity, which can then be reinstated through implantation of
SCN donor tissue (Ralph et al., 1990; Rusak & Zucker, 1979; Stephan & Zucker, 1972),
demonstrating the necessity of the SCN in rhythm generation (H. Li & Satinoff, 1998; Silver et
al., 1996). The SCN relies primarily on photic cues to synchronize with the environment, where
light information detected by the retina is transmitted directly to the central pacemaker to confer
information about the time and phase of solar day. This induces a change in the onset of the

clock within the SCN, corresponding to behavioral changes in subsequent cycles (Meijer &



Schwartz, 2003). In order to keep the vast network of cellular and tissue-level clocks in phase,
the central clock must be able to not only perceive environmental time cues and integrate this
time information into the clock machinery, but also transmit time information across the
circadian network through humoral and electrical signals (Guo et al., 2006; Silver et al., 1996)
and integrate feedback from peripheral clocks back into its molecular machinery (Pittendrigh,
1960). Central coordination of circadian rhythms thus serves two primary adaptive functions: (1)
it allows for internal physiological functioning to maintain specific phase relationships with
recurrent daily changes in the environment, and (2) it allows for internal alignment of
physiological processes between and among tissues. These two features of the circadian network
allow organisms to anticipate and prepare for recurrent daily changes in the environment and
adjust their physiology and behavior accordingly (Daan & Pittendrigh, 1976; Pittendrigh &

Daan, 1976).

Because individual cells each contain their own circadian clocks, these cells must be
synchronized within their respective tissues, and tissues and organs coordinated into stable phase
relationships with one another. To keep this web of circadian pacemakers in sync, cellular clocks
adjust their phase and amplitude in response to stimuli that contain reliable time information,
integrate this information into their molecular machinery, and communicate this information to
other cells (Schibler & Sassone-Corsi, 2002). While the central circadian pacemaker receives
light input through a direct mono-synaptic connection with the retina and therefore is strongly
entrained to the ambient light/dark cycle, peripheral clocks often rely on non-photic cues (Pezuk
et al., 2010). Under conditions free of external time cues (i.e., continuous darkness or
illumination), rhythms exhibit ‘free running’ features (Daan & Pittendrigh, 1976). They drift out

of phase with the external 24h world at a period dictated by the endogenous speed of the



organisms’ circadian oscillator. Remarkably, even in the absence of an external time cue, but
with a few exceptions (Damiola et al., 2000; Stokkan et al., 2001), the countless circadian
rhythms in the body free run indefinitely, locked in phase with one another (Dibner et al., 2010).
However, this phase coordination can be challenged by the sensitivity of different clocks to

various time cues (Yamazaki et al., 2000).

In complex multicellular organisms, the circadian network accommodates the conflicting
needs for both rigid homeostatic mechanisms and flexible allostatic mechanisms to remain
aligned with the environment. The vast array of circadian clocks throughout the body must be
autonomous and self-sustaining to predict and adaptively respond to recurrent daily
environmental features. However, these same clocks must also continuously adapt to changes
within the environment and the body’s own internal signals to organize individual cellular clocks
and tissue level oscillators into a coherent network, thus coordinating an organism’s behavior
and physiology precisely with its environment. Understanding the mechanisms by which
biological clocks individually keep time and integrate diverse time cues to communicate with
one another is paramount to understanding how circadian biology affects psychological and

physiological health.

Entrainment: the central circadian pacemaker

Because temporal adaptation is so vital to survival, organisms must adapt their behavior
and physiology to align with predictable, recurrent environmental cues, a process known as
entrainment. The environmental cues that confer time information to drive entrainment are
known as Zeitgebers, from the German for ‘time giver,” the most salient zeitgeber being light.

During the process of entrainment, the endogenous period of a biological rhythm (also called tau;
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1: the speed at which an endogenous clock runs in the absence of environmental time cues) takes
in the period of the entraining stimulus (T). In order for an organism to entrain to environmental
cues, it must reset the period and phase of the free-running pacemaker each day, correcting for
the difference between the period of the environmental time cue and the endogenous clock,
adjusting t to T (Pittendrigh & Daan, 1976). There are two contrasting formal models describing
the mechanisms of entrainment: the parametric model and the non-parametric model. The non-
parametric model describes how entrainment occurs through instantaneous phase shifts in
response to discrete light pulses, since the clock is differentially sensitive to light cues at
different phases of the circadian cycle. Phase response curves (PRCs) provide information about
the sensitivity of the clock across the circadian day and the magnitude of the shift imposed by a
zeitgeber at each phase. PRCs for light are generated by first transferring an organism to constant
darkness, measuring the endogenous circadian rhythm, and then administering light pulses of a
specific intensity and duration at each phase of the circadian cycle and measuring the magnitude
of the resultant phase shift. Light pulses in early subjective night (e.g., CT15) will produce high
amplitude phase delays, while pulses later in the subjective night (e.g., CT20) generate high
amplitude phase advances. Under natural conditions, these time periods correspond to twilight
hours, and indeed stable entrainment can be achieved in the lab with only one or two light pulses
(or a ‘skeleton’ photoperiod). On the other hand, the parametric model describes the sensitivity
of the circadian pacemaker to long-duration light stimuli (e.g., constant illumination). The
intensity of the light stimuli can also modify aspects of the circadian oscillator through
continuous action. Jurgen Aschoff first described the response of nocturnal and diurnal animals
to light of different intensities (Aschoff, 1960; Beaulé, 2009). For nocturnal species, such as

mice, Aschoff’s rule states that as light intensity increases, tau increases, and the active period



duration (alpha) decreases. Parametric and non-parametric effects on the circadian pacemaker

likely act in concert to generate entrainment (An et al., 2022; Daan, 2000).

The formal actions of light on the circadian pacemaker are also reflected in physiology
(see Fig.1 below). Photic cues received by rods and cones, as well as intrinsically photosensitive
retinal ganglion cells, form direct monosynaptic projections with the SCN via the
retinohypothalamic tract (RHT) (R. F. Johnson et al., 1988). Signaling by the RHT onto to SCN
is primarily glutamatergic (Hannibal, 2002). The SCN also receives direct serotonergic input
from the median Raphe Nucleus (Meyer-Bernstein & Morin, 1996) and neuropeptide Y (NPY)
signaling from the intergeniculate leaftlet (IGL) (Harrington, 1997), important for transducing
non-photic time cues (Mrosovsky, 1995; Webb et al., 2014). The retinorecipient ventral core of
the SCN contains mostly non-oscillatory cells and is responsible for performing initial
processing of information from input pathways (Albers et al., 2017). These calbindin (CalB)-
expressing cells gate the photic entrainment of vasopressin (VP)-containing cellular circadian
oscillators in the dorsal SCN shell (Hamada et al., 2003; LeSauter et al., 2009). The
synchronization within the SCN is achieved via intracellular neurotransmitter and neuropeptide
interactions including gamma aminobutyric acid (GABA), gastrin-releasing peptide (GRP), and
vasoactive intestinal peptide (VIP) in the ventral core. GRP induces the phosphorylation of ERK
and subsequent signaling cascade, resulting in the expression of Perl and Per2 mRNA in cells in
the SCN shell. VIP in particular is thought to drive network synchrony, as loss of VIP signaling
resulted in desynchronization of SCN cells (Maywood et al., 2006). GRP, VIP, and GABA work
synergistically to sustain the network-level oscillation of the SCN as well as mediate photic
entrainment (Aton et al., 2005; Hamnett et al., 2019; Jones et al., 2018; Maywood et al., 2006;

Ono et al., 2021). VIP neurons also provide timed GABAergic stimuli to output pathways,



suppressing activity during particular times of day and thus regulating the timing of
physiological functions, such as heart rate and corticosterone secretion (Paul et al., 2020). SCN
shell neurons contain both the receptor for VIP and also express arginine vasopressin (AVP),
which plays a role in driving autonomous network synchrony and stabilization of circadian

rhythms (Herzog et al., 2017; Mieda, 2019; Shan et al., 2020).
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Figure 1: Direct and indirect pathways of entrainment into the SCN
RHT = retinohypothalamic tract; IGL = intergeniculate leaflet of the thalamus;

GHT = geniculohypothalamic tract; RN = Raphe nucleus; MnR = median Raphe nucleus;
DR = dorsal Raphe nucleus

Glutamatergic input from the retinohypothalamic tract signals light information gathered from
the eyes. Serotonergic input from the median Raphe nucleus and neuropeptide Y from the
intergeniculate leaflet communicate time information from non-photic cues to the SCN. These
three pathways mediate entrainment of the SCN.

Entrainment: peripheral clocks

Peripheral tissues, in which every cell contains tissue-specific clock controlled genes, can
create rhythmic responses to environmental input specific to that tissue (Balsalobre et al.,

1998). For example, clocks within liver cells are primarily entrained by food, whereas the SCN



clock is preferentially entrained by light (Damiola et al., 2000; Stokkan et al., 2001). This sets
up reciprocal coupling dynamics between the central and peripheral oscillator systems. Light acts
through the SCN clock to control feeding time, while feeding entrains the liver clock. Because of
this, altering the relationship between light and food cues can alter this coupling relationship,
potentially shifting the phase of these oscillators to establish new temporal relations with one
another. A concrete example of such dynamics is evident in the phenomenology of food
entrainment. “Food anticipatory activity” (FAA) paradigms are capable of disentangling food-
entrainable and light-entrainable circadian oscillators. In such paradigms, experiments are
performed in which food is available only during a small window of time each day (usually 3-
4h). This offering commonly occurs during the normal rest phase of the animals. When this
feeding regimen continues for many days, animals become active in anticipation of the interval
of food availability (i.e., in the daytime, when they are normally inactive), while still maintaining
a robust nocturnal pattern of activity. Crucially, the rhythm of gene expression within the SCN
remains phase-locked to the light-dark cycle, while restricted feeding rapidly entrains the liver to
the time of food availability (Stokkan et al., 2001). Thus, the expression of the light-entrainable
and food-entrainable oscillators are revealed to be separate from one another in time (i.e., in
‘phase’). Experiments in which animals are food deprived for several days in a row after such
daytime restricted feeding (RF) regimens have indicated that FAA is the result of an endogenous
oscillator rather than a masking response, as animals continue to become active at the previous

time of food delivery, even when no food is offered (Mistlberger, 1994).



Multiple clocks and misalignment

Circadian clocks are responsive to multimodal environmental stimuli including light,
food, and social cues. This offers flexibility but also presents a system in which conflicting time
signals from these cues can lead to misalignment between central and peripheral oscillators
and/or between endogenous clocks and the environment. For example, circadian clocks in the
SCN and clocks in the liver are typically in phase with one another. However, these clocks can
be rapidly decoupled by phase misaligned (Hara et al., 2001), high-frequency (ultradian) feeding
(de Goede et al., 2018), or even transiently by phase shifts in the light cycle, which suggests
independence of these oscillators. Using a perl-luciferase rat model to identify the rhythmic
expression of the clock gene perl, Yamazaki and colleagues found that phase advances or delays
in the light dark cycle shifted circadian responses in the SCN, peripheral tissues, and behavior at
different speeds (Yamazaki et al., 2000). Additionally, researchers investigated the phase and
period of peripheral tissue clocks in SCN-lesioned mice with a per2-luciferase reporter (Yoo et
al., 2004). Although the phase relationships between peripheral oscillators were disrupted
following the SCN lesion, each tissue maintained a characteristic period, suggesting
independence of these oscillators from the SCN. The SCN shifted almost immediately to the new
light cycle, while the liver clock had not fully shifted even after 6 cycles. Additionally, restricted
feeding (RF) paradigms where mice are allowed a 4h window that was 7h advanced from normal
feeding time, followed by a 7h shift in the light dark cycle, show that while the peak of clock
gene expression in the SCN followed this advance, no change in phase occurs in the liver clock
(Damiola et al., 2000). Other high-frequency feeding paradigms provide food at 6 even intervals
over the course of a day, eliminating the daily rhythm in feeding behavior while still maintaining
the day/night difference in body temperature and locomotion. This results in no differences in

temporal dynamics in the SCN but notable differences in rhythmic expression of genes involved
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in glucose and lipid metabolism (de Goede et al., 2018). Taken together, these pieces of evidence
suggest independence of the light-entrained oscillator in the SCN and the food-entrained
oscillator in the periphery, despite their strong coupling under standard environmental

conditions.

A major theoretical concept in the field of circadian biology lies in better understanding
how central and peripheral circadian clocks interact with one another. There are many ways to
alter the peripheral-central phase relationship. These include jet lag paradigms, presentation of
light at night, repeated/constant phase shifting, and shift work models. These paradigms allow

insight into how the coupling relationship between central and peripheral clocks impacts health.

Misalignment paradigms:

Jet-lag

A potent example of circadian misalignment both between internal oscillators themselves
and between the internal milieu and the environment is evident in individuals who engage in
long trans-meridian travel in short intervals of time (so called jet lag). In these individuals the
internal clock ends up out of synchrony with the external conditions of the new time zone, and
jet lag symptoms such as poor sleep, daytime tiredness, and appetite loss occur while the clock
adapts to the new time (Forbes-Robertson et al., 2012; Haimov & Arendt, 1999). In animal
models of jet lag, it has been demonstrated that oscillators that generate CRs in different traits
adjust to the new time zone at different speeds (Abraham et al., 2010; Yamazaki et al., 2000),
altering communication between oscillators and coordination of behavior and physiology with

the new circadian phase. Jetlag paradigms have established how age, sex, and molecular clock
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components interact. However, understanding how central and peripheral clocks communicate
also has practical/clinical importance. Indeed, a number of studies suggest that misalignment of
CRs plays a central role in numerous health disorders including cardiovascular disease
(Merikanto, Lahti, Puolijoki, et al., 2013), diabetes (Chellappa et al., 2021; Mason et al., 2020),
obesity (Arble et al., 2009; Baron et al., 2011), cancer (Kogevinas et al., 2018; Marinac et al.,
2015; Salamanca-Fernandez et al., 2018; Straif et al., 2007), and mood disorders (Baron & Reid,
2014; Chellappa et al., 2020; Lewy, 2009; Zou et al., 2022). Additionally, simulated chronic jet-
lag paradigms impair memory task performance (Krishnan & Lyons, 2015; Smarr et al., 2014).
This is readily modeled in mice as well: misalignment between central and liver oscillatory
networks has, for example, been shown to lead to metabolic dysbiosis and obesity in WT mice

(Mukheriji et al., 2015).

Shift work

People who engage in ‘shift work’ live for several days of the week 8-16 hours out of
phase with their non-shift working social environment; on ‘off days,’ they commonly adjust their
activity/rest cycles back to a phase that matches that of their non-shift working peers, only to
shift back to the lagged schedule when work resumes — amounting to a major jet lag event every
week (Czeisler & Gooley, 2007; Wittmann et al., 2006). Shift work causes circadian
misalignment among central and peripheral oscillators, and has been linked to adverse metabolic
consequences in humans (Scheer et al., 2009; F. Wang et al., 2014). For example, a higher risk of
metabolic syndrome was found in night shift workers (Cheng et al., 2021; X. Yang et al., 2021),
despite evidence that shift workers are more physically active than non-shift workers (Loef et al.,
2017, 2018). Forced desynchrony protocols in which individuals are forced to adopt days outside

the range of circadian entrainment (e.g., 28h days) allow for additional empirical study of this
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phenomenon. Notably, when subjects’ food intake and sleep rhythms were 12h out of phase with
their habitual rhythms, subjects exhibited physiological markers indicative of a prediabetic state
(Scheer et al., 2009). In shift work, partitioning of activity to times other than daytime represents
a circadian misalignment between peripheral signals (including food intake) and the central
clock, which is entrained to (adapted to align with) environmental cues such as the light/dark

cycle.

Sex Differences in Circadian Rhythms

Biomedical research has long omitted the use of females in pre-clinical research, largely
due to a belief that, because females have hormonal cycles, they exhibit more variability than
males. For this reason, single-sex studies of males have outnumbered females 5.5 to 1 (Beery &
Zucker, 2011). However, randomly cycling females are no more variable than males on any
behavioral, morphological, physiological, or molecular trait (Prendergast et al., 2014). This is not
to say females and males are biologically identical, as there exist sex differences in many
biological processes from pain signaling to drug metabolism (Zucker et al., 2022). Circadian
rhythms research is no exception to sex disparities in samples, despite sex differences in

circadian organization and activation being long evident.

Sex hormones exert influence on circadian free-running period, where removal of gonads
and thus endogenous circulating hormones lengthens period, and replacement with exogenous
hormones shortens period (Albers, 1981; Morin et al., 1977). The first systematic report of sex
differences in chronobiology and their biological underpinnings showed that circadian period
changes in responses of hamsters to estradiol are sexually dimorphic and depend on

organizational effects of androgens early in life (Zucker et al., 1980). Specifically, testosterone
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treatment early in life masculinizes the SCN and prevents the normal female-typical estradiol-
induced shortening of tau in adulthood. Estrogen impacts both the phase and amplitude of
activity, with elevated levels causing phase advances, consolidation of activity to the dark phase,
and increases in total amount of activity (Morin et al., 1977). Estradiol also impacts the function
of the SCN clock in response to environmental cues. For example, exogenous estradiol
administration in rodents enhances precursor transcription factors to the expression of clock
genes in the SCN (Abizaid et al., 2004), altering responsiveness to light pulses administered in
the late subjective night (Blattner & Mahoney, 2015). Additionally, a greater number of estrogen
receptors of alpha and beta subtypes are found in the SCN of female compared to male mice
(Vida et al., 2008). These subtypes are responsible for different circadian consequences of
estrogen. ERa increases total activity, activity amplitude, and proportion of activity consolidated
to the dark phase, while ERp delays acrophase (time of peak activity) but advances activity onset

(Royston et al., 2014).

Sex differences in responses to circadian misalignment have also been identified in many
areas of physiology and behavior, but careful comparison of these differences in a controlled
misalignment paradigm is still far from completion. In humans, females have been shown to
have a greater impairment than males in cognitive performance during shift work (Santhi et al.,
2016). Some studies have also shown sex differences in prevalence of diabetes mellitus and
metabolic syndrome in shift workers, though results have not always been consistent (Gan et al.,
2015; Guo et al., 2006; Karlsson et al., 2001; Khosravipour et al., 2021; X. Yang et al.,

2021). Additionally, female shift workers exhibit higher risk for developing breast cancer
(Hansen, 2017; Szkiela et al., 2020), with the International Agency for Research on Cancer

(IARC) classifying shift work involving circadian disruption as a possible human carcinogen
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(Stevens et al., 2011). These differences might be results of baseline sex differences in circadian
organization. For example, females have shorter endogenous circadian periods compared to
males (Duffy et al., 2011), which could make adjustment to a later work schedule more

taxing. Males have also been shown to have more stable entrainment (Davis et al., 1983), which
may represent a sex difference in the reliance on and sensitivity to external time cues. In this
way, sexually dimorphic circadian clock organization could impact misalignment both in terms
of external and internal synchrony, and this clock organization could be mediated through

differences in sex hormones.

Circadian misalignment and health

CRs in mammals are strongly tied to many facets of cardiovascular, metabolic, and
cognitive health (Benca et al., 2009; Coogan & Wyse, 2008; Sahar & Sassone-Corsi, 2009; M. E.
Young & Bray, 2007). For example, participants were subjected to a 28h day to dissociate
endogenous circadian rhythmicity from behavior; during periods in which subjects slept and ate
12h out of phase from their endogenous rhythm (maximum circadian misalignment) they
exhibited increased mean arterial pressure, insulin, and glucose secretion (Scheer et al.,

2009). This mirrors a study done by Baron and colleagues who reported a correlation between
calories consumed after 8:00pm and BMI (Baron et al., 2011). Similarly, mice fed during the
light (inactive) phase consumed the same number of calories but gained twice as much weight as
mice fed only during the active phase (Arble et al., 2009). Additionally, mice fed a high-fat diet
only during the active phase did not develop metabolic syndrome, unlike those that were fed ad

libitum or during the light phase (Hatori et al., 2012).
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Chronotype is an individual’s preferred timing of sleep and activity, and human
chronotypes can be classified on a continuous scale (MCTQ, n.d.). Operationally, chronotype is
often measured through the Munich Chronotype Questionnaire (MCTQ), which assesses sleep
behavior via the midpoint of sleep on free days corrected for sleep debt accumulated on work
days (Juda et al., 2013; Wittmann et al., 2006). Environmental influences such as sex, age, and
genetic variations contribute to chronotype. Though humans show large variations in chronotype,
we are subjected to the same social obligations, such as school and work. These social schedules
can interfere considerably with preferred times of sleep and activity. Social jet lag refers to a
form of circadian misalignment arising from the discrepancy between sleep/wake on work days
versus on free days (Wittmann et al., 2006). Individuals with evening chronotypes, who initiate
sleep onset later, show the greatest misalignment between free and working days, leading to
considerable sleep debt on work days. Similar to other forms of circadian misalignment, social
jet lag is associated with adverse health outcomes (Caliandro et al., 2021), such as development
of metabolic disease (Roenneberg et al., 2012). Additionally, there is an association between
evening chronotype and risk for development of mood disorders such as depression (Baron &
Reid, 2014; Chelminski et al., 1999; Gaspar-Barba et al., 2009; Hirata et al., 2007; K. M. Kim et
al., 2020; Kitamura et al., 2010; Merikanto, Lahti, Kronholm, et al., 2013) and bipolar disorder
(Ahn et al., 2008; Chung et al., 2012; Giglio et al., 2010; Mansour et al., 2005; Wood et al.,
2009). Interestingly, there is an association between the alteration in some circadian clock
proteins and mania-like behaviors (hyperactivity, decreased sleep, lowered depression-like
behavior, and increased reward sensitivity) in mice (Roybal et al., 2007). Additionally, decreased
circadian amplitude and higher intra-daily variability is associated with higher risk of developing

mild cognitive impairment and/or Alzheimer’s dementia (P. Li et al., 2020; Tranah et al.,
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2011). There are strong links between circadian misalignment and decreased health outcomes in
many facets of physiology and behavior, and the direct manipulation of this misalignment

remains to be explored.

Alzheimer’s Disease

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder characterized by
deterioration of cognitive functions and other neuropsychiatric symptoms (Ballard et al., 2011;
Scheltens et al., 2016). Though, the disease is most commonly associated with cognitive issues
such as memory loss, patients can also exhibit language impairment, motor skill issues, and
perception issues that contribute to impairments in performing daily life activities (Neugroschl &
Wang, 2011). AD is currently the most prevalent form of dementia (a decline in both intellectual
functioning and the capacity for independence in daily activities), representing 2/3 of dementia
cases and 50 million patients worldwide, and this number is projected to double every 5 years
(Breijyeh & Karaman, 2020). Despite the debilitating nature and prevalence of this disease, there
currently exist only two disease-modifying treatments, one of which has recently been the source
of some controversy due to poor efficacy in modifying disease-related cognitive and functional
measures (Tampi et al., 2021; Tan, 2022). Also complicating treatment, AD exhibits a long pre-
clinical phase of ~20 years, and an average clinical duration of only 8-10 years (Masters et al.,
2015). This late diagnosis in terms of disease etiology means treatment is administered well into
disease progression. For this reason, recent efforts have investigated the potential of early
lifestyle interventions to delay AD progression or prevent development entirely (Dhana et al.,

2020).
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On a physiological level, AD is characterized by an accumulation of aggregated amyloid
and tau proteins throughout the brain, leading to the development of beta-amyloid plaques and
tau tangles respectively (Armstrong, 2009; Serrano-Pozo et al., 2011; Spires-Jones & Hyman,
2014). Amyloid proteins are produced by the breakdown of amyloid precursor protein (APP) by
secretases (Crouch et al., 2008; Selkoe & Hardy, 2016). The location of these secretases is
altered by presenilin (PS1 and PS2), with PS1 increasing the likelihood of producing protein
lengths that are more likely to form aggregated ‘clumps’ (Jankowsky et al., 2004; Kikuchi et al.,
2017). These aggregated amyloid proteins accumulate between neurons, disrupt cell function and
prevent nutrient distribution, eventually Killing the cells (Abramov et al., 2009; Cras et al., 1991,
Selkoe & Hardy, 2016). Additionally, these protein deposits activate an immune response,
triggering inflammation and autophagy of cells (Hur et al., 2020; M.-M. Wang et al., 2018; S. D.
Yan et al., 1996). Importantly, amyloid plaques begin forming at least two decades before tau
pathology and the onset of clinical behavioral impairment (Bateman et al., 2012; Sasaguri et al.,
2017). Neurofibrillary tangles form via the detachment and aggregation of tau proteins from the
microtubules that structurally support neurons (Grundke-Igbal et al., 1986). These tangles block
neuronal transport and synaptic communication (Gémez-Isla et al., 1997; Spillantini & Goedert,
2013). Interestingly, plaque and tangle processes appear to be connected, where once amyloid
plaque aggregation reaches a critical threshold, there is a rapid spread of tau throughout the brain
(Ismail et al., 2020; Tanzi & Bertram, 2005). This impaired synaptic connectivity and eventual
cell death leads to reduced cognitive function over the course of the disease (Hyman et al., 2012;

Neugroschl & Wang, 2011).

18



AD mouse models

A common tool for investigating AD treatments are transgenic mouse models expressing
AD genetic variants. While there are many AD transgenic mouse strains, mice expressing cDNA
encoding familial AD-linked human Swedish mutation of amyloid precursor protein mutation
(APPSWE) and presenilin 1 deleted in exon 9 (PS1AE9) variants - known as APP/PS1 mice - are
among the most commonly studied models (Trinchese et al., 2004). Overexpression of these
transgenes results in overproduction of APP and PS1 splice variants that increase amyloid-beta
plaque formation (Jankowsky et al., 2004). APP/PS1 mice also display AD-related behavioral
phenotypes including cognitive impairment (Sadowski et al., 2004), increased behavioral anxiety
(Meng et al., 2020) and other related symptoms (Malm et al., 2011). This mouse model,
however, also produces amyloid aggregates in peripheral tissues (e.g., blood vessles, liver, and
gastrointestinal tract) in addition to the brain, complicating interpretation of whether behavioral
impairment is due to an impact of these aggregates on other functions (L. Zhang et al., 2021). To
solve this problem, the APP/PS1-21 mouse uses a Thyl promoter to express these AD
transgenes, making AP plaques brain specific (Radde, 2006). Because plaques in this model are
only present in the brain, rigorous testing of how peripheral-specific interventions to manipulate
peripheral-central alignment, such as food timing, can impact disease etiology in the central
nervous system is merited. The APP/PS1-21 mouse also develops plaques as early as 6 weeks of
age and has a highly stereotyped pattern of plaque deposition, making it an ideal model in which

to test how interventions early in plague development can impact the etiology of AD.
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Alzheimer’s Disease and Circadian Rhythms

AD patients show clear circadian disturbances in addition to the more commonly
recognized behavioral symptoms (Coogan et al., 2013; Hatfield et al., 2004; Hu et al., 2009;
Skene & Swaab, 2003; Witting et al., 1990; Y.-H. Wu et al., 2006). AD patients exhibit
nighttime restlessness and daytime drowsiness (Coogan et al., 2013; Hu et al., 2009),
fragmentation and reduced amplitude of CRs (Hatfield et al., 2004; van Someren et al., 1996),
altered rhythmic expression of melatonin (Y.-H. Wu et al., 2006), and a shift in diurnal feeding
pattern with more calories consumed earlier in the day (K. W. H. Young et al., 2001; K. W. H.
Young & Greenwood, 2001). Neural dysfunction and neurodegeneration has been observed
within the SCN, but it is unknown whether this is a consequence or a contributor to AD
development (Leng et al., 2019; Singer & Alia, 2022; J. L. Wang et al., 2015). Transgenic mouse
models for Alzheimer’s disease have also demonstrated circadian changes. Both mouse and
drosophila AD models demonstrate a bidirectional relationship between the development of AD
and circadian misalignment (Chauhan et al., 2017), where circadian dysfunction increases
likelihood of Alzheimer’s development and/or Alzheimer’s development increases circadian
dysfunction. For example, AD transgenic mice with deletion of a prominent circadian gene,
BMAL1, demonstrated increased plaque formation relative to AD transgenic mice with a
functioning circadian clock (Kress et al., 2018). Additionally, reduced circadian rhythm
amplitude and power and delayed phase predicted later development of dementia in women
(Tranah et al., 2011). These reciprocal interactions between disease states and circadian
functioning complicate understanding of how circadian rhythms contribute to AD etiology. This
represents a major unmet need in our understanding of how the alteration of circadian rhythms
may inform AD treatment before the onset of clinical impairment. A causal relationship has yet

to be established between misalignment of circadian clocks in the brain and body and
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increased AD pathology. Should circadian misalignment be shown to impact plaque
deposition in a mouse model of AD, this could translate to a site for preventive or even a

treatment mechanism for human patients.

Circadian-Olfactory Axis

In addition to the circadian clock within the SCN, evidence indicates that the olfactory
system also contains a circadian oscillator (Granados-Fuentes et al., 2004; Guilding & Piggins,
2007). It stands to reason that this might translate to an impact of time of day on olfactory
sensitivity (Amir et al., 1999), which raises interesting questions about autonomy/interactions of
olfactory network and SCN oscillators. Using a forced desynchrony protocol in which
contributions from intrinsic circadian physiology can be divorced from the influence of time of
day (number of hours awake), odor detection was found to vary across circadian phase for
human adolescents (Herz et al., 2018). Specifically, peak olfactory sensitivity occurred during
early biological night, reaching a minimum during biological day. This circadian variation in
olfactory sensitivity points to a bidirectionality between these two systems. Lesioning the SCN in
mice does not abolish rhythms in the olfactory system (Granados-Fuentes et al., 2011), but
removing the olfactory bulb (OB) alters the period of locomotor activity rhythms (Granados-
Fuentes et al., 2006; Perret et al., 2003; Pieper & Lobocki, 1991). Given the aforementioned
influences of the circadian clock on AD, attention should be paid to the reciprocal influences of
olfaction and circadian function, and how these might be impacted by degeneration in response

to disease, such as in AD.
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Early onset olfactory dysfunction in AD

Furthering the connection between olfaction and AD, APP/PS1 transgenic mice and
human patients with AD both demonstrate amyloid beta mediated degeneration in the brain,
beginning with early degeneration in the olfactory bulb (Ubeda-Baiion et al., 2020). This pattern
mirrors the etiology of neurodegenerative disorders like Alzheimer’s with olfactory deficits
preceding clinical onset of cognitive decline (Vasavada et al., 2015). Increasingly severe
olfactory dysfunction in both magnitude and progression over time correlates with greater
clinical impairment in AD patients (Velayudhan et al., 2013). Patients with more severe clinical
impairments exhibited lower smell identification scores, and during a 3-month follow up, more
rapid decline in olfactory identification scores correlated with greater symptomatic severity.
Different types of olfactory dysfunction are differentially impacted by various neurodegenerative
diseases. Types of olfactory dysfunction include detection (ability to perceive the olfactory
stimulus), identification (correctly naming olfactory stimuli), discrimination (identifying the odd
olfactory stimulus out of a set), and recognition (identifying an originally presented olfactory
stimulus among several choices following a delay). While the definitions of these types of
olfaction vary throughout the literature, it is commonly accepted that detection relies on
peripheral perceptual ability of the subject while the other olfactory parameters depend
somewhat on integration from higher cognitive areas. Compared to other human
neurodegenerative diseases, olfactory identification and recognition were found to be more
severe in AD, while the olfactory detection threshold was not similarly impaired (Rahayel et al.,
2012). This indicates that olfactory impairment in AD might involve more advanced olfactory
cognitive processing than in other neurodegenerative diseases, positioning olfactory dysfunction
as an important early tool for differentiating and recognizing Alzheimer’s Disease in order to

implement early treatment efforts.
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Olfactory discrimination in AD transgenic mice

Discrimination between olfactory parameters that are more reliant on perception (i.e.,
detection) or on higher cognitive computations can be evaluated both in humans and animal
models, since the olfactory system is highly conserved across species (Ache & Young, 2005).
Additionally, similar to human AD patients, olfactory dysfunction correlates with amyloid
burden in AD mouse models, with plaque deposition beginning in the olfactory bulb. Odor cross-
habituation assesses multiple olfactory parameters including novel odor investigation, odor
learning and memory (habituation) and discrimination (cross-habituation). APP/PS1 mice
demonstrate deficiencies in odor habituation and increased latency to habituate across odor
presentations starting at only 3 months of age (Wesson, Levy, et al., 2010). This is likely related
to the early onset of amyloid deposition in the olfactory bulb beginning at only 3 months of age
in that model, prior to plaque deposition in any other brain area. APP/PS1 mice perform worse
than wild-type (WT) mice on olfactory discrimination between attractive and aversive odors and
have a longer latency to uncover food pellets (Yao et al., 2016). Taken together these data
suggest that the ability of AD transgenic mice to identify and differentiate scents may be
impaired due to plaque deposition. However, this has yet to be empirically examined in the
APP/PS1-21 mouse model, which develops plaques only within the brain. The stereotyped
plaque development of APP/PS1-21 mice, beginning in the olfactory bulb, allows for testing of
olfaction at the very beginning of plaque deposition and long before onset of cognitive
behavioral impairment. Should differences in olfaction be present at this early stage of
plaque deposition, this could inform development of an early detection paradigm for

human patients.
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Aims

Here | describe experiments that examine the role of coordination between the
endogenously rhythmic individual and its rhythmic environment on metabolic and neurological
health. In Chapter 3, | use a genomic manipulation of the circadian pacemaker to examine how
disruption of the internal circadian clock affects coordination/entrainment with environmental
lighting cycles in a sex-specific manner. In Chapter 4, | examine how circadian misalignment
impacts metabolic and behavioral endpoints in an Alzheimer’s transgenic mouse model
(APP/PS1-21). Finally, in Chapter 5, | examine olfactory function in APP/PS1-21 mice at the
onset of plaque deposition with experiments that examine the potential diagnostic utility of the
early-onset olfactory dysfunction evident in AD and other neurodegenerative diseases. Our
bodies are both responsive to and dependent on environmental cues. The following work seeks to
understand how environmental time cues and olfactory information interact with behavior and

physiological health.
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Chapter 2: Materials and Methods Common to Many Experiments

Below, | summarize and provide an overview of the experimental methods and concepts used in
the following work. Experimental methods, reagents, calculations, and procedures are provided

at a more extensive level of detail within the respective Chapters 3-5.

Circadian Manipulations

Mouse locomotor activity (LMA) was recorded during multiple circadian manipulations
in Chapters 3 and 4 to measure entrainment to environmental cues such as light and food, as well
as endogenous, free-running rhythms under constant conditions. Standard chronobiology metrics

are outlined below.

Activity monitoring and telemetry

Mice were housed in polypropylene cages equipped with passive infrared motion
detectors (PIR) to monitor locomotor activity, as previously described in detail (Prendergast et
al., 2012). All cages were equipped with overhead passive infrared (PIR) sensors to monitor
locomotor activity. Breaks in the infrared beam were recorded in 1-minute bins using the

ClockLab Acquisition software (Actimetrics, Wilmette, IL, USA).

Circadian activity measures

Activity data was visualized and analyzed using Clocklab Analysis 6 software
(Actimetrics). Characterization of circadian chronotypes in mice were performed via
methodology described previously (Zheng, 1999; Zheng et al., 2001): double-plotted actograms
were scored by an experimenter blind to sex, photoperiod, genotype, and/or food manipulation.

Total daily activity counts in LD were derived from Clocklab over a 10-day interval. Parametric
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statistical tools such as an analysis of variance (ANOVA) are not suitable for the detection of
rhythmicity (Refinetti et al., 2007), so Fourier-based techniques, in which time series are
decomposed into summations of different sin waves, are often used. Lomb-Scargle periodigram
(LSP) allows for generation of a Fourier-like power spectrum even when using a sample of
unevenly sampled data, accomodating data drop out better than other methods (Ruf, 1999).
Clocklab Analysis 6 software (Actimetrics) computes LSP and displays periodigram peaks, with
an adjustable significance level. LSP can underestimate the strength of the circadian component,
so onsets and offsets of activity are often called by hand with phase shifts quantified using
projected onsets (Refinetti et al., 2007). In Chapter 4, locomotor activity during the time of food
availability relative to overall activity was compared between feeding groups using ClockLab
Analysis 6 software (Actimetrics, Wilmette, IL, USA) to analyze circadian distribution. Activity
profiles and actograms showing the average of activity across selected days for each group were

also generated using Clocklab.

Actogram

Mouse activity over successive days is visualized using actograms. The x-axis indicates
time of day, and the y-axis denotes successive days of the experiment. Annotations across the top
abscissae indicate the timing of the light/dark cycle, white lights on being represented by a white

bar and lights off being represented by a black bar. See Fig. 2 below for example.

Onset, offset, alpha

Activity onset is the time at which the active phase begins, and offset denotes the time the
inactive/rest phase begins. In a nocturnal animal such as a mouse, activity onset begins around
lights off, and offset begins around lights on each day. The time elapsed between activity onset

and offset is referred to as alpha, the duration of the active phase.
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Onset tau

When a mouse is placed in constant conditions it begins to free-run at the speed of its
endogenous clock, referred to as tau. Tau can be calculated by using activity data collected from
mice housed in constant conditions using ClockLab’s least-means-squared line drawn through
consecutive days of activity onsets, with the slope of that line being the speed of the endogenous
circadian clock. Circadian period was also calculated using a Lomb-Scargle Periodogram

analyses (LSP) on 10 days of activity data (Ruf, 1999; Tackenberg & Hughey, 2021).
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Figure 2: Representative Double-Plotted Actogram

The x-axis depicts time, with two days of activity plotted side by side. The y-axis depicts
successive days. Light and dark bars across the top of the plot denote lights on and lights off
times of a photocycle. Tick marks denote activity counts in 1-minute bins. This actogram
demonstrates three states of rhythmicity including entrainment to a light-dark cycle, free-running
activity in constant conditions (in this case constant darkness; DD), and arrhythmic activity.
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Behavioral Tests

Four types of behavioral testing were used throughout these experiments to assess
cognitive behaviors related to neurodegenerative disease and olfaction. (A) marble burying as a
measure of behavioral anxiety, (B) T-maze spontaneous alternation as a measure of spatial
working memory, (C) olfactory cross-habituation to test the ability of mice to habituate and
generalize to odors, and (D) a digging task to assess the ability of mice to discriminate between a

rewarded odor and related odors.

Marble Burying Test

The marble burying test has been purported to measure compulsive anxiety and repetitive
behavior, common clinical features of Alzheimer’s Disease and dementia. However, some
experiments have claimed an increase in marble burying equates to increased compulsive anxiety
(Cipriani et al., 2013; Gitlin et al., 2012), while other studies have equated reduced marble
burying with increased compulsive anxiety (Broekkamp et al., 1986; de Brouwer et al., 2019;
Deacon, 2006; Londei et al., 1998; Njung’e & Handley, 1991; Takeuchi et al., 2002; Thomas et
al., 2009). Reduced marble burying has also been described as denoting decreased exploratory
behavior (Moreno et al., 2017), and neophobia (Kemppainen et al., 2014; T.-K. Kim et al., 2012;
Vepséléinen et al., 2013). Alzheimer’s transgenic mice with mutations in APP and PSEN1
(APP/PS1) have been shown to bury fewer marbles than Ntg mice (Day et al., 2023; Keszycki et
al., 2023; T.-K. Kim et al., 2012), though there exist reports demonstrating the opposite effect
(Peng et al., 2021; Torres-Lista et al., 2015; Q. Zhang et al., 2018), complicating interpretation of
this task. We aimed to assess how this behavior was altered in a specific strain of AD transgenic
mice before and after experimental interventions. Trials consisted of placing each mouse in a

clean cage filled with 3cm of corncob bedding for 10 minutes to acclimate to the new
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environment and then returning the mouse to their original cage. Then, 15 marbles were spaced
evenly within the cage, and the mouse was placed back in this cage for 10 minutes. Marble
burying was performed at ZT 2-4 and ZT 14-16 for all mice. The number of marbles buried
(covered >50% with bedding) and the number of marbles moved after the 10-minute period was

recorded and analyzed by an experimenter blind to treatment group.

T-Maze Spontaneous Alternation

Spontaneous alternation exploits the natural exploratory behavior of rodents to assess
spatial working-memory performance, with a higher percentage of alternation indicating better
cognitive behavioral performance. Spontaneous alternation (SA) tests were carried out using a T-
maze with 15cm high walls that consisted of a 10cm x 10cm starting box off of a 40cm long start
arm with two 20cm long choice arms extending on either side. The start box and the 2 choice
arms were blocked off from the start arm with guillotine doors. All trials were recorded with a
camcorder equipped with infrared night vision positioned above the T-maze. The mouse was
placed inside the start box for 5 seconds before the start door was opened. For the first trial, only
one choice arm door was opened (forced trial). The mouse exited the start box to the start arm,
then to the open choice arm, and eventually wandered back into the start box, at which point the
start box door was closed for another 5 seconds. For all subsequent trials, both choice arm doors
were raised upon opening of the start box door. Once the mouse exited the start box and selected
a choice arm, the other choice arm was closed off. If the time of a trial exceeded 2 minutes, the
mouse was carefully placed back into the start box and a new trial was started. This free choice
procedure was repeated 13 times for each mouse. The entire SA procedure was performed at ZT
2-4 and ZT 14-16 for all mice. Experimenters blind to condition recorded the number of

spontaneous alternations made (entering the right goal arm after the left goal arm was entered
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and vice versa). The number of alternating entries made was divided by the total number of free

choice entries made and times by 100 to get a percent of alternation.

Olfactory Cross-Habituation Testing

Testing took place in a conventional cage devoid of bedding material. Mice were tested
in one session, either during the light phase between ZT6-8 or during the dark phase between
ZT18-20. Odors were diluted to a standard vapor pressure of 1Pa in mineral oil and applied to
filter paper in 60uL aliquots, which were enclosed inside a metal tea ball to prevent contact of
the liquid odor with the testing chamber or animal, yet still allow for volatile odor delivery.
Odors were delivered in 11 successive trials of 50s each where the tea ball was placed in the
center of the testing chamber, with a 5-minute inter-trial interval. The test consisted of 1
presentation of a blank (plain mineral oil), followed by 3 presentations of propanol (Habituation
Odor; OHab). The test odors were then presented, interleaved with presentations of OHab to
reinforce habituation. The order of test odors was pseudorandomized across mice, with an
attempt to balance the order of presentation across subjects within a condition (sex, genotype,
and time of testing) as much as possible. The duration of time spent investigating (snout-oriented
sniffing within 1cm of the odor) was recorded across trials by a single observer blind to

genotype.

Odor-Cued Digging Task

Mice were trained to dig in a small glass petri dish (60mm diameter) filled with corncob
bedding for a food reward (1/4 honey nut cheerio, stale to decrease olfactory cues from the
cereal) until they reached criterion (initiated digging within 10sec). Mice were then presented
with 2 dishes, one scented with odorant diluted in mineral oil, and one unscented with just

mineral oil. The mice were then trained to dig in the scented dish for a reward until they reached
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criterion (digging in correct dish 90% of the time). Each test trial was 20 seconds long, after
which the animal was removed from the arena and placed back in the start chamber. Odor testing
sessions began with 10 training trials in which the mouse learned to dig in response to the
training odor and avoid digging in the unscented control dish. The mouse was then tested on a set
of odors (including the trained odor) that were presented in counterbalanced order across mice.

In these test trials, no reward was present in the dish. The amount of time spent digging in the
scented dish was recorded. To avoid extinction, one to three reinforcement trials with the trained
odor were interspersed within the testing trials. Generalization was measured as significant
digging in an odor other than the training odor. Identification was measured as significant

digging in the training odor.

Genotyping

Genotyping of all mice bred in our vivarium was done using primers from the Jackson
Lab Website and using specification for the Platinum Taq Polymerase (Life Technologies,
Invitrogen catalog number: 10966-018). For each individual PCR reaction: 16.65 uL of DNAase
free H20, 2.5 uL of 10X PCR Buffer with no MgCl,, 0.75 uL 50mN MgClz, 0.5 uL 10mM dNTP
mix, 0.5 uL of each primer, and 0.1 uL of Taqg were added to a master mix and thoroughly mixed
by pipetting up and down. 22 uL of master mix were aliquoted and added to 3 uL of DNA from
HotShot (Truett et al., 2000). Representative APP/PS1-21 gels with genotype interpretation are

in Fig. 3 below.
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Figure 3: Representative APP and PS1 gels and interpretation of genotype

Representative gels denoting APP (left) and PS1 (right). Resultant bands (amplicon sizes) per
Jackson Lab Website were as follows: PS1 = ~300 bp, APP = ~500 bp. Due to cointegration of
the transgenes, for routine analysis only genotyping for APP was done, with PS1 genotyping
done only sporadically as a control and for genotype confirmation.

Statistics

Differences between groups in each experiment were evaluated in most instances with
parametric statistics in the form of an analysis of variance (ANOVA); the F statistic is robust to
violations of sample size inequality or normality (Lindman, 1974). To control for alpha inflation
and Type | error, pairwise comparisons were performed using two-tailed t-tests, where justified
by a significant omnibus F statistic, except in instances of a priori planned comparisons. In the
case of a priori planned comparisons despite a non-significant F statistic, a Tukey/Kramer test
was used to evaluate pairwise comparisons while controlling for familywise alpha. When there
were unequal groups, an equality of variance F-test was performed to assess any violations of the
assumption of equal variance before performing the ANOVA. If an F-test indicated a violation in
the assumption of variance, nonparametric methods were used. To evaluate differences in factors
with 3 levels, a Kruskal-Wallis Test for overall differences with a Dunn correction to evaluate

pairwise comparisons was used. Comparisons between factors with two levels were evaluated
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with a Mann-Whitney U Test. All statistical comparisons were performed using StatView
software (SAS). Differences were considered significant if p<0.05, unless otherwise specified by
a specific non-parametric method (where noted).

In olfactory behavioral tests, sniff time and digging time data were normalized to z scores
(zero mean and unit standard deviation) for each mouse for each test day, as reported in earlier
studies (Kay, 2003; Kay et al., 2005; Nusser et al., 2001). We normalized in this fashion because
sniffing and digging times varied widely across mice, and this made for easy application of post
hoc comparisons. Normalized data were analyzed with analysis of variance (ANOVA), followed
by pairwise comparisons using two-tailed t-tests, where justified by a significant omnibus F

statistic.
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Chapter 3: Aberrant parametric and non-parametric responses to light in mice with a
mutation in the core clock gene Period2 (Per2): effects of sex and gene dosage

Abstract

Circadian rhythms are driven by a molecular clock which generates self-sustaining light-
synchronized oscillations with a period of ~24h. The effect of light is two-fold: to shift the
period and phase of endogenous rhythms to align them with the environment, an effect referred
to as entrainment, and to directly inhibit or stimulate behavior, an effect referred to as masking.
In the laboratory, endogenous circadian rhythms can be observed following the removal of
external time cues, such as the alternation of light and dark, as well as through responses to acute
light pulses. The relative contributions of several individual circadian clock genes to entrainment
and masking effects of light have been examined, but these investigations have systematically
excluded reporting data from females. Numerous sex differences exist in the circadian system.
Thus, we do not know the extent to which sex affects the role of specific clock genes. Here we
examined circadian parametric responses to constant light of different intensities
(DD—dimLL—brightLL—DD) and non-parametric responses to discreet light pulses in mice
with zero (per2™™: MUT) or one (per2”’™; HET) copy of a functional per2 gene, and in wild-type
(WT) controls. Lack of functional per2 dampened activity and prevented the circadian period
lengthening and active phase length (alpha) compression in LL predicted by Aschoff’s Rule.
Additionally, functional per2 gene copy number affected the ratio of phase delay and phase
advance in a gene dosage dependent fashion, with MUTs and HETs showing increased phase
advances relative to WTSs. Together, these results demonstrate that per2 mediates parametric and

non-parametric entrainment to light and does so differently in males and females.
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Background

In mammals, the circadian pacemaker is located in the suprachiasmatic nucleus of the
hypothalamus (SCN) and facilitates entrainment to the environmental light:dark cycle through a
direct photic input that is distinct from the image forming visual system. Direct projections from
retinal ganglion cells to the hypothalamus convey photic information to the SCN, forming the
retinohypothalamic tract (RHT) (Morin & Allen, 2006). Photic entrainment is lost after bilateral
transection of the optic nerve or RHT, but not after bilateral transection of the optic tract, the
canonical visual imaging pathway (R. F. Johnson et al., 1988). So important is the process of
circadian entrainment to the environment, it operates on a distinct photic input pathway, allowing
those who are blind but still have intact RHTs to be spared from a number of circadian
entrainment deficiencies that are present in individuals whose blindness is due to retinal
pathology. In this way, the SCN has direct access to photic information from the environment to
facilitate alignment of endogenous circadian rhythms to environmental conditions (Czeisler et
al., 1995).

The SCN is a collection of ~20,000 neurons, which contain molecular and biochemical
autoregulatory oscillators (Silver et al., 1996). This transcriptional-translational feedback loop
(TTFL) is generated by 10-12 core clock genes, which reciprocally inhibit and stimulate each
other’s expression, cycling with a period of approximately 24 hours as its protein products
degrade (Reppert & Weaver, 2002). The core loop consists of the transcription factor CLOCK
and brain and muscle Arnt-like protein-1 (BMAL1), which dimerize and bind to an E-box
promoter to initiate transcription of the Period (perl, per2, per3) and Cryptochrome (cryl, cry2)
genes. This promotes expression of per and cry genes and thus of PER and CRY proteins, which
oligomerize, translocate back into the nucleus, and inhibit the action of CLOCK:BMAL1,

thereby inhibiting their own transcription (Dunlap, 1999; Shearman, Sriram, et al.,
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2000). Secondary loops primarily composed of REV-ERBa and RORa regulate this core loop by
acting on bmall transcription, with REV-ERBa inhibiting and RORa promoting this
transcription (Guillaumond et al., 2005). In particular, REV-ERBua is highly expressed in the
liver (Cho et al., 2012), where one of the most important peripheral circadian clocks exists,
especially in regards to metabolic function.

As described in Chapter 1, there exist multiple animal models of circadian misalignment
with the external environment. Environmental cues interact with the genome to direct changes in
physiology and behavior, and our relatively comprehensive knowledge of the TTFL provides
abundant opportunity to examine gene-environment interactions in the mediation of circadian
entrainment and misalignment. Mutations in TTFL genes result in diverse chronotypes,
depending on the particular gene affected and the environmental conditions under which the
organism is maintained. For example, full clock knockout (KO) mice like those resulting from
deletion of BMALL1 or combinations of PER (perl/per2) (Zheng, 1999) and CRY (cryl/cry2)
(\Van der Horst, 1999) show immediate circadian arrhythmia when placed into constant
conditions like constant darkness (DD). In genomically intact mice, a free run (FR) at the
animal’s endogenous period (tau) indicates the presence of a circadian clock in constant
conditions. We can use this comparison to conclude that BMALL, perl/2 double, and cry1/2
double knockout mice do not have a functional master circadian pacemaker. These mice do,
however, exhibit synchrony within a light dark cycle, though this relative coordination is thought
to be a masking response. Interestingly, in most reports these mutant mice all exhibit food
entrainment, indicating that peripheral clocks are still functional (Feillet et al., 2006; lijima et al.,

2005; Pendergast et al., 2009; Storch & Weitz, 2009; Van der Zee et al., 2008).
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Other TTFL mutants exhibit profoundly disrupted, but not deleted, circadian clocks
(Baggs et al., 2009). Per1”- and Per3” mutants show a short-period endogenous clock. REV-
ERBo" and Clock™ mice also display a short endogenous tau, while Clock®!'*21” mice (with a
mutation producing an aberrant clock protein that cannot promote transcription of CCGs) show a
long tau chronotype. Again, these mutants all continue to exhibit food anticipatory activity
(Pendergast & Yamazaki, 2018). Interestingly, food anticipatory activity in the Per2”- mutant
mouse has been heterogeneous across studies (Chavan et al., 2016; Feillet et al., 2006;
Pendergast et al., 2017; Storch & Weitz, 2009). This is likely due to differences in experimental
protocols, but could potentially point to a more integrated role of per2 in peripheral entrainment
(Carneiro & Araujo, 2012).

The Per2™™ mouse, where the PAS region of the Per2 gene is deleted, has a disrupted
clock. It has been argued to function as a damped oscillator, capable of variable numbers of
oscillations in the absence of zeitgeber input, but not indefinite persistence. Thus it has a
phenotype in which circadian functions are still evident under certain conditions. Per2 mice, for
instance, entrain to a light dark cycle and show a transient FR in constant darkness (DD) with a
short tau for many cycles before going arrhythmic (Zheng, 1999, 2001). Rhythmicity can then be
restored with a 6h light pulse, indicating the circadian network is labile. Important features of
this mouse model include their shortened tau of approximately 22 hours and their ability to
synchronize/mask with ultradian light dark (LD) cycles. Data from our laboratory indicate that a
higher proportion of mutant females exhibit arrhythmia in DD (Riggle, Onishi, et al., 2022), and
that mutant females are superior in their masking response to a high frequency (ultradian) LD

cycle (unpublished observation). This points to Per2™™ mice as a potential model for studying
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circadian instability, and for examining sex as a biological variable in the genomic regulation of
circadian behavior.

The genome of a species is constantly in fluctuation, shaped by both neutral events and
natural selection. One common cause of genomic variation is due to changes in gene dosage, or a
variation in the number of copies of a gene within the genome due to insertions, deletions, or
amplifications of genome segments (Basilicata & Valsecchi, 2021; Rice & McLysaght, 2017).
Genes can also exist as allele pairs, where alternate forms of a gene that arise by mutation can be
found at the same location on a chromosome. To be heterozygous for a trait is to have two
different alleles for it, whereas homozygous individuals express identical alleles. Differences
between two alleles of a gene can give rise to differences in functioning. Individual alleles often
have genetic dominance relationships in which the dominant allele overrides the expression of
the recessive allele to drive the phenotype (Lewis & Simpson, 2023; Mendel, n.d.). In such a
situation, a heterozygote would display a homozygous dominant phenotype. However, many
genes also exhibit incomplete dominance or codominance (Genetic Dominance, n.d.). Most
human physical characteristics, such as hair, eye color, height, and skin color, are determined by
incomplete dominance, where the expression of alleles are combined to express an intermediate
phenotype. Blood type is an example of codominance (ex. AB blood), which occurs when alleles
do not exhibit a dominant or recessive allele relationship and instead each allele is able to add
phenotypic expression. Foundational studies of circadian clock genes and behavior in mice rarely
subject heterozygotes to the same phenotyping examinations that are applied to homozygous and
WT mice. For example, Zheng and colleagues evaluated circadian period differences in
heterozygous per2 mice with 10 days of entrainment to a 12:12 photoperiod followed by 22 days

in DD and found no significant differences in circadian period between heterozygous (n=13) and
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WT mice (n=13), concluding there exists no Per2 HET phenotype (Zheng, 1999). However, it
was also noted in this report that two heterozygotes transiently lost rhythmicity in DD, while all
WT mice retained rhythmicity throughout the DD interval. Despite this potential difference in
oscillator stability, the subsequent study of per2 heterozygotes has been neglected due to their
proposed similarity to WT mice in terms of endogenous tau.

The neglect of heterozygotes is not exclusive to per2, however, but endemic to the study
of circadian gene mutant mice. The foundational papers establishing perl and per3 mutant mice
did not evaluate heterozygotes at all (Bae et al., 2001; Shearman, Jin, et al., 2000). A mutation
manipulating another core clock gene, bmall (through loss of PAS protein MOP3), evaluated
some circadian parameters of the heterozygote including entrainment to an LD cycle,
endogenous circadian period, amplitude, and total activity counts and found no significant
differences from WT mice (Bunger et al., 2000). The authors subsequently concluded that the
Mop3 mutant allele is recessive, as the phenotype did not differ from WTs. While this
investigation was more thorough than reports on per heterozygotes, the authors still failed to test
phase shifting in response to light pulses in the Mop3 heterozygote, or circadian behavior in
conditions of constant light. It therefore seems a hasty assumption to presume the Mop3 gene
recessive based entirely on limited behavioral observations. Mice with mutations in the core
circadian gene Clock are an exception to the rule of subtle heterozygote differences in behavior,
as mice heterozygous for Clock mutation exhibit pronounced differences in circadian period
(tau>24h), large phase shifts in response to light pulses, and reduced amplitude of oscillations in
the SCN (Vitaterna et al., 1994, 2006). As the Clock mutant allele is a dominant negative
mutation, effects on behavioral output of the circadian clock may be more identifiable than in

situations of codominance or incomplete dominance. Thus the extent to which gene dosage and
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genetic inheritance impact the role of clock genes on circadian behavior remain to be sufficiently
examined.

Examination of clock gene phenotypes are also augmented by challenging mice with
more than just DD. Indeed, these paradigms that further challenge how the clock copes with
exogenous photic perturbations, such as misalignment paradigms, exposure to constant
conditions of various light intensities, and discreet light pulses during certain phases of the
circadian cycle, stand to reveal phenotypes that are not evident in DD. For example, Per2™™
mice are able to synchronize their activity with ultradian LD cycles while WT mice cannot
(Riggle, Kay, et al., 2022). | previously examined circadian responses to a high-frequency light
dark cycle (3L:3D; hfLD) in mice with zero (per2™™: MUT) or one (per2”™; HET) copy of a
functional per2 gene, and in wild-type (WT) controls (Beach, 2019; MA thesis). Sex and per2
copy number dramatically altered behavioral responses to these challenging LD cycles. WT mice
of both sexes exhibited free running activity with a period (tau) greater than 24h. As predicted by
other reports of enhanced masking in Per2™™ mice, MUT mice synchronized with the hfLD
cycle, exhibiting clear positive masking responses to darkness (a response that was more robust
in females). HET mice, however, not only exhibited different behaviors in hfLD as compared to
WT and MUT mice, but biological sex categorically predicted these responses: females free ran
with a tau<24h whereas males exhibited circadian patterns of activity (clear daily onsets and
offsets) that remained phase locked to the time of dark onset in the prior LD photocycle
(12L:12D). These data suggest that per2 gene copy number and sex interact to affect pacemaker
function.

Parametric entrainment paradigms offer yet another protocol that may reveal subtle

effects of circadian manipulation. Aschoff first described the response of nocturnal and diurnal
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animals to light of different intensities (Beaulé, 2009). For nocturnal species such as mice,
Aschoff’s rule states that as light intensity increases, tau increases, and the active period duration
(alpha) decreases. Per2 seems to be a key player in mediating this parametric response. Per2™m
mice display short circadian periods with tau<24h with increased light intensity in constant light
conditions (LL) (Steinlechner et al., 2002), the opposite of what is predicted by Aschoft’s rule.
Alpha response to light shows the same effect. In WT mice, the clock gene mper2 is acutely
upregulated by discrete light pulses and Per2 protein levels stay constantly elevated under LL
conditions (Mufioz et al., 2005). Constant light in this way appears to prevent the degradation of
per2 protein without constantly inducing mper2 expression, enhancing the phase delaying of the
circadian clock and thereby lengthening tau. Interestingly, this has only been studied in male
mice with small sample sizes. Given the clear sex differences evident in circadian organization
of Per2™™ mice (Riggle, Onishi, et al., 2022), this raises the question of how sex and per2
interact to mediate Aschoff’s rule. To directly examine this, experiments in this chapter aimed to
document Aschoff-like behavior of mice with different dosages of the per2 gene in constant
conditions of various light intensities, including constant darkness, dim constant light, and bright
constant light.

Light can act on the mechanism of the circadian clock in a continuous way, as in the case
of the parametric entrainment studied by Aschoff, but also in a discreet way, as in the case of
non-parametric entrainment (Daan & Pittendrigh, 1976; De Coursey, 1960). Pittendrigh acted as
Aschoff’s foil, investigating how the circadian clock undergoes resetting in response to discrete
light pulses. In stable entrainment, the free running period of the circadian clock is corrected
each day by light falling at a particular phase in each cycle, corresponding to a phase shift of the

correct magnitude on the following cycle (Pittendrigh, 1981). Phase response curves (PRCs)
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provide information about the magnitude and direction of a phase shift that will be delivered
when a zeitgeber hits a particular phase in the circadian cycle (Daan & Pittendrigh, 1976; PRC
Atlas, n.d.). PRCs for lights are generated by transferring an organism into DD, measuring the
period of the endogenous oscillator, then providing a discreet light pulse of specified intensity
and duration at different phases of the circadian cycle. In Type 1 PRCs, light pulses early in
subjective night produce phase delays, while pulses in late subjective night produce phase
advances. Per2’s role in non-parametric responses to light is equivocal, though these mice
consistently exhibit a larger phase advance region on their PRC compared to WT mice (Albrecht
et al., 2001; Pendergast et al., 2010; Steinlechner et al., 2002). This larger advance region was
almost equal in size to the delay region of the PRC, corresponding to no period lengthening in
LL (Pendergast et al., 2010; Steinlechner et al., 2002). Thus, there is a link between parametric
and non-parametric responses to light. Additionally, these parametric responses have only been
evaluated in homozygous Per2 mutants, leaving the gene dosage effect of per2 on non-
parametric responses to light yet to be investigated. To address these questions, experiments in
this chapter also investigated acute, non-parametric effects of discrete light pulses on the
circadian locomotor response of mice with zero (per2™™: MUT) or one (per2”’™: HET) copy of a
functional per2 gene, and in wild-type (WT) controls. The results of these experiments
illuminate the role of the clock gene per2 and biological sex in generating circadian rhythms in

response to light, both discrete and continuous.
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Materials and Methods

Experiments

Experiment 1 tested the hypothesis that the clock gene per2 and biological sex interact to
mediate Aschoff’s Rule effects on circadian period (tau) and length of active phase (alpha).

Experiment 2 evaluated the impact of per2 and sex on non-parametric effects of light.

Animals

Adult male and female Per2~~ mice (B6.Cg-Per2™8™ Tyre59/J: Stock #003819) and
their wild-type (WT) littermates (Per2**) were purchased from The Jackson Laboratory (Bar
Harbor, ME). Mice were backcrossed to C57BL/6-Tyr® B mice to produce mice homozygous
for both the Per2'™&™ target mutation and the recessive Tyr¢ % mutation (MUT: Per2™™), as
well as mice heterozygous for these mutations (HET: Per2*™). Per2*/* littermates were used as
WT controls. Mice of both sexes (Per2™™: n=7 females, n=9 males; Per2*/™: n=9 females, n=9
males; WT: n=9 females, n=9 males) between 7 and 11 months of age were single housed in
conventional cages with wirebar lids and without microisolator filters in a 12L.:12D photocycle
of approximately 150-200 lux. Experiments were performed within a single room with cage
location in the room chosen randomly. Mice had ad libitum access to standard rodent
diet (Irradiated Teklad Global 18% Rodent Diet 2918, Envigo RMS) and filtered drinking water.
Cage changing was performed at two-week intervals. All mice were acclimated to PIR cages for
at least one week prior to data collection. The integrity of experimental LD cycles and constant
condition treatments was continuously monitored and verified by dataloggers (HOBO,UX90,
Onset Comp). Estrous cycles of females were not monitored. At the conclusion of the
experiments homozygous WT and Per2™™and heterozygous Per2*™ genotypes were confirmed

in all mice by PCR using the protocol described for this genotype by JAX (see below). All
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procedures related to animal use were approved by the University of Chicago Institutional

Animal Care and Use Committee.

Genotyping

Homozygous WT, heterozygous Per2*'™ and homozygous Per2™™ mice were included
in these analyses. Genotyping of all mice bred in our vivarium was done using primers from the
Jackson Lab Website [ 5° @ 3’: Common Forward (TTC CAC TCT GTG GGT TTT GG), Wild
Type Reverse (AAA GGG CCT CTG TGT GAT TG), and Mutant Reverse (GCC AGA GGC
CAC TTG TGT AG)] and using specification for the Platinum Taqg Polymerase (Life
Technologies, Invitrogen catalog number: 10966-018). For each individual PCR reaction: 16.65
uL of DNAase free H20, 2.5 uL of 10X PCR Buffer with no MgClz, 0.75 uL 50mN MgCl,, 0.5
uL 10mM dNTP mix, 0.5 uL of each primer, and 0.1 uL of Taq were added to a master mix and
thoroughly mixed by pipetting up and down. 22 uL of master mix were aliquoted and added to 3
uL of DNA derived via HotShot (Truett, Heeger et al. 2000), from ear clips collected prior to
onset of the studies. We used the following PCR Protocol on a thermocycler: (1) 94 C for 2
minutes, (2) 94 C for 20 seconds, (3) 65 C for 15 seconds, with a -0.5 C decrease with each
cycle, (4) 68 C for 10 seconds, (5) repeat steps (2-4) 10 times, (6) 94 C for 15 seconds, (7) 60 C
for 15 seconds, (8) 72 C for 10 seconds, (9) Repeat (6-8) 38 times, (10) 72 C for 2 minutes, (11)
10 C for 2 minutes, (12) End. 8 uL of the resultant PCR products, and a 100 Bp to 2000 Bp
Ladder (Thermofisher catalog # 15628050) for reference were mixed with 1.4-1.5 uL of loading
dye (Thermo Scientific catalog number: R0611), loaded on a 2% agrarose gel with 2.5uL of
Ethidium Bromide (stock solution: 10mg/mL), and visualized. Resultant bands (amplicon sizes)
per Jackson Lab Website were as follows: mutant (m/m) = ~200 bp, heterozygote (m/+) = ~200

bp and 297 bp, and wild type (+/+) = 297 bp.
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Photoperiod manipulations

For experiment 1, mice were maintained in 12L:12D for 21 days, at which time the
housing room was switched to continuous darkness (DD). After 28 days in DD (2, 2-week
epochs), the housing room was switched to 28 days (2, 2-week epochs) of constant dim light
(dimLL; <10lux), followed by 28 days (2, 2-week epochs) of constant bright light (LL; >300lux).
Dim LL (<10 lux) was achieved by projecting one portable 1000 lumen LED work light against
an adjacent wall to the animal rack, controlling for even lux distribution across the animal
position grid. Bright LL (>300 lux) was achieved by projecting multiple portable 5000 lumen
LED work lights onto an adjacent wall, again controlling for even lux distribution across the
animal rack. Mice were then released back into DD for 21 days to evaluate circadian aftereffects.
For experiment 2, non-parametric effects of light were tested using a modification on Aschoff’s
Type Il protocol (Evans et al., 2004), whereby mice were transferred to a 12L.:12D cycle for 3
weeks, then released into DD for 24 hours and subsequently administered a 15 minute light-pulse
(1000 lux) during either the delay (projected ZT15, pZT15) or advance (pZT22) region of their
Phase Response Curve (PRC), for a detailed schematic see Fig. 4. Specifically, WT mice
received the pZT15 (Phase Delay) light pulse 2h:56min after ZT12, where ZT12=24h after the
LD-DD transition, this is based on endogenous period of 23.95. HETSs received the ZT15 light
pulse 2h:36min after ZT12 (based on endogenous period of 23.71), and MUTS received the ZT15
light pulse 1h:28min after ZT12 (based on endogenous period of 22.65). For phase advances,
WT mice received the pZT22 light pulse 2h:4min before ZTO, where ZT0=36h after the LD-DD
transition. HETSs received the ZT22 pulse 2h:25min before ZT0, and MUTSs received the ZT22
pulse 3h:55min before ZTO. In sum, pZT15 mice received light pulses after 25.5-27h in DD, and

pZT22 mice received light pulses after 37.5-39h in DD. Delay (ZT15) pulses were administered
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to all animals first, followed by 10 days in DD and 1 month in LD before administration of the

Type Il Aschoff procedure for phase advance pulses.

Circadian Activity Measures

Activity data was visualized and analyzed during each light intensity epoch using
ClockLab Analysis 6 software (Actimetrics, Wilmette, IL, USA). Actograms were generated and
quantitative analyses were performed in Clocklab 6. Actoograms were first visually assessed for
rhythmicity in photic manipulation by an observer blind to genotype and sex. To evaluate active
period length (alpha), activity onsets and offsets were identified across the whole period of each
photic manipulation where rhythmic locomotor activity was determined (i.e., all 21 days). For
evaluation of all other circadian parameters, epochs were 10days in length beginning 2 days after
cage change and ending 2 days before the next cage change. Characterization and quantitative
evaluation of circadian chronotypes in mice were performed via methodology previously
described for this mutant (Zheng, 1999): double-plotted activity records were evaluated by an
experimenter blind to sex and genotype for entrainment in LD, free running circadian period in
constant conditions (DD, dimLL, bLL), and total activity counts, including active and rest phase
activity. Circadian period was calculated using a Lomb-Scargle Periodogram analysis (LSP) on
each 10-day epoch of activity data (Ruf, 1999; Tackenberg & Hughey, 2021). In some cases
where the LSP on 10-days of activity data did not meet the significance threshold, but activity
onsets and offsets were identifiable throughout the whole photic manipulation to generate an
alpha value, we report only the alpha value in the absence of a tau value. This effect was only
present in conditions of constant light, with 1 male MUT and 1 female MUT in the first epoch of
dimLL, 9 mice in bLL1 (3 female HET, 2 male HET, 1 female MUT, 3 male MUT), and.5 mice

inbLL2 (2 F WT, 1 female HET, 1 male MUT, 1 female MUT) displaying this phenotype. Phase
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shifting in response to light pulses was determined by fitting a regression line through 6
consecutive activity onsets before (LD) and after (DD) and determining the displacement
between the two regression lines on the first day after the light pulse. The first 3 days post-pulse

were excluded from the analysis to allow for transients.

Statistical Analyses

Analyses of variance (ANOVAs) were performed to decrease chances of Type | error. If
a statistically significant F-statistic was achieved, unpaired T-tests were performed using
Statview 5.0 (SAS Institute, Cary, NC). To determine differences in sequential exposures to
constant conditions of different light intensities, paired T-tests were performed. When there were
unequal data dropouts from groups, an equality of variance F-test was performed to assess any
violations of the assumption of equal variance before performing the ANOVA. If an F-test
indicated a violation in the assumption of variance, nonparametric methods were used. To
evaluate differences in factors with 3 levels, a Kruskal-Wallis Test for overall differences with a
Dunn correction to evaluate pairwise comparisons was used. Comparisons between factors with
two levels were evaluated with a Mann-Whitney U Test. Spearman Rank Correlations were
performed to evaluate paired comparisons between sequential exposures to constant conditions
of different light intensities. When investigation into interactions between sex and genotype was
merited by our a priori hypotheses despite a non-significant ANOVA, a Tukey/Kramer test was
used to evaluate pairwise comparisons. Differences were considered significant if p<0.05, unless

otherwise specified by a specific non-parametric method (where noted).
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Results

Parametric Entrainment

Circadian Period Length. All mice entrained their locomotor activity rhythm to an LD
photocycle (Fig.4-5), as observed previously (Steinlechner et al., 2002; Zheng, 1999, 2001).
When initially placed under DD, there were significant differences among genotypes (p<0.0001)
and between sexes (p<0.002), and no interaction between genotype and sex (p=0.2771; Fig. 4-5).
Functional per2 gene copy number significantly impacted period in epoch 1 of DD, contrary to
previous findings (Zheng, 1999). WT mice exhibited the longest average tau (23.95h; p<0.002),
MUTSs the shortest average tau (22.54h; p<0.0001), and HETSs displayed an intermediate
circadian period (23.62h; p<0.002; Fig. 5). Additionally, males displayed a slightly longer
circadian period than females (tau=23.464 and 23.243, respectively). A Tukey/Kramer post hoc
test indicated this sex difference was driven by MUTs and WTs, as females in both of these
groups displayed a shorter tau than the males (p<0.05 for both: Mean diff=-0.397, Crit
diff=0.261; Mean diff=-0.244, Crit diff=0.18, respectively). This sex difference was not evident
in the HETSs (p>0.05; Mean diff=-0.106, Crit diff=0.344). This overall sex difference in the first
epoch of DD was eliminated in the second epoch (p=0.1372). Again, there was a significant
impact of genotype (p<0.0001) and no interactions (p-0.6232). The difference in period length
between WT and HET mice disappeared in the second epoch of DD (p=0.2465), though MUTs
still had a significantly shorter tau (p<0.0001; Fig5). The initial difference between HETs and
WTs in circadian period that later disappeared could indicate some latency on the part of HETS
in establishing a stable circadian period in DD. Though no sex differences or interactions were
significant in the ANOVA, we investigated our a priori hypothesis with a Tukey/Kramer post
hoc test, which showed a significant sex difference in HETS, with female HETSs displaying a

shorter tau compared to males (p<0.05, Mean dif=-0.272, Crit diff=0.245).
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Upon exposure to constant illuminance of <10lux (dimLL), there was again an impact of
genotype (p<0.0001), but not of sex (p=0.5104), with no interactions (p=0.9769). Again,
functional per2 gene copy number significantly impacted circadian period (Fig. 4-5), with WTs
displaying the longest (24.26h; p<0.005), MUTSs the shortest (22.70h; p<0.0001), and HETs an
intermediate tau (23.99h; p<0.005). WT and HET mice lengthened their circadian period from
DD to dimLL (p<0.002 and p<0.05; respectively), while MUT mice did not significantly change
their circadian period (p=0.44; Fig. 5). A Tukey/Kramer post-hoc test showed no significant sex
differences in dimLL1 (p>0.05; HET Mean diff=-0.15, Crit diff=0.275; MUT Mean diff= -
0.088, Crit diff=0.906; WT Mean diff=-0.072, Crit diff=0.252). No genotype significantly
changed their circadian period between epochs of dimLL (p=0.2174,p=0.1649,p=0.2368), so the
second epoch of dimLL reflected similar differences as the first epoch, with a significant main
effect of genotype (p<0.0001), and no effect of sex (p=0.7514) and no interaction effect
(p=0.6291). MUTSs remained with a significantly shorter circadian period of 22.41h (p<0.0001),
HETs an intermediate circadian period of 23.87h (p<0.0001), and WTs the longest period of
24.34h (p<0.0001; Fig. 5). Similar to the first epoch, a Tukey/Kramer post-hoc test showed no
significant sex differences in dimLL2 (p>0.05; HET Mean diff=-0.061, Crit diff=0.432; MUT
Mean diff=-0.125, Crit diff=0.458; WT Mean diff=-0.1, Crit diff=0.162).

When mice were placed into bright constant illumination (bLL; >300lux), approximately
half of the HETs (5 females, 4 males), all of the female MUTSs, and a third of the male MUTs
were behaviorally arrhythmic (LSP value below threshold). After two weeks in bLL, this
distribution somewhat changed, with a greater number of male HETSs (8/9) and about half of the
WTs (2 females, 6 males) displaying arrhythmia, while half the female and most of the male

mutants (2/3) recovered rhythmicity above LSP threshold. These group dropouts in circadian
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rhythmicity resulted in a violation of the assumption of variance in both epochs of bLL for tau (F
test: p<0.001). Therefore, epochs of bLL were evaluated using nonparametric methods. A
Kruskal-Wallis Test for overall differences with a Dunn correction to evaluate pairwise
comparisons was used to evaluate differences between genotypes, and comparisons between
sexes were evaluated with a Mann-Whitney U Test. Spearman Rank Correlations were
performed to evaluate paired comparisons between epochs.

WTSs exacerbated the period lengthening seen in dimLL in bLL, displaying a significantly
longer circadian period than MUTSs (p<0.0005) in the first epoch of bLL (bLL1; Fig. 4-5). This
continued in the second epoch of bLL (bLL2; p<0.0001) as WTs further lengthened their
circadian period in response to constant bright light from an average of 25.269h to 25.795h
(p<0.05), while MUTs actually reduced their circadian period in prolonged bLL from an average
of 23.808h to 23.242h (p<0.05). Thus, MUTSs did not significantly lengthen their circadian
period between DD and bLL2 despite exposure to constant light (p=0.5447), while HETs
(p<0.01) and WTs did (p<0.0001). HETSs did not display a difference in circadian period length
from WT or MUT groups in bLL1 (p=0.0784 and p=0.0349; where a significant p-value must be
below 0.0167), but a difference from MUTSs in bLL2 did appear (p=0.0001), due to the further
shortening of circadian period displayed by MUTSs (Fig. 5). Sex differences were also evident in
bLL, where females exhibited a longer circadian period than males in both epochs (p<0.001 and
p<0.0005, respectively). In the first two weeks of constant bright light exposure, females had an
average circadian period of 25.45h, compared to the 24.458h average tau displayed by males.
Females subsequently lengthened their circadian period in prolonged bLL (to an average of
25.462h; p<0.05), while males shortened their circadian period to an average of 23.467h in bLL2

(p<0.05).
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Though group dropouts prevented statistical analysis in bLL with parametric methods
that would allow for looking at genotype and sex interaction effects, our a priori hypotheses
permitted a more in-depth investigation, which we analyzed with Tukey/Kramer. Male and
female WTs (Fig. 4; left plots) lengthened period in bright constant light (p<0.0005; Fig. 5), and
this was especially evident for females (p<0.05, Mean Diff.=0.506, Crit. Diff.=0.259). Upon
exposure to bLL, HETs struggled to maintain rhythmicity (Fig. 4, middle plots), with half of
females (5 of 9) and males (4 of 9) going arrhythmic (ARR). By the end of bLL, half (4 of 9) the
female and 8 out of 9 male HETs were ARR. However, animals remaining rhythmic lengthened
their circadian period like WTs (p<0.05; Fig. 5) and did not show sex differences in period
length (p>0.05, Mean Diff.=0.922, Crit. Diff.=1.908). MUTs (Fig. 4, right plots) also struggled
to retain rhythmicity in bLL. When first exposed to bLL, every MUT female went ARR (Fig. 5).
But, in the second epoch of bLL, the half of the females that recovered rhythmicity (4 of 9)
lengthened tau to an average of 24.39 hours (Fig. 5), though this was not statistically different
from tau in dimLL, likely due to increased variability (p=0.1570). Conversely, 1/3 of the male
MUTSs went ARR in the first epoch of bLL, but the ones remaining rhythmic (6 of 9) showed
Aschoff-like period lengthening with an average circadian period length of 23.81 hours (p<0.02;
Fig. 5). But, when all but 1 male had recovered rhythmicity in bLL2, MUT males showed a
shorter circadian period again, which was not significantly different from tau in dimLL
(p=0.2682).

Finally, when mice were released back into DD, there was a significant effect of
genotype (p<0.05), but no significant main effect of sex (p=0.7254) or interaction (p=0.3266;
Fig. 4-5). The genotype effect was driven by MUTSs displaying a significantly shorter circadian

period (23.07h) compared to WTs (23.86h, p<0.05) and HETs (23.77h, p<0.005; Fig. 5). HETs
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and WTs did not show significant differences in tau (p=0.7647). Tukey/Kramer again showed no
sex differences in this final epoch of DD (p>0.05: HET Mean diff=-0.314, Crit diff=0.508;
MUT Mean diff=0.157, Crit diff=0.854; WT Mean diff=0.902, Crit diff=1.241). Additionally, a
paired T test was performed to assess differences in period length from the first 2 epochs of DD,
prior to constant light exposure. Compared to the first epoch of DD, WTs and HETs did not
display any differences in circadian period (p=0.8205 and p=0.1216, respectively) during the
final DD epoch, while MUTs did display an increased circadian period in the final epoch of DD
compared to the first (p<0.05; Fig. 5). Compared to the second epoch of DD, WTs, HETS, and
MUTSs did not display any differences in circadian period during the final DD epoch (p=0.4832,
p=0.5795, p=0.7394, respectively).

Alpha length. In a 12:12 photocycle, there was a significant main effect of genotype on
alpha duration (p=0.0145), but no main effect of sex (p=0.262), and no interaction effects
(p=0.3999). MUT mice have a longer alpha duration (12.50h) than WT (11.86h) and HET
(11.73h) mice due to their positive phase angle of entrainment (Fig. 6), whereby they begin their
activity in advance of lights off because of their short endogenous clock period (p<0.05 and
p<0.01 respectively). WT and HET mice did not significantly differ from each other in length of
active period in 12:12 (p=0.5519). In constant darkness (DD), there were no genotype
(p=0.4801) or sex (0.8661) differences in the length of alpha, and no interaction effects
(p=0.8169). While mice did not exhibit different active period durations in DD, WTs and HETs
showed an increase in alpha from LD to DD (p<0.0001 and p<0.0001, respectively), while
MUTs did not significantly change alpha duration from LD (p=0.0815; Fig. 6). When mice were
transferred to dimLL, there was again a significant main effect of genotype (p<0.02) but not of

sex (p=0.3354), and no interaction effects (p=0.2096). Mutants had a significantly longer alpha
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duration than WTs (p<0.02) and HETSs (p<0.05), who did not significantly differ from each other
(p=0.7955). Thus, WT and HET mice compressed their alpha from DD to dimLL (p<0.05 and
p<0.05, respectively), while MUTs did not change the duration of their alpha between DD and
dimLL (p=0.986; Fig. 6). While WT and HET mice showed the alpha responses predicted by
Aschoff’s Rule in DD and dimLL, MUT mice failed to show this response: they did not expand
alpha in response to constant darkness (DD) or compress alpha in response to dim constant light
(dimLL).

When mice were exposed to bLL, there was a significant main effect of genotype
(p<0.005) but not sex (p=0.2777), and no interaction effects (p=0.7133). This was driven by
significant alpha compression among WTs, who displayed shorter alpha duration than HETS
(p<0.01) and MUTs (p=0.0005). While HETSs did not change alpha length from dimLL, MUTSs
and WTs compressed their alpha in bLL (p=0.0002 and p<0.0001, respectively; Fig. 6). Though
we did not observe a main effect of sex in the ANOVA, our a priori hypothesis allowed us to
probe deeper into this interaction between genotype and sex by performing a Tukey/Kamer post-
hoc comparison between these factors. The Tukey/Kramer still did not show significant
differences between sexes within each genotype (Fig. 6), but indicated a trend for female MUTSs
to have a longer alpha duration than male MUTs (HET: Mean diff=0.503, Crit diff=3.72; MUT:
Mean diff=1.309, Crit diff=1.444, WT: Mean diff=0.165, Crit diff=1.586). Because mice altered
rhythmicity status over the course of the two epochs in this photoperiod (13 mice missing alpha
values in bLL1, 20 mice missing alpha values in bLL2), bLL was also split into two epochs for
alpha analysis. An F test showed that individual epochs of bLL violated the assumption of equal
variance for an ANOVA (p<0.05). Therefore, individual epochs of bLL were evaluated using

nonparametric methods. A Kruskal-Wallis Test for overall differences with a Dunn correction to
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evaluate pairwise comparisons was used to evaluate differences between genotypes, and
comparisons between sexes were evaluated with a Mann-Whitney U Test. There was a
significant effect of genotype in bLL1, with WTs exhibiting a shorter alpha duration than HETSs
(p<0.002) and MUTs (p<0.01). There was no significant effect of sex (p=0.8826) in bLL1. There
was no impact of genotype (p=0.3156) or sex (p=0.4903) in bLL2.

Finally, when mice were released into DD after bLL exposure, a significant main effect
of genotype (p<0.02) was observed. There was no main effect of sex (p=0.2702), though there
was a significant interaction between sex and genotype (p<0.05). MUTs displayed a significantly
longer alpha duration than WTs (p<0.05) and HETs (p<0.05), and this was specifically driven by
MUT females, who displayed longer alpha duration than female HETs (p<0.02) and female WTs
(p<0.005). MUT males did not significantly differ from WT males (p=0.757) or HET males
(p=0.8417). Additionally, A paired t-test showed significant differences in alpha duration
between the first and last bouts of DD for HETSs (p<0.02) and WTs (p<0.01), but not for MUTs
(p=0.4933). Based on our a priori hypotheses, we evaluated pairwise comparisons for sex and
genotype differences between the first and last bouts of DD. While no significant differences
were present, there was a trend for female WTs to show compressed alpha in the last epoch of
DD (p=0.0564), and this change was not evident in male WTs (p=0.1107). Female and male
HETSs also showed a trend for compressed alpha in the final DD epoch compared to the first
(p=0.0753 and p=0.0777, respectively). Female and male mutant mice did not change alpha
duration from the first epoch of DD to the last (p=0.2507 and p=0.1889, respectively).

Activity counts. Across all photoperiod manipulation, MUTS in general were less active
than HETs and WTs, and females demonstrated higher activity than males. Ina 12:12

photocycle, there were no significant genotype (p=0.2964) or interaction (0.4247) effects of sex
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and genotype on the magnitude of activity in the active phase (alpha), but there was a significant
main effect of sex (p<0.02), whereby female mice had higher activity during the active phase
(611.22 £113.66 counts for females and 361.412+77.86 counts for males). There were no main
or interaction effects for inactive phase activity (rho). Again, for total activity during the LD
cycle, there were no significant genotype (p=0.3698) or interaction (p=0.3908) effects of sex and
genotype on the magnitude of activity, but there was a significant main effect of sex (p<0.02)
whereby female mice had higher overall activity (771.86+123.60 counts for females and
480.875+98.38 counts for males). In DD during the active phase, there were significant genotype
(p<0.05) and sex (p<0.05) differences, and no interaction effects (p=0.2258). Genotype
differences were driven by mutant mice, who displayed lower activity compared to WT mice
(p<0.02). There were no significant differences between WT and HET mice (p=0.3221) and
between HET and MUT mice (p=0.1206). Again, females had higher activity during the active
phase than males (p<0.05). There were no significant differences in inactive phase activity
counts (genotype: p=0.3368, sex: p=0.7585, interaction: p=0.0806) or total activity counts
(genotype: p=0.0529, sex: p=0.0637, interaction: p=0.2066). In dimLL, there were significant
differences in alpha counts, rho counts, and total counts. In active phase activity, there were
significant genotype (p<0.05) and sex differences (p<0.001), but no interaction effects. MUTs
had lower activity during the active phase than HETs (p<0.05) and WTs (p<0.01), and females
had higher activity than males (p<0.0005). In the inactive phase, there were no genotype
(p=0.0548) or interaction effects (p=0.1818), but there were significant sex differences (p<0.05),
where females had higher activity (p<0.02). The total activity in dimLL showed significant
genotype (p<0.05) and sex (p<0.001) differences, and no significant interactions (p=0.2118) that

followed the same pattern as alpha activity. MUTSs had lower activity than HETs (p<0.05) and
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WTs (p<0.01), and females had higher activity than males (p<0.0005). In bLL during the active
phase, there was a significant effect of sex (p<0.02) where females had higher activity (p<0.002),
but not a significant effect of genotype (p=0.8877) and no interaction (p=0.8674). There were no
significant differences in rho (genotype: p=0.3764, sex: p=0.0613, interation: p=0.9997). Once
again, total activity counts in bLL showed a sex difference (p=0.002) but no genotype
(p=0.7686) or interaction (p=0.932) effects. In the second epoch of DD after constant light
exposure, there was a significant main effect of sex (p<0.01) and genotype (p<0.05) on activity
counts during the active phase, with MUTs showing reduced activity compared to HETs and
WTs (p<0.02), and females showing greater activity than males (p<0.01). While the ANOVA
showed a sex difference in inactive phase activity (p<0.05), the unpaired T test was not
significant. Total activity showed a sex difference (p<0.01) with females displaying higher
activity (p<0.005) but no significant main effect of genotype (p=0.1006) or interaction

(p=0.7705).

Nonparametric Entrainment

Phase Delay. In response to light pulses administered during the phase delay region (Fig.
7) of the circadian cycle (ZT15, corresponding to early subjective night), all but two female
MUTs went arrhythmic, increasing variability (Fig. 8). Altogether, 8 MUTs, 5 HETS, and 4 WTs
lost measurable behavioral rhythmicity following a delay pulse. An F test showed the equality of
variance assumption was violated between groups (p<0.01), so an overall ANOVA would not be
statistically valid. Therefore, we again performed nonparametric tests to analyze differences. A

Kruskal-Wallis Test showed no differences between genotype in phase delay (p=0.1647; Fig. 8).
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Additionally, a Mann-Whitney U Test showed no significant sex differences in phase delay
(p=0.4967).

Phase Advance. Group sizes fluctuated somewhat for the phase advance pulse (Fig. 7;
administered during late subjective night; ZT22) as well, with all groups except female WTs
missing subjects due to arrhythmia or lack of sufficient activity to select onsets. Group sizes
were as follows: 9 WT females, 6 WT males, 6 HET females, 7 HET males, 5 MUT females, 8
MUT males. An F test showed a violation in the equality of variance assumption (p<0.05),
preventing an ANOVA from being statistically valid. Therefore, we again used nonparametric
methods to assess group differences. A Kruskal-Wallis Test indicated significant differences
between genotypes (p=0.0001), with MUTSs exhibiting larger phase advances than WTs
(p<0.0001) and HETS (p=0.0002; Fig. 8). HETs and WTs did not display differences in phase
advances from each other (p=0.3626). There was also an impact of sex on phase advance, with
males displaying larger phase advances (mean=1.249+0.20h) than females (mean=0.593+0.10h;
p<0.02).

Advance-Delay Ratio. To get an idea of the Advance-Delay ratio (Fig. 9), we again
applied nonparametric testing and found a difference between genotypes (p<0.002), driven by
MUTSs displaying a more equal Advance-Delay Ratio compared to WTs (p<0.01). There was no
significant effect of sex on Advance Delay Ratio (p=0.0738). MUTs showed an average phase
delay of 3.09 hours and average phase advance of 1.81 hours, corresponding to the most even
Advance-Delay Ratio of 0.585 (advance was 58.5% of delay). On the other hand, WTs delayed
1.96 hours on average and advanced 0.41 hours on average, corresponding to a ratio of 0.204

(advance was 20.4% of delay). Though HETS did not significantly differ from MUTSs (p=0.5165)
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or WTs (p=0.0438), they delayed 1.8 hours and advanced 0.66 hours on average, corresponding

to a ratio of 0.366 (advance was 36.6% of delay).

Discussion

The present report identifies novel roles of sex and the clock gene per2 in driving
behavioral circadian rhythms. These data show that as light intensity increases, complete lack of
functional per2 prevents the lengthening of circadian period predicted by Aschoff’s Rule (Fig. 4-
5). MUT mice did not significantly lengthen their circadian period in response to increased
constant light, maintaining a consistent tau throughout constant darkness, dim constant light, and
bright constant light. This suggests that either functional per2 is essential for period lengthening
in response to increased light intensity (at the level of the molecular clock itself), or that it
increases the threshold at which light induces Aschoff effects (at the level of the clock inputs),
confirming previous research (Steinlechner et al., 2002) and extending it to females. The latter
possibility is supported by our observation that HET mice do not lengthen alpha in dim constant
light to the same extent as WT mice, but show no differences from WT mice in length of
circadian period in bright constant light (Fig. 6). Thus, the magnitude of photic input sufficient to
induce Aschoff-like effects might be increased for mice missing functional copies of the per2
gene. Additional support for this is seen in the alpha compression demonstrated by mutant mice
only in response to bright constant light (Fig. 6). Interestingly, HET mice significantly reduced
alpha in dim constant light but not in bright constant light, indicating that the effects of light on
tau and alpha are somewhat separable. It could be the case that alpha can only be compressed by
constant light to a certain extent, but the magnitude of light necessary to induce alpha
compression differs as a function of functional per2 gene copy number, as both HETs and MUTs

displayed a similar average alpha duration by the end of bLL (11.458h and 11.1h, respectively;
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compared to 9.133h alpha duration of WTs). Though not significant, the alpha compression
exhibited by MUTSs appeared particularly prominent for male per2 mice (Fig. 6), supporting a
potential interaction between sex and genotype in mediating Aschoff’s Rule.

It was essential to test whether the mediation of Aschoff’s Rule was dependent on sex, as
previous research has been done on males or animals of unspecified sex (Spoelstra, 2004;
Steinlechner et al., 2002). Additionally, previous research has shown sex differences in circadian
stability of per2 mutant mice (Riggle, Onishi, et al., 2022), and we found some evidence for a
role of sex in the prevention of tau lengthening during exposure to constant light (Fig. 5). While
we initially observed a sex difference in the first epoch of constant darkness for all genotypes,
where males displayed a longer circadian period than females, only HETs maintained this sex
difference in the second epoch of DD (Fig. 5). No sex differences were evident in dim constant
light, but bright constant light reversed the pattern seen in DD, with females across genotypes
displaying longer circadian period than males. Interestingly, females progressively lengthened
tau during exposure to bright constant light, while males shortened their tau over this same
period. However, the significant group dropouts in bLL make it difficult to conclusively
determine the interaction between sex and per2 in the period lengthening ascribed by Aschoff’s
Rule. For example, all female mutants were arrhythmic in the first epoch of bLL (Fig. 5), while 8
out of 9 male HETs were arrhythmic in the second epoch of bLL, necessitating the use of
nonparametric methods in both epochs to analyze circadian parameters and preventing the
investigation of interactions between genotype and sex. A more specific investigation into the
interaction between sex and per2 in mediating the response to constant light of high intensity is

merited.
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Additionally, the present study extended previous research by investigating per2 gene
dosage effects through the inclusion of heterozygotes. Previous research suggested no circadian
differences between per2 HETs and WTs, as they did not show group differences in LD and DD
(Zheng, 1999), except for occasional transient loss of rhythmicity by HETs. We find a similar
effect here, with HETSs exhibiting similar circadian periods to WTs in a light-dark cycle and
constant darkness (Fig 4-5). Additionally, we unmasked differences between HETs and WTs in
response to constant light (Fig. 5-6). In dim constant light, HET mice did not show the same tau
lengthening as WTs (Fig. 5), though they did exhibit alpha compression (Fig. 6). However, in
bright constant light, HETs lengthened their period to a similar tau as WTs (Fig. 5) despite
continuing to exhibit the same active phase duration as in dimLL (Fig. 6). Despite this recovery
to WT period length in bLL, the genotype level differences in dimLL could indicate some dosage
effect of per2 in period lengthening response to low intensity light. Mufioz et al., 2005 showed
that mPer2 is constitutively expressed during LL and acts as a molecular basis of phase delaying
in response to light. Therefore, dimLL may not be intense enough to activate the latent mper2 in
HETSs, preventing them from showing the same degree of tau lengthening as WTs. Additionally,
our lab has previously tested HETs in a 3:3 high-frequency light-dark (hfLD) cycle, and found
that they exhibit categorically different responses from WTs and mutants. In particular, male
HETSs look as if they are still entrained to the previous LD cycle. Given that hfLD is interpreted
as dimLL by the circadian system, if HETs do not show tau lengthening or alpha compression in
dimLL, this would cause them to appear to be locked on to the previous LD cycle in terms of
period and active phase length in hfLD.

Investigations into the differences between the magnitude of phase delay compared to

magnitude of phase advance in response to light pulses have been used to predict how animals
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will alter circadian period and alpha in response to constant light (Pendergast et al., 2010),
aligning parametric (i.e., circadian period alteration in response to the constant action of light on
the clock) and non-parametric (i.e., circadian period alteration in response to discrete light
pulses) actions of light on the clock. Thus, we also sought to understand if alterations in non-
parametric response to light pulses were altered by lack of functional per2, and if this fit within
the context of our findings of parametric response to constant conditions. Here we found that
per2 MUTs exhibited phase delays and phase advances to light at pZT14 and pZT22,
respectively. In the present study, the magnitude of phase delay was larger than the magnitude of
phase advances by approximately 2-fold. Previously, Pendergast et al. (2010) found that Per2”-
mice (a slightly different functional mutation of per2) exhibited comparable phase advances and
phase delays; in contrast, WT mice exhibited smaller advances than delays. Spoelstra et al.
(2004) using per28@™m mice (the same mutant used in our experiments), found advances and
delays in both MUT and WT mice, but smaller advances and larger delays. Finally, Albrecht et
al. (2001) did not observe phase delays at ZT14 in per2 mutants, while normal phase advances
remained intact. However, effects of ZT14 light pulses on tau appeared evident in representative
actograms depicted in this report. Our understanding of these results can be enhanced by taking a
deeper look at the Phase Response Curves (PRCs) generated by Pendergast et al. for male and
female mice of a knockout Per2 strain (mPer2'%c; Per2”) and the PRC generated by Spoelstra et
al. for Per2&d (Per2™™) male mice. Examination of the PRC allows us to investigate how
per2 mice may differ in their responses to delay pulses administered at ZT14, as in Spoelstra and
Albrecht, and ZT15, as in our experiments. Per2”-mice show lower amplitude phase delays
compared to WT mice, but the difference doesn’t become evident until after ZT14. Thus, our

light pulse at ZT15 may capture a greater magnitude delay than the ZT14 pulse of Spoelstra and
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Albrecht, contributing to a more equal Delay/Advance ratio (Fig. 9). Where differences exist
between the present report and those of prior studies, the methods of generating the PRC may
contribute. Prendergast used DD, as did Spoelstra in a subset of studies. Albrecht and Spoelstra
also used Aschoff Type Il protocols with light pulses delivered in the 12h immediately preceding
the LD-DD transition, whereas in the present report we used the modified Aschoff Type I
protocol described by Evans and Gorman (2004): allowing 1 full cycle in DD to elapse before
light pulses were delivered.

Due to their short endogenous period, Spoelstra et al. brought to light that MUTs may
never fully entrain to a light-dark cycle and instead merely mask to it with a positive phase angle
of entrainment. Though we timed the light pulses to account for the shorter endogenous period, if
MUTs were never fully entrained to the LD cycle, pulses would occur 30 minutes earlier in the
circadian cycle than intended. Interestingly this would actually bring our ZT15 delay pulse closer
in time to ZT14, making our results more comparable to that of Spoelstra and Albrecht. At
ZT14-15, the PRC for Per2” mice demonstrated comparable phase delays with WT mice, with
differences in the magnitude of phase delaying not evident until ZT16. This is in agreement with
our results (Fig. 8-9) and that of Spoelstra et al., who also found no differences in the phase
delaying of per2 mutants and WT mice. The discrepancy of the results of our experiment,
Spoelstra et al.’s, and Pendergast et al.’s with Albrecht et al. is unclear, though various
methodological differences (sexes and ages of mice, intensity of light pulse, number of crosses to
C57BI6 background strain, etc.) are likely at play. Our reduced Delay/Advance ratio relative to
Pendergast et al. is easily explained by both our failure to administer delay or advance pulses at
the peak of amplitude for per2 mice, and by Pendergast’s methodology for computing the ratio

via the total area under the curve for advance and delay regions, as we calculated our ratio from
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the average amplitude delay/advance in response to two discrete pulses only. In our experiment,
MUTSs exhibited a delay/advance ratio of .59, while WTs had a ratio of .20. Interestingly, HETs
displayed an intermediate ratio of .37, demonstrating that per2 gene dosage impacts non-
parametric entrainment. Per2 gene dosage impacted phase delay and phase advance differently,
with more influence over phase advances and no significant impact of genotype on phase delay
(Fig. 8-9). While mice displayed an average phase delay of 2.21 hours, MUTSs had the largest
average phase advance of 1.81 hours, and HETs had a larger average phase advance than WTs
(0.66 hours and 0.41 hours, respectively), contributing to their intermediate delay/advance ratio.
Future work should expand upon our findings here by evaluating the full PRC of Per2™™ MUT
and HET mice in comparison to WTSs, in particular with the inclusion of both males and females,
to compute a comprehensive Delay/Advance ratio from area under the curve. This ratio can
predict the response of the circadian system to light as well as inform our understanding of the
flexibility of the circadian oscillator as determined by interactions between sex and the
expression of these clock genes.

In this study, we also aimed to investigate circadian aftereffects, whereby exposure to a
previous environment alters the speed of the clock. In particular, we examined the speed of the
circadian clock and length of the active period in DD epochs before and after exposure to
constant light. Aftereffects typically refer to entrainment aftereffects, but here we sought to
determine if exposure to constant conditions exerted similar, persistent effects on circadian
organization, and in a sex-specific manner. In terms of circadian period length, only MUTs
showed changes in tau from the first epoch of DD to the last, with a longer tau in the last epoch
of DD compared to the first (Fig. 5). No genotypes showed changes in circadian period length

between the second epoch of DD (just before exposure to constant light) and the final epoch of
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DD (after exposure to constant light). Therefore, aftereffects of constant conditions on circadian
period length were not evident. In terms of active phase length changes, there was a trend for
female WTs to show decreased alpha duration in the second bout of DD (p=0.0564), while other
groups did not demonstrate this trend. As Aschoff’s rule states that increased light intensity will
increase circadian period and decrease active period length, female WTs in particular seem to
exhibit these aftereffects of constant light into DD. This could be due to female WTs exhibiting
the most pronounced extension of tau and compression of alpha in bLL compared to other
groups (Fig. 5-6). These results could also imply that functional per2 and sex interact to generate
circadian aftereffects, though more specific research is needed to confirm this. For example,
investigating how gonadectomized mice (with or without exogenous hormone administration)
change circadian period length and alpha after entrainment to days of different lengths would
give insight into how sex hormones contribute to circadian aftereffects of light exposure.
Additionally, when mice were first transferred to constant conditions of a different light
intensity, several groups would exhibit exaggerated responses (i.e., MUTSs drastically shortening
tau in the first epoch of DD, and then lengthening over time; Fig. 5). Given that some of these
responses were in the opposite direction predicted by aftereffects (prior exposure to a LD cycle
should not induce shortening of circadian period), it’s possible these are caused by some form of
behavioral arousal that then settles by the second epoch of each constant condition. For this

reason, we have chosen to visualize and focus on the second epoch in each constant condition.

These experiments probed the stability of the circadian network in the presence or
absence of per2 with several strategies aimed at examining processes that contribute to
entrainment to the light dark cycle. These data reveal that the clock gene per2 alters two core

features of the circadian network. Firstly, per2 impacts the speed and amplitude of the
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endogenous clock itself. Additionally, per2 impacts how the circadian system entrains to both
parametric and non-parametric environmental cues, in this case the intensity and timing of light.
Lack of functional per2 prevented the lengthening of circadian period in response to constant
light predicted by Aschoff’s Rule (Fig. 4-5), and impacted alpha compression in a sexually
diphenic way (Fig. 6), with a trend for MUT males but not females to compress active phase
length in response to increase in light intensity. Partial lack of functional per2 also impacted
response to light, with HETSs increasing circadian period in dim constant light to a lesser degree
than WT mice, but increasing circadian period in higher intensity constant light to match WTs
(Fig. 5). Additionally, HETSs exhibited alpha compression in dimLL but did not further reduce
alpha duration in response to greater light intensity (Fig. 6). Per2 and sex also impacted the
amplitude of the circadian clock, with MUTs showing decreased activity and females showing
increased activity across conditions. Finally, lack of functional per2 impacted the response to
non-parametric light pulses during the delay and advance portions of the circadian cycle in a
dose-dependent way (Fig 8-9). WTs showed a delay to advance phase shift ratio of around 0.2,
MUTSs exhibited a ratio of about 0.6, and HETS fell almost exactly in the middle with a ratio of

around 0.4.

Increased responsiveness to light pulses may reflect a lower amplitude oscillator.
Consider a small (low-amplitude) versus a large (high-amplitude) swinging pendulum: it takes
more energy to disturb the large pendulum. A low amplitude circadian oscillator, like a low-
amplitude pendulum, is easier to disrupt. Mice with low amplitude circadian oscillators would
show increased responsiveness to light stimuli, and would be more likely to lose rhythmicity,
both of which we see in the per2 mouse. Lack of functional per2 overall may reduce the

amplitude of the molecular pacemaker and increase responsiveness to light during both the
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advance and delay portions of the circadian cycle, but especially the advance portion. However,
we cannot exclude an effect of per2 on light perception (pacemaker input). As has been
previously asserted, this balance between advance and delay portions could prevent normal
lengthening of circadian period in response to constant light and be the driver behind circadian
period differences (Pendergast et al., 2010). Together, this report is the first to indicate a role of
gene dosage of per2 and sex in driving parametric and nonparametric entrainment to light,
supporting the concept that stability of the circadian system can be impacted both internally and

by external environmental factors.
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Figure 4: uRepsentative actograms for each group in constant conditions of different light
intensity

Double-plotted home cage locomotor activity (LMA) record for mice housed in various
photoperiods and constant conditions: 12:12 (LD, white), with lights on and lights off
represented with the white and blacks bars at the top of the actogram, respectively; constant
darkness (DD; grey); dim constant light (dimLL; green); bright constant light (bLL; yellow).
Male and female WTs (left plots) showed Aschoff-like effects on circadian period, with females
(top left) showing slightly shorter period than males (bottom left) in DD and longer period than
males in LL. HETs (middle plots) show much the same response as WTs in 12:12, DD, and
dimLL. Upon exposure to bLL, HETs struggled to maintain rhythmicity, with half of females
and most of the males going arrhythmic (ARR). HETs remaining rhythmic lengthened their
circadian period similar to WTs. MUTSs (right plots) showed a categorically different response to
these photic manipulations. Males and females entrain to the light-dark cycle with a positive
phase angle of entrainment due to their very short tau of ~22h, as seen in DD. Similar to WTs
and HETSs, females show a shorter tau than males in DD. In dimLL, MUTs do not show period
lengthening and there were no differences between sexes. Additionally, MUTSs struggled to retain
rhythmicity in bLL. When first exposed to bLL, every MUT female went ARR. But, in the
second epoch of bLL, the half of the females that recovered rhythmicity exhibited some period
lengthening, though not significantly from dimLL tau. Conversely, 1/3 of the male MUTs went
ARR in the first epoch of bLL, but the ones remaining rhythmic showed Aschoff-like period
lengthening. But, when all but 1 male had recovered rhythmicity in bLL2, MUT males showed a
shorter circadian period again, matching the period from dimLL.
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Figure 5: Circadian period changes in response to light of different intensity

Circadian period in hours is shown for each photoperiod: a 12:12 light-dark cycle (LD), the first
two epochs of constant darkness (DD; grey), two epochs of dim constant light (<10lux, dimLL;
green), two epochs of bright constant light (>300lux, bLL; yellow), and the third epoch of DD
(DD3; grey). Due to lack of significant main effect of sex due to uneven group sizes across
epochs, and to allow for easier visualization, genotype differences collapsed across sex are
shown in the top plot. Circadian period differences broken apart by sex are also depicted in the
bottom two plots. Asterisks indicate significant differences for that genotype within that photic
manipulation (p<0.05). Error bars represent +1SEM.
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Figure 6: Alpha changes in response to light of different intensity

Length of active period (alpha) is shown for a 12:12LD cycle and constant conditions of
increasing light intensity. WTSs (top panel) and HETs (middle panel) showed alpha expansion in
response to DD and alpha compression in response to dimLL, as predicted by Aschoff’s Rule.
WTs showed increased alpha compression in bLL while HETs did not. MUTs (bottom panel) did
not show change in alpha length in any condition except bLL, where they showed alpha

compression, but not to the same extent as WTSs. Error bars represent £1SEM. Asterisks indicate
significant differences for that genotype (p<0.05).
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Figure 7: Schematic illustrating non-parametric Aschoff Type Il phase shift protocol

After 3 weeks in a 12:12LD cycle, mice were transferred to constant darkness for 24h (arrow),
after which a 1000 lux, 15-minute light pulse during either the advance (ZT22) or delay (ZT15)
portion of the circadian cycle (yellow dot). One regression line was fit to the onset of activity for
6 days before the light pulse (solid red line). A second regression line was fit to the onset of
activity for 6 days following the light pulse, excluding the first 3 post-pulse onsets (yellow line).
Phase shift was calculated to account for the phase change between projected pre-pulse onsets
and post pulse onsets (i.e., difference between dotted red and yellow lines).
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Figure 8: Phase advances and phase delays by sex and genotype

MUTs showed larger phase advances than HETs and WTs, which did not show significantly
different phase advances from each other (top plot). Males also showed overall higher phase
advances than females. Dropouts due to arrhythmia post-delay-pulse increased variability for
female MUTSs, and no significant differences among genotype were observed in females (bottom
plot). MUT males showed a significantly larger phase delay compared to HET males, and
showed a trending difference from WT males. WTs and HETSs did not show significant
differences in delay magnitude. Error bars represent £1SEM. Asterisks indicate significance
(p<0.05).
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Figure 9: Phase Advance-Delay Magnitude

Absolute value for phase shifts during the delay and advance pulse plotted by genotype. Sex was
collapsed for ease of visualization due to similar trend of genotype across sex and lack of
significant sex differences in phase delays. MUT mice did not show significantly different
magnitude phase delays and advances, giving them a more equal Delay/Advance Ratio. HETs
and WTs showed a significantly smaller phase advance compared to a phase delay. Error bars
represent +1SEM. Asterisks indicate significant difference between delay and advance
magnitude (p<0.05).
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Chapter 4: Effect of circadian timed feeding on disease progression, circadian
coordination, and behavior in the APP/PS1-21 Alzheimer’s transgenic mouse

Abstract

Circadian rhythms have evolved to provide synchrony with the predictable daily oscillations of
environmental cues, and interactions among circadian oscillators throughout the brain and body
influence the adaptive coordination of the organism as a whole. By manipulating the timing of
endogenous stimuli that represent salient time cues to distinct circadian clocks throughout the
body, internal circadian desynchrony can be induced. Recent research has suggested that time-
restricted feeding (TRF), whereby food intake is restricted to a particular window each day, may
be useful in reducing or delaying neurodegeneration. We sought to apply TRF to the APP/PS1-
21 mouse model of Alzheimer’s Disease (AD), by manipulating the time of food availability to
drive both circadian synchrony and circadian misalignment. APP/PS1-21 mice did not exhibit
overt differences from non-transgenic (Ntg) in circadian parameters, but did exhibit baseline
differences in some cognitive behavioral tests, with female APP/PS1-21 mice in particular
exhibiting cognitive deficits. Circadian misalignment through timed feeding idiosyncratically
altered performance in some cognitive behavioral tests but did not clearly exacerbate AD

behavioral pathology.

Background

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder characterized by
deterioration of cognitive functions, such as memory loss, language impairment, and even motor
and perceptual skills (Ballard et al., 2011; Scheltens et al., 2016). These symptoms drastically

impair quality of life, and progressive neuron loss eventually results in death (Neugroschl &
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Wang, 2011). However, the pathology of AD begins well before these behavioral changes. The
aggregation of beta-amyloid into extracellular plaques, in particular, begins at least two decades
before the accumulation of tau tangles and behavioral impairment (Bateman et al., 2012;
Sasaguri et al., 2017). In this way, understanding how the development of amyloid plaques
impacts behavior and how plaque aggregation can be reduced is especially important for

advancing research towards early interventions for AD.

A common tool for investigating AD treatments are transgenic mouse models expressing
AD genetic variants. While there are many AD transgenic mouse strains, mice expressing cDNA
encoding familial AD—linked human APPSWE and PS1AE9 variants - known as APP/PS1 mice
- are among the most commonly studied for their production of amyloid plaques (Sasaguri et al.,
2017). APP/PS1 mice display AD phenotypes including amyloid-beta plaque formation,
cognitive impairment, increased behavioral anxiety and other related symptoms (Trinchese et al.,
2004). However, the traditional APP/PS1 mouse model produces amyloid aggregates in
peripheral tissues (e.g., blood vessels, liver, and gastrointestinal tract) in addition to the brain,
complicating interpretation of whether behavioral impairment is due to an impact of these
aggregates on other functions (L. Zhang et al., 2021). The APP/PS1-21 mouse, on the other
hand, uses a Thy1 promoter to express these AD transgenes, making A plaques brain specific
(Radde, 2006). This allows for more specific testing of central versus peripheral interactions
within AD. Additionally, this strain develops plaques as early as 6 weeks of age, making it an

ideal model in which to test interventions that could ameliorate already-present AD.

Several studies have found marked sex differences in plaque deposition and response to
interventions in APP/PS1-21 and APP/PS1 transgenic mice (Dodiya et al., 2019; X. Li et al.,

2016; J. Wang et al., 2004). This is comparable to the sex differences we see in human AD
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patients, with women at greater risk of developing AD (Zhu et al., 2021). APP/PS1 female mice
exhibit increased plaque deposition and greater spatial working memory impairment compared to
APP/PS1 male mice (Mifflin et al., 2021; J. Wang et al., 2004). These differences may be
dependent on differences in the gut microbiome. APP/PS1-21 mice given an antibiotic cocktail
(ABX) that depletes gut microbiota had sexually diphenic responses (Dodiya et al., 2019,
2020). Namely, males given ABX had reduced plaque development while females given ABX
did not. Other interventions related to metabolic factors seem to also have sexually diphenic
results; APP/PS1 female mice showed greater improvement in spatial working memory than
male APP/PS1 mice after undergoing a running exercise intervention (Zhou et al., 2018).
Additionally, female APP/PS1 mice exhibit increased oxidative stress and impaired cellular
energy metabolism in peripheral organs compared to males (J. Wu et al., 2016). This marks an
important avenue for delving into sex differences within AD development and treatment,

especially with consideration for metabolic factors.

Because of the late diagnosis in terms of disease etiology, recent efforts investigating
how multidimensional approaches that center on altering lifestyle factors may be used to delay or
prevent AD development (Dhana et al., 2020). Accessible lifestyle interventions such as the
manipulation of the timing of light and food, are well positioned for investigation. AD patients
exhibit disruption in coordination with food and light cues within the environment, including
sleep fragmentation, decreased daytime activity, and altered food intake, to name a few,
suggesting circadian rhythm disruption (Coogan et al., 2013; Musiek et al., 2015; van Someren et
al., 1996; Vitiello & Prinz, 1989). In fact, timed bright light exposure has been used to treat some
of these symptoms of AD in human patients, bolstering sleep efficiency, increasing daytime

wakefulness, and reducing evening agitation (also referred to as sundowning, a common AD
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behavioral symptom) (Figueiro, 2017; Sharma et al., 2021). Might the timing of environmental
cues such as light and food be used early in disease progression to alter disease progression

itself?

The timing of food is a salient cue for organizing physiology and behavior ecologically,
and mistimed feeding is a potent circadian disruption manipulation that can be administered in
the laboratory. In order to understand how circadian disruption due to mistimed feeding impacts
the circadian system, it is first necessary to establish how circadian clocks in the body respond to
the timing of food intake. Light acts to entrain the SCN clock in the brain, which serves as the
master regulator of the phase relationship among peripheral circadian clocks, including the liver
clock (Izumo et al., 2014). However, these peripheral clocks also use tissue-specific time cues to
entrain their clocks (S. Zhang et al., 2020). For example, the liver entrains to time of food
availability and related metabolic cues (Frazier et al., 2022; Tahara et al., 2011; Yamajuku et al.,
2012). When food is available ad libitum, rodents consume the majority of their food during the
dark phase during a window controlled by the circadian network (Challet, 2019). If food
availability occurs outside of the time determined by the SCN (i.e., during an abnormal time
relative to the light cycle), the liver preferentially follows the food cue (Damiola et al., 2000;
Stokkan et al., 2001). Thus, altering the relationship between light and food cues can alter the
coupling relations between central and peripheral clocks, potentially shifting the phase of these
oscillators to establish new temporal relations with one another. Outside of the lab, factors such
as shift work or the constant availability of highly palatable foods prevalent in contemporary
society can drive peripheral clocks out of alignment with the SCN light-entrainable clock (Pickel
& Sung, 2020), and this misalignment is associated with diseases ranging from metabolic

syndrome and diabetes (F. Wang et al., 2014) to cancer (Salamanca-Fernandez et al., 2018).
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Therefore, manipulating internal circadian alignment through the timing of food and light
presents a strategy for probing how circadian misalignment may contribute to disease

progression.

In fact, recent research has investigated how manipulating the alignment of central and
peripheral circadian oscillators through timed feeding impacts neurodegenerative disease.
Researchers investigated the impact of circadian misalignment on Huntington’s Disease (HD), a
disease of the extrapyramidal motor system due to loss of dopaminergic neurons in the basal
ganglia. In the Q175 mouse model of HD, restricting food access to a 6-hour window during the
midpoint of the active phase for 3 months improved locomotor activity rhythms, motor
performance, and reduced HD-markers in the striatum to WT levels (H.-B. Wang et al., 2018).
Together these data suggest that timed feeding, presumably via its effects on alignment of central
and peripheral circadian oscillators (in non-specific tissues), reduced HD pathogenesis in this
mouse model. Therefore, driving circadian alignment through the timing of food and light cues
reduces etiology of the neurodegenerative disease, HD. Thus, a promising avenue for further
exploring the pathogenesis of other neurodegenerative diseases such as AD lies in examination

of the links between circadian disruption and AD progression.

Thus, in order to further explore the connection between circadian dysfunction, sex, and
AD development, we altered the phase relations of light-driven and food-driven circadian
rhythms by manipulating the timing of food availability as a non-photic zeitgeber. In this study,
APP/PS1-21 mice of both sexes were subjected to a feeding regimen designed to entrain
peripheral metabolic oscillators (Damiola et al., 2000; Stokkan et al., 2001). Depending on the
timing of the food window, specifically depending on whether food was only available

coincident with the active phase (when mice would normally eat most of their food) or

77



coincident with the rest phase (when mice eat only a small fraction of their food), we predicted
that this will either drive alignment or misalignment, respectively, between the central circadian
clock and peripheral metabolic clocks.

Several animal models of AD have investigated the relationship between intermittent
fasting (IF) and AD etiology, with some studies showing reduction in amyloid plaques and
others showing non-significant results (Cremonini et al., 2019; Gudden et al., 2021; Martin et al.,
2006; Nasaruddin et al., 2020; Park et al., 2020; Shin et al., 2018; J. Zhang et al., 2017). These
differences in findings are likely due to great disparity in IF procedure and animal model
chosen. Specifically, some studies employed alternate-day fasting rather than a daily time-
restricted feeding (TRF) paradigm in which food is restricted to a smaller window of availability,
neglecting the circadian component inherent within IF (Halagappa et al., 2007; J. Zhang et al.,
2017). The present study aims to rigorously test the contribution of circadian dynamics within
AD using TRF, both at the “incorrect” (anorexic) time of the circadian cycle in order to drive
misalignment (TRF-light) and at the “correct” (food ingestive) time to enhance circadian
alignment (TRF-dark).

In order to confirm that a timed feeding paradigm is producing behavioral circadian
disruption, it is necessary to measure whether the differences in circadian entrainment occur
between mice that are fed at different times of day. Because activity is observed even when the
food availability is shifted to the inactive phase and has been shown to be driven by its own
peripheral circadian clock (Mistlberger, 1994), activity during the window of food availability
will be used to determine how the mice align their activity to the time of day that food is
presented relative to their overall central circadian rhythm, as measured by overall locomotor

activity. This will be one metric by which we can assess the relative coordination between
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peripheral clocks driven by food cues, and the clock in the brain that drives overall locomotor
activity. One aim of this experiment, then, will be to use the extent to which mouse behavior is
altered as an indirect measure of circadian disruption, and then to examine the extent to which
this disruption is related to the severity of AD disease progression and behavioral
symptomatology.

Numerous endpoints can be used to evaluate disease progression in AD mouse models.
Physiological endpoints in APP/PS1 mouse models are generally targeted at assessing brain
amyloidosis (i.e., plaque deposition). While there are many techniques aimed at accomplishing
this, immunoassays in which proteins are tagged by specific antibodies, such as
immunohistochemistry (IHC) and enzyme-linked immunosorbent assays (ELISAS), are among
the most common (Jiang et al., 2018). Though ELISAs are common, this technique was
developed for monomeric proteins and thus is less likely to accurately detect aggregates, such as
amyloid plaques (Janssen et al., 2015). Immunohistochemical (IHC) staining, on the other hand,
can effectively detect aggregates, and affords the additional benefit of retaining information
about spatial distribution of the protein of interest within the brain (Deng et al., 2011). The gold
standard monoclonal antibody for assessing brain amyloidosis with IHC is 3D6 (3D6 Alzforum,
n.d.), as it detects all amyloid beta species with amino-terminal aspartic acid, essential for the
fibrillation of amyloid proteins and subsequent plaque formation and neurotoxicity (Sargaeva et
al., 2009; Shi et al., 2022).

Behavioral assays of AD progression have also been developed and validated in AD
mouse models, including the APP/PS1-21 mouse. APP/PS1-21 mice exhibit impaired cognitive
flexibility, as measured by reversal learning (Radde, 2006; VVan den Broeck et al., 2019),

impaired learning and memory as assessed by the novel object recognition task (NOR) (Becerril-

79



Ortega et al., 2014; Scholtzova et al., 2008), impaired spatial learning and memory as assessed
by performance on the Morris Water Maze (MWM) (Pihlaja et al., 2018), and impaired nesting
ability and social interaction (C. Li et al., 2015; Owona et al., 2019; Z.-Y. Zhang et al., 2014; Z.-
Y. Zhang & Schluesener, 2013). APP/PS1 mice also exhibit reduced performance on the MWM
and other spatial working memory tasks, including spontaneous alternation (Kemppainen et al.,
2014; T.-K. Kim et al., 2012; McClean et al., 2011; Vepséléinen et al., 2013), impaired reversal
learning (Dempsey et al., 2017; McClean et al., 2011; Pietropaolo et al., 2012), reduced NOR
and novel odor recognition (Dempsey et al., 2017; McClean et al., 2011; Q. Zhang et al., 2018),
and reduced spontaneous exploratory activity (Kemppainen et al., 2014). Changes in marble
burying have also been reported in APP/PS1 mice, though there is some discrepancy in
interpretation. Some studies have regarded this behavior as a measure of object neophobia, as
APP/PS1 showed reduced marble burying (Kemppainen et al., 2014, 2015; T.-K. Kim et al.,
2012; Vepsaldinen et al., 2013). However, some studies showed an increase in marble burying
for APP/PS1 mice, and cast this to be an assay of compulsive-like behavior (Peng et al., 2021; Q.
Zhang et al., 2018). This discrepancy really illustrates the difficulty with cognitive testing in
animal models, and the necessity to consistently validate behaviors across models in order to
determine face validity. However, each of these behavioral phenotypes has construct validity
with AD in humans (i.e., impaired spatial working memory, cognitive flexibility, etc.) and
therefore afford critical insights into neurophysiological progression of AD and how it may
respond to environmental manipulation. We first want to assess how marble burying is impacted
in the APP/PS1-21 model and determine the efficacy of this paradigm as a neophobia or
compulsive anxiety test, and how this is impacted by progressive plaque deposition. We will also

evaluate AD progression and how it is impacted by circadian disruption and timed feeding using
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a spontaneous alternation paradigm to assess spatial working memory (Hughes, 2004; Prieur &
Jadaviji, 2019), as this cognitive behavior is shown to be particularly impacted by Alzheimer’s

Disease (Guariglia, 2007; Kirova et al., 2015).

Methods

Table 1: Circadian Misalignment and Alzheimer’s Abbreviations

Abbreviations
AD Alzheimer’s Disease
HD Huntington’s Disease
APP/PS1-21; Transgenic AD (experimental) mouse
Tg
Ntg Nontransgenic (control) mouse
LD 12:12 light dark cycle
DD Constant darkness
LL Constant light
ZT Zeitgeber time, time relative to photic stimulus with ZT12 being lights off
AL Ad libitum, Ad lib food available
TRF-D Dark-phase fed, food only available during 6h midpoint of dark phase
TRF-L Light-phase fed, food only available during 6h midpoint of light phase
SA Spontaneous Alternation task of spatial working memory
MSFI Mass-specific food intake; grams of food intake per gram of body weight
per day
Animals

APPSWE/PS1L166P (APP/PS1-21) mice were obtained from a colony maintained by the
Sisodia lab at University of Chicago. The mouse line was originally obtained from M Jucker;

University of Tubingen, Tubingen, Germany (APPPS1 | ALZFORUM, n.d.; Radde, 2006). Mice
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were maintained on a C57BL6Cj background and bred within a colony managed by our

lab. Homozygous nontransgenic and heterozygous transgenic APP/PS1-21 mice were paired to
produce heterozygous APP/PS1-21 (transgenic; to be used as experimental mice) and
homozygous nontransgenic (Ntg; to be used as control) offspring. Mice of both sexes
(transgenic: n=39 females, n=32 males; Ntg: n=32 females, n=35 males) were single housed in
conventional cages with wirebar lids and without microisolator filters in a 12L:12D photocycle
of approximately 150-200 lux. Experiments were performed within two neighboring vivarium
rooms with inverse light-dark cycles. Mice were randomly assigned to either ad libitum or time-
restricted access to standard rodent diet (Irradiated Teklad Global 18% Rodent Diet 2918,
Envigo RMS). All mice had ad libitum access to filtered drinking water. Cage changing was
performed at two-week intervals, during which time food weight and body weight were
measured. All mice were acclimated to cages for at least one week prior to data collection. The
integrity of experimental LD cycles was continuously monitored and verified by dataloggers
(HOBO,UX90, Onset Comp). Experiment 2 was conducted in two identical rounds. Estrous
cycles of females were not monitored. All procedures related to animal use were approved by the
University of Chicago Institutional Animal Care and Use Committee. At the conclusion of the
experiments homozygous nontransgenic (Ntg) and heterozygous transgenic (Tg) APP/PS1-21
genotypes were confirmed in all mice by PCR using the protocol described for this genotype by

Radde (2006).

Genotyping

Only homozygous Ntg and heterozygous Tg mice were included in these experiments (a priori
criterion). Genotyping of all mice bred in our vivarium was done using primers ordered from the

Jackson Lab Website [5* — 3’: PS1 Forward (CAG GTG CTA TAA GGT CAT CC), PS1

82



Reverse (ATC ACA GCC AAG ATG AGC CA), APP1 (CGACAG TGATCG TCATCA
CCT), APP4 (CTT AGG CAA GAG AAG CAG CTG)] and using specification for the Platimun
Taq Polymerase (Life Technologies, Invitrogen catalog number: 10966-018). For each individual
PRC reaction: 17.15 uL of DNAase free H20, 2.5 uL of 10X PCR Buffer with no MgCl2, 0.75
uL 50mN MgCIl2, 0.5 uL 10mM dNTP mix, 0.5 uL of each primer (either APP1 and APP4 OR
PS1F and PS1R), and 0.1 uL of Taqg were added to a master mix and thoroughly mixed by
pipetting up and down. 22 uL of master mix were aliquoted and added to 3 uL of DNA derived
via HotShot (Truett, Heeger et al. 2000), from ear clips and tail clips collected prior to or at the
conclusion of the studies, respectively. We used the following PCR Protocol on a thermocycler
(S1000; Bio-Rad): (1) 95 C for 3 minutes, (2) 95 C for 30 seconds, (3) 58 C for 1 minute, (4) 72
C for 1 minute, (5) repeat steps (2-4) 30 times, (6) 72 C for 5 minutes, (7) End (hold at 4 C). 8
uL of the resultant PCR products, and a 100 Bp to 2000 Bp Ladder (Thermofisher catalog #
15628050) for reference were mixed with 1.4uL of loading dye (Thermo Scientific catalog
number: R0611), loaded on a 2% agrarose gel with 2.5uL. of Ethidium Bromide (stock solution:
10mg/mL), and visualized. Resultant bands (amplicon sizes) per Jackson Lab Website were as
follows: PS1 =~300 bp, APP = ~500 bp. Due to cointegration of the transgenes, for routine
analysis only genotyping for APP was done, with PS1 genotyping done only sporadically as a

control and for genotype confirmation.

Study Design

Experiment 1: A 2 (sex; male and female) x 2 (genotype; Ntg and Tg) design (n=3-4/group) was
used to assess cognitive behavior in the marble burying test and spontaneous alternation (SA)

test at the onset of plague development (6 weeks), as well as circadian parameters including
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entrainment to a 12:12L.D cycle, endogenous circadian period in constant darkness (DD), and

response to constant light (LL).

Experiment 2: A 2 (sex; male and female) x 2 (genotype; Ntg and Tg) x 3 (feeding
manipulation; ad libitum, TRF-L, TRF-D) design (n=8-18/group) was used to assess how time-
restricted feeding impacts AD progression. A subset of these mice (n=2-7/group) were also
monitored for locomotor activity to verify behavioral circadian disruption. Food manipulation
began at 6-weeks of age, with mice either receiving food ad libitum, during the 6h midpoint of
the light (inactive) phase (TRF-L), or during the 6h midpoint of the dark (active) phase (TRF-D).
Food manipulation continued for 12 weeks. During week 11, behavioral tests (marble burying
and spontaneous alternation) were administered. Mice were sacrificed and tissues collected at the

end of the 12 weeks of food manipulation.

Lighting Cycles

Experiment 1 was a pilot study which examined circadian dynamics and cognitive behavior at
the onset of plaque deposition. Mice remained in a 12:12 LD cycle until 6 weeks +3 days of age,
during which time they underwent behavioral tests. After at least 2 weeks in 12:12, these mice
were put into constant darkness (DD) for 2 weeks, followed by constant light (LL) for 2 weeks.
This first cohort of mice (n=3-4 per group) was not subjected to any food manipulation and food
and water were available ad libitum. Mice (n=8-11 per group) in Experiment 2 stayed in a 12:12

photocycle throughout the TRF experiment.

Time Restricted Feeding Manipulation

Mice in the Experiment 2 (n=8-16/group) were entrained to a 12:12 photoperiod for a minimum

of 2 weeks prior to any treatment. Mice began food manipulation at 40-50 days of age and were
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randomly assigned to a feeding condition: ad lib, food available for 6h during the midpoint of the
light phase (ZT 3-9), or food available for 6h during the midpoint of the dark phase (ZT 15-

21). By definition, ZT 12 occurs at the onset of the dark (active) phase. Food was available via
food hopper, which was taken out of the cage to prevent food consumption outside of the 6h time

block. The mice were held in this condition for 12 weeks.

Fecal Pellet Collections

Fresh fecal pellets were collected in sterile 1.5ml centrifuge tubes at ZT9 and ZT21 on either
week 2 or week 4 of TRF treatment, and during week 11 of treatment. These pellets were
collected with the goal of characterizing the intestinal microbial community structure via 16S at
a future date. Fecal samples were immediately frozen on dry ice and subsequently stored in -

80TC.

Necropsy and Tissue Harvesting

Tissues were collected during the ZT3-5 window at the end of week 12 of food manipulation.
Necropsy was performed according to procedures approved by Animal Care and Use Protocols.
Briefly, mice were deeply anesthetized under 3-4% isoflurane/O2 gas. After confirmation of deep
anesthesia, the heart was accessed through abdominal incision. Blood was collected from the
right ventricle with a 25-guage needle and stored in buffered sodium citrate on ice. Following
blood collection, the descending aorta was clamped and mice were perfused with 0.9% saline
(pH 7.4) for 3 minutes. Brains were then excised and the two hemispheres were bisected; the
right hemisphere was postfixed in 4% paraformaldehyde and the left hemisphere immediately
frozen on dry ice and stored in -80C. Liver, small and large intestine, and cecum were collected
and immediately frozen on dry ice and stored in -80 C. Immediately following necropsy, plasma

was separated from blood cells by centrifugation at 2,000 rpm for 10 minutes at -4C and stored at
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-80C. These brains were collected with the goal of characterizing soluble and insoluble

AP levels via MSD MesoScale extraction at a later date (Dodiya et al., 2021).

Locomotor Activity Analysis

All cages in Experiment 1 (n=3-4) and a subset of select cages in Experiment 2 (n=2-7 per
group) were equipped with overhead passive infrared (PIR) sensors to monitor locomotor
activity (Prendergast et al., 2015). Sensors were mounted 22cm above the floor of the home cage
and recorded a movement event when 3 of the 27 zones were crossed within the cage (beam
breaks). Breaks in the infrared beam were recorded in 1-minute bins using the ClockLab Data
Collection system and analyzed using ClockLab Analysis 6 software (Actimetrics, Wilmette, IL,
USA). For Experiment 1, locomotor activity in a 12:12LD cycle, constant darkness (DD), and
constant light (LL) was analyzed to determine circadian period and onset variability by drawing
a best-fit line over 2-week bouts. For Experiment 2, locomotor activity during the time of food
availability relative to overall activity was compared between TRF-light, TRF-dark, and ad lib
groups to analyze circadian distribution. Activity profiles were averaged by group across the full

length of the 12 weeks of TRF manipulation.

Marble Burying Test

Marble burying tests were administered to assess how this behavior is altered in the APP/PS1-21
mouse. This test has been purported to measure compulsive anxiety and repetitive behavior,
common clinical features of Alzheimer’s Disease and dementia, though some experiments have
claimed an increase in marble burying equates to increased compulsive anxiety (Cipriani et al.,
2013; Gitlin et al., 2012), while other studies have equated reduced marble burying with
increased compulsive anxiety (Broekkamp et al., 1986; de Brouwer et al., 2019; Deacon, 2006;

Londei et al., 1998; Njung’e & Handley, 1991; Takeuchi et al., 2002; Thomas et al., 2009).
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Reduced marble burying has also been described as denoting decreased exploratory behavior
(Moreno et al., 2017), and neophobia (Kemppainen et al., 2014; T.-K. Kim et al., 2012;
Vepséléinen et al., 2013). The majority of these studies demonstrate reduced marble burying
behavior in APP/PS1 mice, so these latter explanations seem to show the most face validity.
However, we aimed to evaluate if the APP/PS1-21 model recapitulates this response to marble
burying. Marble burying was conducted with a procedure modified from (Amodeo et al., 2012),
with 10 minute rather than 30 minute trials. Trials consisted of placing each mouse in a new cage
filled with 3cm of corncob bedding for 10 minutes to acclimate to the new environment and then
returning the mouse to their original cage. Then, 15 marbles were spaced evenly within the cage,
and the mouse was placed back in this cage for 10 minutes. Marble burying was performed at ZT
2-4 and ZT 14-16 for all mice in Experiment 1 and was performed at ZT 2-4 for all mice in
Experiment 2. The number of marbles buried (covered >50% with bedding) and the number of
marbles moved after the 10-minute period was recorded and analyzed by an experimenter blind

to treatment group.

T-Maze Spontaneous Alternation

Spontaneous alternation exploits the natural exploratory behavior of rodents to assess spatial
working-memory performance, with more alternation between arms of the maze indicating better
cognitive behavioral performance. Percentage of alternation (number of alternating entries
divided by the total number of free choice entries into maze arms) has been shown to decrease in
APP/PS1 mice relative to WT mice (Chaney et al., 2018). Spontaneous alternation was
conducted as previously described by Gerlai in order to minimize handling and thus stress on the
mice (Gerlai, 1998). Spontaneous alternation (SA) tests were carried out using a T-maze with

15cm high walls that consisted of a 10cm x 10cm starting box off of a 40cm long start arm with
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two 20cm long choice arms extending on either side. The start box and the 2 choice arms were
blocked off from the start arm with guillotine doors. All trials were recorded with a camcorder
equipped with infrared night vision positioned above the T-maze. The mouse was placed inside
the start box for 5 seconds before the start door was opened. For the first trial, only one choice
arm door was opened (forced trial). The mouse exited the start box to the start arm, then to the
open choice arm, and eventually wandered back into the start box, at which point the start box
door was closed for another 5 seconds. For all subsequent trials, both choice arm doors were
raised upon opening of the start box door. Once the mouse exited the start box and selected a
choice arm, the other choice arm was closed off. If the time of a trial exceeded 2 minutes, the
mouse was carefully placed back into the start box and a new trial was started. This free choice
procedure was repeated 13 times for each mouse. The entire SA procedure was performed at ZT
2-4 for all mice in Experiments 1 and 2, and at ZT 14-16 for all mice in Experiment

1. Experimenters blind to condition recorded the number of spontaneous alternations made
(entering the right goal arm after the left goal arm was entered and vice versa). The number of
alternating entries made was divided by the total number of free choice entries made and

multiplied by 100 to get a percent of alternation.

Locomotor Activity Analysis

For Experiment 1, locomotor activity in a 12:12LD cycle, constant darkness (DD), and constant
light (LL) were analyzed to determine circadian period and onset variability by drawing a best-fit
line over 2-week bouts. For Experiment 2, circadian period and locomotor activity during the
time of food availability relative to overall activity was compared between TRF-light, TRF-dark,
and ad lib groups to analyze circadian distribution. Average activity profiles for each group were

generated in ClockLab. Circadian period was calculated using a Lomb-Scargle Periodogram
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(LSP) analysis (ClockLab; threshold: P=0.001) on 10 days of activity data (Ruf, 1999;
Tackenberg & Hughey, 2021). Periods between 22 and 26 hours were considered in the circadian
range. Total daily activity counts, active phase activity, and rest phase activity in each

photoperiod were derived from Clocklab over 10-day epochs and aggregated in Excel.

Statistical Analyses

Analyses of variance (ANOVAs) were performed to decrease chances of Type | error. If a
statistically significant F-statistic was achieved, unpaired T-tests were performed using Statview
5.0 (SAS Institute, Cary, NC). Differences were considered significant if p<0.05. If an F test
showed a violation of the assumption of variance for an ANOVA, nonparametric analyses were
performed. Kruskal-Wallis Tests were used to assess differences between feeding conditions,
and if a significant H statistic was found, pairwise comparisons would be analyzed with a
Bonferroni/Dunn. Sex and Genotype differences were each analyzed with a Mann-Whitney U
Test. Experiment 2 was conducted in two rounds. Datasets from both rounds were combined as

no statistical differences were observed between rounds.

Results

Experiment 1 — circadian, emotional, and cognitive behavior in APP/PS1-21 mice

Circadian Phenotyping. There was no main effect of genotype (p=0.9439) or sex
(p=0.4455) and no interaction effects (p=0.2001) on circadian period in 12:12 (Fig. 10),
indicating all mice entrained to the 12:12 LD cycle. Again, there was no main effect of genotype
(p=0.7742) or sex (p=0.5887) and no interactions (p=0.5887) for circadian period (tau) in DD,
demonstrating no differences in endogenous circadian period length. There was a significant

main effect of sex on tau in LL (p<0.002), with females displaying a longer circadian period than
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males (p<0.001), with a mean difference of 0.77 hours. However, there were still no genotype
(p=0.1165) or interaction (p=0.1090) effects on tau in LL. There were significant main effects of
sex (p<0.01) and genotype (p<0.02) on onset variability in 12:12 (Fig. 10), and a significant
interaction between sex and genotype (p<0.005), with female APP/PS1-21 mice displaying more
onset variability than all other groups (p<0.01). There were no main effects of genotype
(p=0.1298 and p=0.3513, respectively) or sex (p=0.5384 and p=0.2817, respectively) on onset
variability in DD and LL, and no interaction effects (p=0.6937 and p=0.3150, respectively),
demonstrating that transgenic females may have some difficulty in entrainment, but this effect
disappears in constant conditions.

Cognitive Behavioral Tests. All mice (n=3-4/group) were administered marble burying
and spontaneous alternation tasks during the light and dark phase (Fig. 11). There was a
significant main effect of sex (p<0.05) and genotype (p<0.001), but not of time of test
(p=0.7305) on marbles buried, with no significant interactions (p=0.3596; p=0.5041; p=0.4597;
p=0.9855). The effect of sex on marbles buried was not significant, but trending (p=0.0658),
with females burying fewer marbles than males. Additionally, APP/PS1-21 mice buried
significantly fewer marbles than Ntg mice (p<0.0005). There was also a significant main effect
of sex (p=0.0001) and genotype (p<0.0005) on marbles moved, and no significant effect of time
of test was observed (p=0.6959). There was also a significant interaction between sex and
genotype (p<0.05), but no other significant interactions (p=0.8033; p=0.5705; p=0.4792). No sex
difference was evident in Ntg mice for marbles moved (p=0.1277), with both sexes moving on
average 10.5 marbles. However, APP/PS1-21 females moved significantly fewer marbles than
APP/PS1-21 males (p=0.0001), moving only 1.6 marbles on average compared to the 9.8 marble

average of males. In fact, APP/PS1-21 males did not differ from Ntg males in number of marbles
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moved (p=0.1713). These results point to APP/PS1-21 female mice in particular exhibiting
deficits in marble burying and moving behavior. No significant main effects or interactions were
observed in spontaneous alternation (sex: p=0.0816; genotype: p=0.2219; time of test:
p=0.2429), though there was a trend for an impact of sex, where females showed reduced

alternation (p=0.082).

Experiment 2 — The impact of time restricted feeding on AD behavioral progression

Circadian activity profiling: 61 mice (n=2-10/group) from the first round of Experiment 2 were
monitored for locomotor activity throughout the 12-week feeding paradigm (Fig. 12-13).
Activity over the course of the 12 weeks of timed feeding treatments was separated into 6 10-day
epochs, with each epoch starting 2 days after cage change and ending 2 days before the
subsequent cage change. An F test showed a violation of the assumption of equality of variance
for an ANOVA in individual epochs as well as the average of all epochs, due to the unbalanced
group sizes. Therefore, nonparametric analyses were performed. Kruskal-Wallis Tests were used
to assess differences between feeding conditions, and if a significant H statistic was found,
pairwise comparisons would be analyzed with a Bonferroni/Dunn. Sex and Genotype differences

were each analyzed with a Mann-Whitney U Test.

Total activity counts

Genotype: There was no significant impact of genotype on average total daily activity in

any epoch (p=0.9646; p=0.9528; p=0.9058; p=0.7387; p=0.5243; p=0.6275).
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Sex: There was a significant impact of sex on average total daily activity in all epochs,
with females displaying higher activity than males (p<0.05; p<0.05; p<0.02; p<0.01; p<0.01;
p<0.005).

Feeding Group: A Kuskal-Wallis Test for epoch 1 showed a significant effect of feeding
condition (p<0.002): TRF-L fed mice exhibited significantly less average total daily activity than
TRF-D (p<0.005) and AL (p<0.005) groups, who did not differ from each other (p=0.6099). In
epoch 2 and all other epochs, there was again an impact of feeding condition (p<0.01; p<0.05;
p<0.02; p<0.005; p<0.02), with TRF-L mice exhibiting less activity than TRF-D mice (p<0.01;
p<0.02; p<0.005; p<0.002; p<0.01), though they no longer showed different activity counts from
AL (p=0.0381; p=0.1256; p=0.0397; p=0.0534; p=0.1311, where p<0.0167 is significant). TRF-

D and AL groups again did not differ (p=0.2306; p=0.1926; p=0.1943; p=0.0710; p=0.1172).

Analysis of Circadian Activity

Most studies using FAA limit food to a 4-5h window of the day (usually the light phase
for nocturnal rodents), and operationally define FAA as activity during a window of time
preceding the food availability window. The present study design did not permit such a
methodology, as food was available for a longer window of time, covering half of the light phase
(TRF-L) or half of the dark phase (TRF-D). In order to draw connections between circadian
rhythmic disruption consequent to TRF and changes in behavior, I quantified TRF-induced
circadian disruption by evaluating activity during 3 intervals of the circadian cycle for each
mouse: (1) the amount of activity expressed during the dark (active) phase, (2) the amount of
activity during the 3h window preceding the window of food availability (termed FAA), and (3)

the amount of activity during the window of food availability. Activity in each interval was
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expressed as a % of total daily activity. Because these data were also in violation of the
assumption of equality of variance for an ANOVA due to markedly different sample sizes,
nonparametric methods were used to assess group differences.
Food anticipatory activity (FAA) interval

Genotype: There was no significant impact of genotype on % activity during the FAA
window for any epoch (p=0.8592; p=0.5543; p=0.5250; p=0.8708; p=0.6048; p=0.4077).

Sex: There was no significant impact of sex on the partitioning of % activity to the FAA
window for any epoch (p=0.7938; p=0.9884; p=0.5911; p=0.4245; p=0.4950; p=0.8617).

Feeding Group: There was a significant effect of TRF treatment on percent FAA in
epoch 1 (p<0.0001), with TRF-D mice showing higher activity than AL (p=0.0001) and TRF-L
(p<0.0001) mice during this period. TRF-L mice showed the lowest activity during the FAA
window, significantly lower than AL mice (p<0.005). In all other epochs, there was again a
significant impact of feeding group on FAA (p<0.0001 for epochs 2-6). TRF-L mice still showed
the lowest activity during this period, significantly lower than TRF-D (p<0.0001 for epochs 2-6)
and AL (p<0.0001 for epochs 2-6) mice, though in these latter epochs TRF-D and AL mice no
longer differed from each other (p=0.0173; p=0.0684; p=0.1828; p=0.9941; p=0.4173, where
p<0.0167 is significant). When averaged across all epochs, TRF-L mice partitioned 9.14% of
their activity to the FAA window, while AL mice partitioned 18.56% and TRF-D mice

partitioned 21.14% of their daily activity to this same window.

Food availability interval
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Genotype: There was no significant impact of genotype on the consolidation of activity
to the window of food availability for any epoch (p=0.9764; p=0.9058; p=0.9882; p=0.5059;
p=0.8825; p=0.8360).

Sex: There was no significant impact of sex on the consolidation of activity to the
window of food availability for any epoch (p=0.3094; p=0.5614; p=0.8163; p=0.6631; p=0.8163;
p=0.2281).

Feeding group: There was a significant impact of feeding group on activity during the
window of food availability in epochs 1 and 2 (p=0.0005; p<0.001), with TRF-D mice spending
a significantly higher percentage of their overall activity in this 6h window compared to AL
(p=0.0001; p<0.0001) and TRF-L (p=0.001; p<0.005) mice, which did not significantly differ
from each other (p=0.8902; p=0.6340). These relations changed in epochs 3-6, though there was
still a significant impact of feeding condition (p<0.02; p<0.02; p<0.005; p<0.001). TRF-D mice
partitioned more of their activity than AL mice to the window of food availability (p=0.001,;
p<0.02; p<0.0002; p<0.0001), and AL and TRF-L groups still did not differ from each other
(p=0.4924; p=0.1815; p=0.853; p=0.0878), but the difference between TRF-D and TRF-L
disappeared (p=0.0299; p=0.0928; p=0.1015; p=0.0424, where p<0.0167 is significant).
Together these data indicate that TRF-L mice were able to alter their activity to better align with
the window of food availability after the first 2 epochs (4 weeks). When averaged across all
epochs, AL mice allocated 26.36+3.57% of their daily activity to the window of food availability
(they were not restricted to eating only in this window, so they did not need to partition their
activity to align with it), TRF-D mice allocated 42.99+1.44% of total activity to the window of
food availability, and TRF-L mice allocated 31.08+3.09% of their activity to this window

(p<0.05; Fig. 14).
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Dark phase activity

Genotype: There was no impact of genotype on the consolidation of activity to the dark
phase in any epoch (p=0.1602; p=0.3219; p=0.4077; p=0.3366; p=0.3593; p=0.3440).

Sex: There was no impact of sex on the consolidation of activity to the dark phase in any
epoch (p=0.4678; p=0.8960; p>.9999; p=0.6526; p=0.3680; p=0.2281).

Feeding condition: Feeding condition had an impact on percentage of activity allocated
to the dark phase for all epochs (p<0.0001 for all epochs), with TRF-D mice allocating the most
activity (p<0.001; p<0.0001; p<0.0005; p<0.0001; p=0.0001; p<0.0001), AL mice an
intermediate amount (p<0.001; p<0.0001; p<0.0005; p<0.0001; p=0.0001; p<0.0001), and TRF-
L the least (p<0.0001 for all epochs). Averaged across all epochs, TRF-D mice allocated
87.04%, AL 76.78%, and TRF-L mice 50.66% of their overall activity to the dark phase (Fig.

14).

Summary of activity data reduction

Taken together, the data indicate that, overall, TRF-D increased dark phase activity and
TRF-L augmented light phase activity. The synergy of darkness and food especially augmented
food window activity in TRF-D mice, but TRF-L mice were also able to significantly increase
food window activity during the light phase during the latter epochs in a way that was

statistically indistinguishable from TRF-D mice.
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Body weight and food intake

To investigate how metabolic factors were impacted by our TRF manipulations, 139 mice
(n=8-16/group) from Experiment 2 had food weight (to calculate average daily food intake) and
body weight measured at the time of cage change every 2 weeks. There was a significant main
effect of sex (p<0.0001) and genotype (p<0.01) on average body mass (Fig. 15), with no
significant interactions. Feeding condition did not significantly impact body weight (p=0.8872).
In general, males weighed more than females (p<0.0001), and Ntg mice weighed more than
APP/PS1-21 mice (p<0.001). There was no significant main effect of sex (p=0.1679) or
genotype (p=0.7161) on food intake. However, there was a significant main effect of feeding
condition (p<0.0001) and a significant interaction between sex and feeding condition (Fig. 15;
p<0.05). Ad lib animals ate more than animals in TRF groups (p<0.005). TRF-D and TRF-L
males did not differ in food intake (p=0.7108), while TRF-D females ate more than TRF-L
females (p=0.0001). We computed mass-specific food intake (MSFI) to control for the effects of
body mass on food intake. MSFI was calculated as food intake per day divided by body weight
(grams of food eaten per gram of body mass). There was a significant main effect of sex
(p<0.0001) and feeding manipulation (p<0.0001) on MSFI, and a significant interaction between
sex and feeding group (p<0.0001) and between genotype and feeding condition (p<0.02; Fig.
15). Ad lib fed mice ate the most per body mass (p<0.001), mice fed only in the dark phase ate an
intermediate amount per body mass (p<0.001), and mice fed only in the light phase ate the least
per body mass (p<0.0001). Sex differences in MSFI were evident in ad lib (p<0.0001) and TRF-
D mice (p<0.0001), but not for TRF-L mice (p=0.1432). As TRF-L showed the lowest MSFI
(average=0.155), this likely represents a floor effect. The largest sex difference was evident in ad

lib fed mice, with females exhibiting an average 0.219 MSFI and males an average 0.172 MSFI.
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This corresponds to females eating 27% more than males when fed ad lib. TRF-D females, on
the other hand, ate 19% more than TRF-D males (female average=0.193; male average=0.162).
TRF-L fed mice displayed an average MSFI of 0.155. Genotype differences in MSFI were
evident for ad lib mice (p<0.05), but not for TRF-D (p=0.5336) or TRF-L (p=0.7116) mice. This
suggests that restricted feeding alone is exerting a stronger influence over MSFI than genotype.
Ad lib fed APP/PS1-21 mice ate 11% more per body mass than ad lib fed Ntg mice (APP/PS1-21
average=0.205; Ntg average=0.184). TRF-D fed mice showed an average MSFI of 0.179, while

TRF-L fed mice had an average MSFI of 0.155.

Cognitive Behavioral Tasks

77 mice (n=3-11) from Experiment 2 underwent marble burying testing. There was a
significant main effect of feeding condition on marbles buried (p=0.0005), and no main effect of
genotype (p=0.0978) or sex (p=0.6322) and no significant interactions (p>0.0823). Ad lib fed and
dark-fed mice did not bury a different number of marbles from each other (p=0.3886), but both
buried more marbles than TRF light-fed mice (p<0.0001 and p<0.02, respectively; Fig. 16). In
addition to number of marbles buried, we also assessed differences in number of marbles moved.
There were significant main effects of genotype (p<0.01) and feeding condition (p<0.01) on
marbles moved, but no significant main effect of sex (p=0.2766), though there was a significant
interaction between genotype and sex (p<0.02). Ntg mice moved significantly more marbles than
APP/PS1-21 mice (p<0.02) and did not exhibit a sex difference in marbles moved (p=0.7021;
Fig. 16). However, similar to the findings of Experiment 1 (Fig. 11), there was a trend for female

APP/PS1-21 mice to move fewer marbles than APP/PS1-21 males (p=0.0652). Additionally, ad

97



lib fed mice moved more marbles than either TRF group (p<0.02), who were not significantly
different from each other (p=0.7935).

109 mice (n=7-11) were administered the Spontaneous Alternation task. Spontaneous
alternation measures the number of alternations to the arm of the maze that was not visited on the
previous trial, divided by the total number of trials, and times 100 (to result in a percentage).
50% alternation is chance level, and healthy WT mice show alternation around 70% (d’Isa et al.,
2021). Spontaneous alternation showed no significant impact of any factors, though there was a
trend for an interaction between sex and genotype (p=0.052). This interaction suggested that
transgenic females showed greater alternation than Ntg females, but the opposite was true for

males (Fig. 16).

Discussion

Here we evaluated baseline circadian and cognitive behavioral phenotypes of the
APP/PS1-21 mouse model at the onset of plaque deposition and investigated the behavioral
impact of time-restricted feeding in conjunction with the plaque development exhibited by this
transgenic mouse model of AD. We found few baseline circadian differences in this mouse
strain, indicating the APP/PS1-21 mouse can entrain to a LD cycle and exhibits an endogenous
period similar to Ntg littermates early in plague development (Fig. 10). However, there were
some baseline cognitive behavioral differences, with female APP/PS1-21 mice in particular
showing reduced marble burying and moving, and a trend for reduced spontaneous alternation
compared to other groups, suggesting APP/PS1-21 mice might be particularly susceptible to
cognitive behavioral deficits (Fig. 11). We expanded upon this study of baseline differences in

the APP/PS1-21 mouse to investigate how timed feeding and, in particular, circadian
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misalignment interacted with sex and plaque development to impact behavioral impairment.
Circadian misalignment through timed feeding idiosyncratically altered performance in some
cognitive behavioral tests but did not clearly exacerbate AD behavioral pathology (Fig. 16-17).
Below, I will put these results into context with a discussion of how our findings fit in the greater
framework of AD pathophysiology and behavior.

To establish a baseline circadian phenotype in the APP/PS1-21 mouse at the onset of
plaque deposition, we conducted a preliminary experiment to assess entrainment to a normal
12:12 light-dark cycle as well as endogenous circadian period in constant darkness and constant
light (Experiment 1; Fig 10). The circadian dynamics of the APP/PS1-21 mouse have not been
previously characterized, though we confirmed this genotype exhibits similar behavior to the
APP/PS1 mouse, which develops plaques more globally and at a slower pace. Previous research
has found few differences in circadian parameters between APP/PS1 mice and Ntg controls
(Otalora et al., 2012; Oyegbami et al., 2017). APP/PS1 mice at 6, 9, 12, and 19 months
demonstrate no difference in circadian period, response to phase shifts, total activity, number or
duration of activity bouts, or food anticipatory behavior compared to Ntg controls, though
transgenic mice display slightly delayed activity onset and increased activity in the second half
of the night, which is reminiscent of the fractured circadian activity in human AD patients (Kent
et al., 2019; Sheehan & Musiek, 2020). We did not find evidence of marked differences in
circadian parameters in the APP/PS1-21 mouse, as transgenic mice only exhibited circadian
differences from Ntgs in terms of slightly altered activity onset (Fig 10). Additionally, we
confirmed that sex differences in circadian period persist in this transgenic model, with female
mice exhibiting longer circadian periods in constant light. We similarly did not observe an

impact of genotype on circadian coordination to food restriction in Experiment 2 (Fig. 12-13).
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Taken together, these findings suggest a lack of dramatic circadian differences between Ntg and
APP/PS1-21 mice, though there may be some circadian instability manifesting as alterations in
activity onset.

Behavior in Experiment 2 demonstrated clear circadian disruption driven by timed
feeding. Feeding during the 6h midpoint of the light or dark phase was sufficient to change
locomotor activity (Fig. 12-14), despite mice failing to exhibit normal FAA. Time-fed mice in
general consolidated their activity to accommodate the time of food availability (Fig. 14). When
the food availability window overlapped with the active phase, activity was more pronounced, as
evidenced through the higher proportion of dark phase activity in TRF-D mice compared to AL
mice (Fig. 14). We did not observe an impact of genotype or sex on this consolidation of activity,
though these factors could be masked by the more salient food availability cues. Previous
experiments have reported an impact of sex on food anticipatory activity, with male mice
exhibiting a higher-amplitude food anticipatory activity and quicker onset of FAA than female
mice (Aguayo et al., 2018; Z. Li et al., 2015; Michalik et al., 2015). Male mice also exhibit FAA
for a palatable snack even under ad lib chow conditions, while female mice do not show FAA
but do track the timing of the snack (Hsu et al., 2010). Additionally, restricted feeding under
constant darkness modulates and even synchronizes the endogenous circadian clock in female
mice, while male mice exhibited only slight phase shifting, indicating the circadian network of
females may be more sensitive to food-related cues (Mei et al., 2021). Though we did not
observe significant sex differences here, our limited sample sizes and restricted feeding window
differed from traditional FAA paradigms and may have been sufficient to mask these differences

in the presence of extremely salient food and light cues.
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We also evaluated the impact of restricted feeding on factors linked to metabolic
functioning, including food intake and body weight (Fig. 15). TRF impacted mass-specific food
intake without affecting body mass, indicating an effect specifically on caloric intake. Other
reports have documented the opposite, with mice consuming equivalent caloric intake and
physical activity levels under TRF and ad lib conditions, but demonstrating changes in body
mass according to timing of food intake (Arble et al., 2009; Hatori et al., 2012). Those reports
have shown that light-phase feeding with a high-fat diet exacerbates metabolic syndrome, while
feeding this same diet only during the dark phase protects against development of metabolic
issues. Interestingly, these and other studies investigating the impact of TRF on food intake and
weight gain are done using high-fat diet or in metabolically-challenged mouse models, such as
the leptin-deficient ob/ob mouse (Arble et al., 2009, 2011; Bray et al., 2010, 2013; Chaix et al.,
2019; Hatori et al., 2012; Oishi & Hashimoto, 2018; Reznick et al., 2013; Sherman et al., 2012;
Yasumoto et al., 2016). Our experiment investigated TRF under normal chow conditions and
included Ntg controls. We observed that ad lib fed mice consumed the most food while light-
phase-fed mice consumed the least, and dark-phase-fed mice an intermediate amount, despite no
differences in bodyweight between groups (Fig 15). A previous study investigating mice under
normal chow conditions similarly found that light-fed mice eat more than dark-fed mice, though
increased weight gain under light-fed conditions was also observed (Bray et al., 2013). Another
experiment investigated mice fed normal chow during a consistent 12h phase amidst a jet lag
paradigm in which light cycles were advanced by 6 hours every 2-3 days (Oike et al., 2015).
These mice showed isocaloric food intake compared to ad lib fed mice under the same jet lag
paradigm but did not demonstrate a comparative increase in body mass, body fat, and glucose

tolerance. Finally, a study comparing high-fat and low-fat timed feeding during the active phase
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found that the high-fat fed group exhibited a phenotype indicative of increased satiation and
reduced stress (Sherman et al., 2012). Taken together, these findings point to a potential tradeoff
between nutrient density and length of the food availability window in contributing to metabolic
dysbiosis. Without the intense metabolic disruption of a high-fat diet or a pre-existing metabolic
challenge, mice may engage in some type of compensatory mechanism whereby they balance
caloric intake and timing of food consumption to maintain body mass. Indeed, Bray et al., 2010
demonstrated that mice fed a contiguous 12h-low and 12h-high fat diet adjusted food intake and
energy expenditure to maintain normal physiological functioning. If mice auto-regulate food
intake under normal chow conditions to reduce calories during the “wrong” time of day or
exhibit more efficient calorie usage during the “correct” time of day, this could contribute to
differences in food intake levels and protect against weight gain or other negative metabolic
consequences.

Though ad lib conditions showed genotypic differences in MSFI, with APP/PS1-21 mice
exhibiting hyperphagia, time-restricted feeding normalized these genotypic differences (Fig. 15).
In addition to reduced body weight, Alzheimer’s transgenic mice have been previously reported
to exhibit increased frequency and duration of feeding bouts (Knight et al., 2012; Pugh et al.,
2007; Vloeberghs et al., 2008), mirroring the hyperphagia and weight loss seen at all stages of
Alzheimer’s Disease progression in human patients (Poehlman & Dvorak, 2000; Shea et al.,
2018; P.-N. Wang et al., 2004). In fact, weight loss often occurs prior to the onset of clinical
impairment and may predict the development of dementia (Alhurani et al., 2016; Barrett-Connor
etal., 1998; Cova et al., 2016; Jimenez et al., 2017; D. K. Johnson et al., 2006). Similar to
behaviors observed in human patients, APP/PS1-21 mice exhibit hyperphagia but did not weigh

more than Ntg mice (Fig. 15). However, no genotype differences were evident in either of the
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TRF conditions, indicating restricted feeding alone is exerting a stronger influence over MSFI
than plaque load. Therefore, latent effects of plaque deposition on MSFI in APP/PS1-21 mice are
masked by restricted feeding, no matter the circadian phase the food availability window occurs
during.

We observed several idiosyncratic effects of treatment variables on marbles buried and
marbles moved, but these differences manifested only as main effects, thus at present we cannot
determine contributions of other treatment variables on the effects of misaligned feeding or
APP/PS1-21 females on these related but different marble-related behaviors. Specifically, mice
subjected to misaligned feeding buried fewer marbles, and this was not dependent on genotype.
Mice that were subjected to TRF (during the light or the dark phase) also moved fewer marbles
than AL mice, and this was particularly evident for APP/PS1-21 females (Fig. 16). However,
what this behavior indicates is somewhat open to interpretation (de Brouwer et al., 2019). Marble
burying has been used as a proxy for compulsive anxiety because marble burying behavior is
attenuated by anxiolytic and antidepressant drugs (Broekkamp et al., 1986; de Brouwer et al.,
2019; Deacon, 2006; Londei et al., 1998; Njung’e & Handley, 1991; Takeuchi et al., 2002;
Thomas et al., 2009). Compulsive anxiety has also been observed in human AD patients (Gitlin
et al., 2012). Anxiety and compulsive behavior should result in increased marble burying
behavior (Broekkamp et al., 1986; Cipriani et al., 2013; Gitlin et al., 2012; Pyter et al., 2009),
and increased marble burying has been observed in APP/PS1 mice (Schemmert et al., 2019).
However, the majority of research has documented reduced marble burying in APP/PS1 mice
(Day et al., 2023; Keszycki et al., 2023; T.-K. Kim et al., 2012; Vepsaldinen et al., 2013). These
and other researchers have claimed that, rather than compulsive anxiety, marble burying

measures something more akin to neophobia, reduced exploratory motivation, disengagement
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with the task, and/or apathy-like behavior (Day et al., 2023; Moreno et al., 2017). Our results
would support this explanation, but the effect should be carefully interpreted. We observed
differences in marble burying even at the very onset of plaque development (6 weeks of age), as
APP/PS1-21 mice buried and moved fewer marbles than Ntg mice in Experiment 1 (Fig. 11).
Most studies on Alzheimer’s transgenic mouse strains do not assess behavioral impairment until
at least 6 months of age (C. Li et al., 2015; L. Li et al., 2020; Owona et al., 2019; Scholtzova et
al., 2008; Z.-Y. Zhang et al., 2014), as full-blown pathology in terms of global neuronal loss is
not present until 8 months of age (Radde, 2006). We observed reduced marble burying behavior
even at the onset of plaque development, which indicates that this behavior may be a result of
baseline genotypic differences rather than something due to plaque development itself. In
Experiment 2, APP/PS1-21 mice again moved fewer marbles, but this effect was only evident in
female APP/PS1-21 mice, irrespective of feeding treatment (Fig. 16). Marble burying behavior
per se was exacerbated by misaligned feeding, with mice that were only fed during the light
phase burying fewer marbles, irrespective of sex and genotype. Our results confirm that AD
transgenic mice that develop plaques exhibit reduced marble burying and moving, and extend
this finding to the APP/PS1-21 mouse model of accelerated plaque development. Additionally,
because marble burying was also reduced by light-phase feeding, misaligned feeding itself also
affects this paradigm, independently of plague load or background genotypic differences.

At plague development baseline, there were no differences between APP/PS1-21 and Ntg
mice in spontaneous alternation performance when tested during either the light phase or the
dark phase, though there was a trend for female APP/PS1-21 mice to exhibit reduced alternation
(Fig. 11). While we did not see significant differences in spontaneous alternation at 4.5 months

of age, we did observe a trend for APP/PS1-21 females to exhibit more alternation than Ntg
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females (Fig 17). This trend is not in line with our hypothesis, as we expected transgenic mice to
show reduced spontaneous alternation, equating to impairments in spatial working memory.
However, our findings fit in with the discrepancy within the literature for spatial working
memory deficits in later onset APP/PS1 mice (van Heusden et al., 2021). While some studies
have documented working memory deficits in these transgenic mice (Chaney et al., 2018; H. Y.
Kim et al., 2015; X. Wang et al., 2017), others have failed to find differences between APP/PS1
and Ntg mice (Chaney et al., 2018; Harrison et al., 2009; Lalonde et al., 2004; Reiserer et al.,
2007). Of note, the experiments that found spatial learning deficits were conducted on much
older mice (12 months of age and older) that were well into disease progression, while the
studies that did not see spatial learning deficits included younger mice closer to onset of plaque
development at 6 months of age. In fact, Chaney et al. tested these mice at 3 time points and did
not observe deficits in spontaneous alternation until 18 months of age. While we are not aware of
another experiment testing spontaneous alternation in the APP/PS1-21 mouse, the data from the
later onset APP/PS1 mouse suggests this test may not be sensitive enough to capture early
changes in spatial working memory. In future studies, it would be interesting to test spontaneous
alternation at a more advanced time point (closer to 8 months in the APP/PS1-21 mouse) after
previous intervention, such as time restricted feeding.

In the design of this experiment, we aimed to assess not only the behavioral impact of our
TRF manipulations but also the neurological plaque accumulation. While we did not directly
assess the plaque load in our mice via immunohistochemical staining, this is a promising future
step to confirm the cellular impact of peripheral metabolic manipulation. Prior research has
documented that peripheral manipulations in APP/PS1-21 mice can have an impact on plaque

deposition, in particular implicating the gut microbiome (Wasén et al., 2022). Metabolic
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manipulations, such as calorie restriction, reduced plaque load, likely through the normalization
of the gut microbiome (Cox et al., 2019). Additionally, APP/PS1-21 mice exhibit greater plaque
deposition in response to increased bacterial burden, such as bacterial sepsis (Basak et al., 2021).
Conversely, when the gut microbiome is suppressed through antibiotic treatment or abolished
through a germ-free model, plaque load is reduced in APP/PS1-21 mice (Dodiya et al., 2019,
2020; Harach et al., 2017). Importantly, these reductions in plaque load require microglia
(Dodiya et al., 2021), presenting a clear link between peripheral and central factors. Thus, it
would be an interesting future direction of research to analyze the fecal pellet samples we
collected in this study, both at the onset of food manipulation and at the study endpoint, to
investigate if microbiome alterations over time could be a potential mechanism for mediating
central-peripheral alignment and subsequent plaque load.

Hundreds of failed clinical trials targeting Alzheimer’s Disease over the last 20 years
have demonstrated that a single-target pharmacological approach to treatment is not effective
(Cummings et al., 2022; C. K. Kim et al., 2022). In that time, only two drugs, monoclonal
antibodies designed to bind and eliminate plagues, have been approved as a disease modifying
treatment, though one of these drug has since failed to show much efficacy (Biogen Plans
Regulatory Filing for Aducanumab in Alzheimer’s Disease Based on New Analysis of Larger
Dataset from Phase 3 Studies | Biogen, n.d.). However, strategies employing multimodal
approaches, such as nutrition and exercise, have shown promise in ameliorating AD (Chu et al.,
2022; Cremonini et al., 2019; Valenzuela et al., 2020). Because circadian rhythms can be
bolstered or disrupted by the timing of eating and activity, we investigated the accessible
intervention of timed feeding as a preventive approach. Circadian dysfunction has been well-

documented in Alzheimer’s Disease patients and presents even before onset of clinical

106



impairment. These experiments aimed not only to establish a baseline of circadian functioning at
the onset of plaque deposition and farther into disease etiology in a transgenic mouse model of
Alzheimer’s Disease, but also to manipulate peripheral-central biological rhythm alignment by
presenting aligned or conflicting time cues to the brain and periphery to assess how circadian
alignment may contribute to plaque development and disease progression.

Alzheimer’s Disease in particular faces issues with translation from animal models to
human patients. Currently no animal models recapitulate all aspects of the disease or are yet
predictive of the efficacy for disease intervention in the clinic. Animal models of Alzheimer’s
Disease in general address one of the three neurological phases leading to AD pathology
(Sasaguri et al., 2017). The first preclinical phase is described by plaque deposition prior to
neurological symptoms, which the APP/PS1 and APP/PS1-21 mouse models attempt to
recapitulate. The second phase is marked by tauopathy, progressive neurodegeneration, and mild
cognitive impairment (MCI). Finally, the third phase, consists of significant neurodegeneration
and subsequent dementia, and represents what is referred to as clinical AD. As these experiments
aimed to address preclinical AD, we chose the APP/PS1-21 mouse model as a vector to assess
whether early interventions can affect plaque accumulation and carried out critical experiments
in validating this model compared to the APP/PS1 mouse.

The present report was not sufficient to conclude that time-restricted feeding had an
effect on Alzheimer’s-related disease progression. Our experimental endpoint was chosen to
assess plaque load in the brain prior to clinical behavioral impairment to avoid the potential of a
plague load ceiling being reached and confounding interpretation between groups. However, we
wanted to assess whether significant environmental manipulation could exacerbate behavioral

impairment to such a degree that cognitive changes would be evident even at this early
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timepoint, as has been occasionally observed (Becerril-Ortega et al., 2014). We did find evidence
that driving peripheral food cues out of alignment with central light cues was sufficient to
exacerbate behavioral pathology in this mouse model prior to normal onset of behavioral
impairment, as in reduced marble burying (Fig 16). However, we did not see an improvement in
behavioral pathology at this timepoint by driving central-peripheral alignment through dark-
phase feeding (Fig 16-17). Given the increased compulsive anxiety induced through misaligned
feeding, it could be possible circadian rhythms and peripheral time cues are interacting to
produce alterations in cognition, though this may be independent of plaque deposition. Circadian
rhythms may operate independently of peripheral time cues to generate enhanced plaque
development, and misalignment between central and peripheral cues does not alter this
progression. However, it is also possible that we analyzed behavioral impairment too early in
disease pathology to catch any difference, as pathology was not exacerbated enough by
misalignment to produce extensive behavioral effects. In this case, testing cognitive behavior at a
later time point would allow us to answer whether alignment between central and peripheral cues

early in disease pathology can reduce plaque development and delay clinical impairment.
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Figure 10: Circadian period and onset variability of APP/PS1-21 mice
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Average circadian period (top plots) and activity onset variability (bottom plots) for APP/PS1-21
and Ntg mice during each photoperiod (12:12) or constant condition (DD, LL) is shown. While
there were no group differences in circadian period length in 12:12 (top left), female APP/PS1-
21 mice exhibited increased onset variability compared to other groups (bottom left). In DD, no
group differences in tau (top middle) or onset variability (bottom middle) were exhibited.
Females showed longer circadian period in LL compared to males (top right), though there were
no differences in onset variability between groups in LL (bottom right). Error bars represent
+1SEM. Asterisks indicate significant differences (p<0.05).
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Figure 11: Cognitive behavioral tests at plague development baseline in APP/PS1-21 mice

Experiment 1 cognitive test results for APP/PS1-21 and Ntg male (blue) and female (red) mice.
APP/PS1-21 mice showed reduced marble burying (top left) and moving (top right) compared to
Ntg mice, driven by APP/PS1-21 females. There were no significant differences in Spontaneous
Alternation (percent of alternation between choice arms over total number of trials) between
groups in Experiment 1 (bottom). Error bars represent +1SEM. Asterisks indicate significant
differences (p<0.05).
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Figure 12: Averaged actograms under TRF and AL conditions

Averaged actograms for APP/PS1-21 and Ntg mice under each feeding condition in Experiment
2. Double-plotted home cage locomotor activity (LMA) record for mice housed ina 12:12
photoperiod, with lights on and lights off represented with the white and black bars at the top of
the actogram, respectively. The window of food availability is denoted by the green bar above
the lights on/off bar.
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Figure 13: Average activity profile for TRF and AL conditions

Average activity profile for each group in Experiment 2. Males are shown in the top plot and
females in the bottom plot. X-axis shows lights on (white) and off (black) times, as well as time
of food availability (green), y-axis denotes amplitude of activity profile. £1SEM is shown around
activity profile waveform (light blue). Disruption in the circadian waveform is evident for light-
phase-fed (TRF-L) groups, while dark-phase feeding (TRF-D) exacerbates the dip in the active
phase for both genotypes.
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Figure 13 (cont.)

Average activity profile for each group in Experiment 2. Males are shown in the top plot and
females in the bottom plot. X-axis shows lights on (white) and off (black) times, as well as time
of food availability (green), y-axis denotes amplitude of activity profile. £1SEM is shown around
activity profile waveform (light blue). Disruption in the circadian waveform is evident for light-
phase-fed (TRF-L) groups, while dark-phase feeding (TRF-D) exacerbates the dip in the active
phase for both genotypes.
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Figure 14: Average diurnal and food-driven activity for TRF and AL conditions

Average counts during the dark phase (left), light phase (middle), and window of food
availability (right) for each feeding condition. Y-axis denotes activity expressed as percentage of
total daily activity. Dark-fed mice were more activity in the dark phase and less active in the
light phase compared to other groups. On the other hand, light-fed mice split their activity
between the dark and light phase evenly. There was no difference in percent of activity
consolidated to the window of food availability among TRF groups, indicating both dark- and
light-fed mice were tracking the timing of food. Error bars represent +1SEM. Asterisks indicate
significant differences (p<0.05).
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Figure 15: Food intake, but not body weight, is dependent on feeding condition

Body weight was not impacted by feeding condition (top plots), but was impacted by genotype
(top left), with APP/PS1-21 mice weighing less than Ntg mice. Body weight was also impacted
by sex (top right), with female mice weighing less than males. Food intake was not impacted by
genotype but was impacted by feeding condition (middle plots), with AL mice eating the most,
TRF-D mice eating an intermediate amount, and TRF-L mice eating the least (middle left). TRF
males did not differ in food intake, but TRF-D females ate more than TRF-L females (middle
right). Mass Specific Food Intake (MSFI) for each group in Experiment 2 was impacted by
feeding condition (bottom plots). Genotype differences in MSFI were evident for ad lib, but not
for TRF-D or TRF-L mice (bottom left). Sex differences in MSFI were present for ad lib and
TRF-D mice, but not for TRF-L mice (bottom right). Error bars represent £1SEM. Asterisks
indicate significant differences (p<0.05).
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Figure 16: Marble burying behavior in TRF

Marble Burying Task performance for mice in Experiment 2. The Y axis shows number of
marbles buried (top plots) or moved (bottom plots). There was no impact of sex or genotype on
marbles buried (top right). However, there was an impact of feeding condition on marbles
buried, where light-fed mice buried fewer marbles than ad lib and dark-fed mice (top left). Males
did not show a genotype difference in marbles moved, but there was a significant difference in
marbles moved for female mice, with APP/PS1-21 females moving less than Ntg females
(bottom right). Again, there was an impact of feeding condition on marbles buried, with ad lib
fed mice moved more marbles than either TRF group, which did not significantly differ from
each other in marbles moved (bottom left). Error bars represent £1SEM. Asterisks indicate
significant differences (p<0.05).
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Figure 17: Spontaneous Alternation
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Spontaneous alternation in Experiment 2. Y-axis denotes percent of trials mice showed
alternation between choice arms, with 100% alternation denoting alternation to the opposite
choice arm on every trial. There was no significant main effect of sex, genotype, or feeding
condition on SA, but there was a trend for an interaction between sex and genotype (p=0.0520),
where APP/PS1-21 female mice were trending to show increased alternation compared to Ntg
females (top plot). Though not significant (p=0.1421), we also plotted the interaction between
genotype and feeding condition for visualization (bottom plot). Error bars represent £1SEM.

117



Chapter 5: Olfactory dysfunction in the APP/PS1-21 transgenic mouse model of
Alzheimer’s

Background

Olfactory stimuli are a crucial feature of the environment harnessed by organisms to
promote adaptive functioning. Olfaction allows for active sampling of crucial survival
information including predator identification, social recognition, and sourcing of food.
Importantly, odor stimuli exert powerful control over learning and memory networks through the
unique anatomical structure of olfactory pathways. Unlike other sensory systems, olfactory
information is transmitted directly from the sensory organ to the cortex, without having to pass
through the thalamic sensory relay system (Onglr & Price, 2000; Shepherd, 2005). Thus,
olfactory stimuli have a direct route into the Olfactory Bulb (OB), which has been hypothesized
to fulfill the role of an olfactory thamalus (Kay & Sherman, 2007). The OB is an integral part of
the limbic system, a set of structures including the hippocampus and amygdala that are involved
in learning and memory (Sullivan et al., 2015). The OB has dense bidirectional connections with
both the amygdala and the entorhinal cortex, which is the main route into and out of the
hippocampus for sensory information (Carpenter, 1972; Shipley & Ennis, 1996). Additionally,
because of the unique anatomical organization and its exposure to pathogens from the nose, it
has been argued that the OB is especially vulnerable to pathological protein aggregation, such as
that seen in neurodegenerative diseases, which then triggers the spread of pathology throughout
the brain (Rey et al., 2018). This makes the OB an interesting site of research for diseases

impacting these cognitive processes, such as Alzheimer’s Disease.

Relevant to the OB’s central position in the limbic system, neurodegenerative disease
patients exhibit early degeneration in the OB that precedes that of the rest of the brain (Attems et
al., 2014; Ubeda-Bafion et al., 2020), mapping onto early olfactory deficits that precede clinical

118



onset of cognitive decline (Vasavada et al., 2015). However, the impact of many
neurodegenerative diseases on olfactory function complicates the potential of olfactory tests for
specific diagnoses. To tease apart the impact of different types of neurodegenerative disorders on
olfaction, different facets of olfactory function must be evaluated. Compared to other
neurodegenerative diseases, certain types of olfactory dysfunction were found to be more severe
in AD (Rahayel et al., 2012), including the ability to correctly identify olfactory stimuli
themselves (identification) or among other stimuli after a delay (recognition). Importantly, the
actual sensory capacity of AD patients does not appear to be as affected as in other
neurodegenerative diseases, like Parkinson’s Disease (PD), as measured by the threshold at
which patients are able to smell an odorant. This indicates that olfactory impairment in AD might
involve more recruitment from limbic areas rather than pure sensory dysfunction. This positions
olfactory dysfunction as an important early tool for differentiating and recognizing Alzheimer’s

Disease in order to implement early treatment efforts.

The several types of olfaction can be behaviorally separated through the administration of
different behavioral paradigms. Sensory threshold is evaluated through the initial investigation of
an odor at a given concentration as compared to a habituated blank. Odor identification is
evaluated through olfactory habituation, or the progressive reduction in behavioral
responsiveness to a repeated similar stimulus (Rose & Rankin, 2001; Thompson & Spencer,
1966). Finally, odor discrimination is seen through investigation of novel “test” odors after the
subject has been habituated to a single odor, relying on the innate tendency of mice to spend
more time investigating a stimulus that is perceived to be novel. The degree to which mice
respond (or cross-habituate) to a novel odorant depends upon both the persistence of the memory

of the habituated odor as well as the perceptual or structural similarity of the novel odorant to the
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previously habituated odorant (Cleland et al., 2002). The degree of cross-habituation declines as
odors become less similar (Linster et al., 2002). In previous research, AD transgenic mice which
overexpress human APP (APP/PS1 mice) demonstrate deficiencies in odor habituation starting at
only 3 months of age, coinciding with the onset of plague deposition in the OB (Wesson, Levy,
et al., 2010). This suggests that the ability of AD transgenic mice to identify and differentiate
odors may be impaired even early in disease etiology due to plaque deposition within the OB
before other brain areas. However, this research was performed with small sample sizes, and
odorants were not controlled for volatility. Additionally, APP/PS1 mice produce amyloid
aggregates in peripheral tissues (e.g., blood vessels, liver, and gastrointestinal tract) as well as in
the brain, complicating interpretation regarding whether behavioral impairment is due to an
impact of these aggregates on other functions (L. Zhang et al., 2021). The APP/PS1-21 mouse
model, with transgenes tied to the neuron-specific Thyl promoter, allows for more specific

testing of the impact of plague deposition in the brain on olfactory dysfunction.

Several features of olfaction that rely on higher-order cognitive processing, including
odor recognition and discrimination, can be evaluated in the olfactory cross-habituation test
(Wesson, Levy, et al., 2010). This paradigm involves presenting a mouse with an odorant to
habituate to over successive trials (OHab), followed by presentation with a novel odorant (Test
Odorant). The odor cross-habituation or habituation/dishabituation protocol (also called simply a
‘habituation’ protocol (Cleland et al., 2002)) allows for measurement of 1) novel odor
investigation responses, 2) odor learning and memory (habituation), and 3) odor discrimination
(cross-habituation), making it an ideal behavioral paradigm for evaluating the impact of plaque
development on several parameters of olfaction at once (Bath et al., 2008; Coronas-Samano et

al., 2016; Freedman et al., 2013; Mandairon et al., 2009;: McNamara et al., 2008; Tucker et al.,
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2012; M. Yang & Crawley, 2009). These three features rely on different neurological and
perceptual properties, and deficits in any of these responses can indicate degeneration in various

areas of the system.

Olfactory Cross-Habituation

Novel Odor Orienting Response. Novel odor investigation response could be an
indicator of arousal/motivation, short-term habituation, or simple perceptual differences. This
type of behavior is distinguished from classic habituation by classifying the amount of
investigation upon the first presentation of a stimulus, rather than dampening of response during
successive presentations of the same stimulus. A previous report showed that APP transgenic
mice exhibit elevated odor investigation behavior (i.e., more overall sniffing) despite having
similar numbers of sniff bouts relative to WT mice in response to the first presentation of novel
odors, suggesting that the observed difference in novel odor investigation was not due to changes
in perception or motivation, but instead due to deficient ability to habituate in the short-term
(Wesson, Levy, et al., 2010). Importantly, odor structure and volatility were not reliably
controlled in this study, presenting an important gap in our understanding of how plaque
deposition impacts novel odor investigation. Investigative response to odors on a short time scale
like this is supported by group 111 metabotropic glutamate receptors in the olfactory piriform
cortex (Best & Wilson, 2004; Wada et al., 1998). Blocking these receptors prevents cortical
adaptation, a key driver in adaptation of odor perception, resulting in a failure to habituate
normally to presentation of an odor stimulus (Pellegrino et al., 2017). In fact, the previously-
reported differences in novel odor investigation in the APP transgenic mouse do not come online
until after 16 months of age, the time when plaque deposition begins in the piriform cortex in the

APP/PS1 slow plaque deposition mouse (Wesson, Levy, et al., 2010).
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Short Term Habituation. Habituation describes the process of reduced investigation of
a stimulus over successive presentations. If mice are unable to habituate properly, this could
indicate altered odor perception or impaired odor recognition. APP/PS1 mice display
impairments in this classic habituation starting at 3-4 months of age, coinciding with the
beginning of plaque deposition in the glomerular layer in that mouse model (Wesson, Levy, et
al., 2010). This precedes plaque deposition in any other brain area, indicating that impaired
habituation at this early stage is driven by plaque development in the olfactory bulb. Importantly,
habituation deficits increase in severity as plaque deposition starts in the piriform cortex after 16
months of age in APP/PS1 mice, at which point the previously discussed deficits in novel odor
investigation come online. If Ntg and APP/PS1-21 mice demonstrate similar habituation
regardless of age and progression of plaque deposition, this would indicate that plaque load does
not impact habituation. However, if habituation in APP/PS1-21 mice is not affected at the onset
of plaque deposition but is affected after more advanced plaque development, this could indicate
habituation is impacted by advanced plaque deposition throughout the cortex, or that plaque
deposition in the OB must reach a certain threshold to impact this behavioral response.
Alternatively, Ntg mice could show enhanced habituation relative to APP/PS1-21 mice even at
the onset of plaque deposition, indicating that plaque deposition within the OB itself is
responsible for this deficit and that habituation does not depend on extensive plaque

development branching into other cortical areas.

Odor Discrimination. Cross-habituation describes the ability of the animal to
differentiate between a habituated odor and a novel odor and represents a measure of
spontaneous odor discrimination. Greater investigation of a novel odor indicates discrimination

between the two odors, while reduced investigation reflects generalization. Importantly, cross-
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habituation eliminates many of the confounds usually needed to test odor discrimination
including food deprivation, reward, training, etc. While few discrimination studies have been
done in Alzheimer’s transgenic lines, prior research has demonstrated that APP/PS1 mice show
increased generalization driven by plaque deposition in the glomerular layer (Wesson, Levy, et
al., 2010). Ntg mice tend to generalize only to odors 1 carbon away (Chan et al., 2017; Cleland et
al., 2002; McNamara et al., 2008; Wilson, 2000), as perceptual similarity is proportional to
structural similarity in these aliphatic alcohols (Cleland & Linster, 2002; Nusser et al., 2001). If
APP/PS1-21 mice show reduced ability to differentiate between the habituated odor and novel
odors (i.e., through reduced sniffing of test odors), this would indicate that plaque development
impairs odor discrimination. If discrimination is impacted at the onset of plaque deposition, this
would indicate that plaque development in the OB drives this impairment and could present a
potential diagnostic target for differentiating AD behaviorally. If behavioral impairment is only
present well into plague deposition, this would indicate that advanced plaque deposition

throughout the cortex and OB is required for impaired odor discrimination.

Discrimination under conditions of reward

Olfactory discrimination can also be tested through appetitive conditioning to test the
ability of mice to discriminate between a trained, rewarded odorant and closely related odorants
(or odorant mixtures). The digging task uses a reward associated with one of the odorants to
drive behavioral discrimination, unlike the cross-habituation paradigm that does not involve
reward associations and measures untrained responses to odor stimuli. If APP/PS1-21 transgenic
mice have impaired discrimination under reward conditions, they should over-generalize to odors
that are perceptually and structurally less similar to the rewarded odor. This would indicate that

plague load reduces the ability to differentiate odors, regardless of reward association. If this
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difference is present at the onset of plaque development, then plaque load in the OB could be
responsible for driving this difference. However, if this impaired discrimination does not come
online until well into plaque deposition, the impairment might be more dependent on other
cortical areas. This reward-based discrimination task should engage different neural systems
relative to a non-rewarded task such as the cross-habituation test. Prior research has
demonstrated that olfactory bulb and piriform cortex neurons respond differently to the same
odors presented under different reward contexts (D. Wang et al., 2019), and that mice are better
able to discriminate closely related odors under reward conditions (Cleland et al., 2002). Thus, if
these areas are impacted in APP/PS1-21 mice, the outcome of a discrimination task reliant on
reward might differ from performance on a task that is not dependent on reward associations
(cross-habituation). If we observe differences in discrimination between the outcomes of these
two tasks, this would demonstrate a reliance on different cognitive processes under conditions of

reward, and could enhance our understanding of early detection mechanisms for AD.

Methods

Experiments

Experiment 1 consisted of a pilot study to determine the behavioral responsiveness of
APP/PS1-21 mice and Ntg controls to odorants of 3 different concentrations, to control for
baseline perceptual differences that might confound interpretation of results for the behavioral
tasks of Experiment 2. Experiment 2a evaluated several aspects of olfactory function, including
habituation to an odor and generalization to structurally similar odorants (cross-habituation).
Experiment 2b expanded upon the results from 2a to determine if odor-discrimination ability in

APP/PS1-21 mice is influenced by appetitive conditioning processes.
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Animals

Adult male and female APPSWE/PS1L166P (APP/PS1-21) mice and their wildtype
littermates on a C57BI6Cj background were obtained from S. Sisodia’s lab at the University of
Chicago (original stock from M. Jucker, University of Tubingen, Tubingen, Germany). The
aggressive APP/PS1-21 mouse model of amyloidosis expresses familial AD-linked APPSWE
and PS1L166P transgenes driven by the neuron-specific Thyl promoter. This transgenic mouse
exhibits AB deposition beginning in the olfactory bulb and extending out into the cerebral cortex

as early as 6 weeks of age.

Mice were group housed in conventional cages with wirebar lids and without
microisolator filters in a 12L.:12D photocycle of approximately 150-200 lux. Mice had ad libitum
access to standard rodent diet (Irradiated Teklad Global 18% Rodent Diet 2918, Envigo RMS)
and filtered drinking water. Cage changing was performed at one-week intervals. The integrity of
experimental LD cycles was continuously monitored and verified by dataloggers (HOBO,UX90,
Onset Comp). Estrous cycles of females were not monitored. All procedures related to animal
use were approved by the University of Chicago Institutional Animal Care and Use Committee.
At the conclusion of the experiments homozygous Ntg and heterozygous APP/PS1-21 genotypes
were confirmed in all mice by PCR using the protocol described for this genotype by JAX (see

below).

Genotyping

Only homozygous nontransgenic and heterozygous APP/PS1-21 mice were included in
these experiments (a priori criterion). Genotyping of all mice bred in our vivarium was done
using primers ordered from the Jackson Lab Website [5° — 3’: PS1 Forward (CAG GTG CTA

TAA GGT CAT CC), PS1 Reverse (ATC ACA GCC AAG ATG AGC CA), APP1 (CGA CAG
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TGATCG TCA TCA CCT), APP4 (CTT AGG CAA GAG AAG CAG CTG)] and using
specification for the Platimun Taq Polymerase (Life Technologies, Invitrogen catalog number:
10966-018). For each individual PRC reaction: 17.15 uL of DNAase free H20, 2.5 uL of 10X
PCR Buffer with no MgClI2, 0.75 uL 50mN MgCI2, 0.5 uL 10mM dNTP mix, 0.5 uL of each
primer (either APP1 and APP4 OR PS1F and PS1R), and 0.1 uL of Taq were added to a master
mix and thoroughly mixed by pipetting up and down. 22 uL of master mix were aliquoted and
added to 3 uL of DNA derived via HotShot (Truett, Heeger et al. 2000), from ear clips and tail
clips collected prior to or at the conclusion of the studies, respectively. We used the following
PCR Protocol on a thermocycler: (1) 95 C for 3 minutes, (2) 95 C for 30 seconds, (3) 58 C for 1
minute, (4) 72 C for 1 minute, (5) repeat steps (2-4) 30 times, (6) 72 C for 5 minutes, (7) End
(hold at 4 C). 8 uL of the resultant PCR products, and a 100 Bp to 2000 Bp Ladder
(Thermofisher catalog # 15628050) for reference were mixed with 1.4uL of loading dye (Thermo
Scientific catalog number: R0611), loaded on a 2% agrarose gel with 2.5uL of Ethidium
Bromide (stock solution: 10mg/mL), and visualized. Resultant bands (amplicon sizes) per
Jackson Lab Website were as follows: PS1 = ~300 bp, APP = ~500 bp. Due to cointegration of
the transgenes, for routine analysis only genotyping for APP was done, with PS1 genotyping

done only sporadically as a control and for genotype confirmation.

Olfactory Habituation Threshold Testing

In Experiment 1, mice of both sexes (APP/PS1-21: n=8 females, n=11 males; Ntg: n=4
females, n=2 males) were subjected to behavioral testing between 7 and 9 weeks of age. Ntg
littermates were used as positive controls. Mice were screened for olfactory sensory deficits
using an odor cross-habituation task against the mineral oil diluent for the odorant. The odorant

n-amyl acetate was diluted in mineral oil to 3 different concentrations with correspondingly
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different theoretical vapor pressures (0.1Pa, 1Pa, 3Pa). 60uL of mineral oil or mineral oil plus
odorant was applied to filter paper (0.5in x 0.5in), which was enclosed inside a metal tea ball to
prevent contact of the liquid odor with the testing chamber or animal, yet still allow for volatile
odor delivery. Odors were delivered in 4 successive trials of 50s each where the tea ball was
placed in the center of the testing chamber, with a 5-minute inter-trial interval. Testing took
place in a conventional cage devoid of bedding material. All mice were tested at ZT6-8 during
the light phase for 4 consecutive daily sessions. DayO0 consisted of 4 trials of just mineral oil;
Day1 consisted of 3 mineral oil habituation trials followed by 1 test trial with 0.1Pa n-amyl
acetate in mineral oil; Day2 consisted of 3 mineral oil habituation trials followed by 1 test trial
with 1Pa n-amyl acetate in mineral oil; Day3 consisted of 3 mineral oil habituation trials
followed by 1 test trial with 3Pa n-amyl acetate in mineral oil. The duration of time spent
investigating (snout-oriented sniffing within 1cm of the odor) was recorded across trials by a

single observer blind to genotype.

Olfactory Cross-Habituation Testing

In Experiment 2a, Ntg and APP/PS1-21 mice of both sexes were screened for olfactory
deficits using an odor cross-habituation task between 7 and 9 weeks of age (n=9-11 per group).
Mice were tested again on the same task at 15-17 weeks of age to assess olfactory deficits under
conditions of advanced plaque deposition (n=5-6 per group). Odors (n=5 aliphatic alcohols;
propanol[3C], butanol[4C], pentanol[5C], hexanol[6C], heptanol[7C]) were diluted to a standard
vapor pressure of 1Pa in mineral oil and applied to filter paper in 60uL aliquots, which were
enclosed inside a metal tea ball to prevent contact of the liquid odor with the testing chamber or
animal, yet still allow for volatile odor delivery. Odors were delivered in 11 successive trials of

50s each where the tea ball was placed in the center of the testing chamber, with a 5-minute

127



inter-trial interval. Testing took place in a conventional cage devoid of bedding material. Mice
were either tested in the light phase at ZT6-8 or during the dark phase at ZT18-20 during the
course of 1 session. The test consisted of 1 presentation of a blank (plain mineral oil), followed
by 3 presentations of propanol (Habituation Odor; OHab). The test odors (4C-7C) were then
presented, interleaved with successive presentations of OHab to reinforce habituation (See
Fig.18 for diagram of experimental setup). The order of test odors was counterbalanced across
mice. The duration of time spent investigating (snout-oriented sniffing within 1cm of the odor)
was recorded across trials by a single observer blind to genotype. Odor dilutions were as follows:

Table 2: Aliphatic Alcohol Dilutions for Olfactory Behavioral Tests

For 1Pa in 50ml of mineral oil (MO)
Propanol [3C] 0.2 uL
Butanol [4C] 0.9 uL
Pentanol [5C] 3.3uL
Hexanol [6C] 11.1 ul
Heptanol [7C] 353 ulL

Olfactory-Cued Digging Task

In experiment 2b, mice of both sexes (APP/PS1-21: n=10 females, n=10 males; WT:
n=10 females, n=10 males) were trained using a protocol developed and modified according to
Linster and Hasselmo (1999) and presented elsewhere (Linster & Hasselmo, 1999; Nusser et al.,
2001). The testing chamber consisted of a polycarbonate cage similar to the home cage but fitted
with a dividing door to separate the starting and testing chambers. Mice were trained to dig in a

small glass petri dish filled with corncob bedding for a food reward (1/4 stale Honey Nut
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Cheerio™- stale to decrease the odor of the reward) until they reached criterion (initiated digging
in the odor dish within 10sec). They were then presented with 2 dishes, one scented with odorant
(1Pa n-amyl acetate, 36.1uL in 50 mL MO), and one unscented (just MO). The mice were then
trained to dig in the scented dish for a reward, with the side of the odor dish randomized across
trials. Each test trial was 20 seconds long, after which the animal was removed from the arena
and placed back in the start chamber. Odor testing sessions began with 10 training trials in which
the mouse learned to dig in response to the dish with the training odor (1 Pa propanol [3C]) and
avoid digging in the unscented control dish. The mouse was then tested on the same set of
aliphatic alcohols used for the habituation test, including propanol, plus an unrelated odor (ethyl
2-methyl butyrate [EMB], 2.4uL in 50 mL MO) presented in randomized order across mice. In
these test trials, no reward was present in the dish. The amount of time spent digging in the
scented dish was recorded. To avoid extinction, three reinforcement trials with the trained odor
were interspersed between every one to two testing trials. Identification was measured as
significant digging in the training odor dish. Generalization was measured as significant digging

in an odor other than the training odor.

Statistics

Sniff time and digging time data were normalized to z scores (zero mean and unit
standard deviation) for each mouse for each test day, as reported in earlier studies (Kay, 2003;
Kay et al., 2005; Nusser et al., 2001). We normalized in this fashion because sniff and digging
times varied widely across mice, and this made for easy application of post hoc comparisons.
Normalized data were analyzed with analysis of variance (ANOVA) for carbon chain length. To

control for alpha inflation and Type | error, pairwise comparisons were performed using two-
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tailed t-tests, where justified by a significant omnibus F statistic. All statistical comparisons were
performed using StatView software (SAS). Differences were considered significant if p<0.05.
For Experiment 2a (Olfactory Cross-Habituation), data were split by time of testing (i.e.,
between tests conducted during the dark phase or during the light phase) for easier visualization.
Data for Experiment 2a was analyzed according to the olfactory functional behaviors that were
assessed: The first (Blank) trial was analyzed for group differences in novel odor orienting
response, the following 3 trials with the 3-carbon aliphatic alcohol (3C; OHab) were analyzed for
group differences in habituation, and the remaining trials were analyzed for discrimination
(cross-habituation) between OHab and test odorants. The sniff times for 3C (OHab) trials that
were interleaved between test odorant trials were averaged for each animal, and this value was
used for comparison with sniff times to each test odorant. Data for experiment 2b (Olfactory
Digging Task) were assessed for differences in discrimination, operationally defined as digging
in the 3C (propanol) odor dish compared to digging in the other test odor dishes. As there were
two unrewarded 3C test trials, digging times were averaged for these two trials and this average

value was used for comparison with digging times on other test odorants.

Results

Experiment 1

Experiment 1 was a pilot study used to determine the concentration of odorant that would
be above threshold at the onset of plague deposition, which begins in the APP/PS1-21 mouse at 6
weeks of age. This odor concentration would then be used for all other olfactory behavioral tests
to control for any differences in odor detection threshold between genotypes and sexes. Sniffing

behavior in response to first presentation of three different concentrations of a test odor (n-amyl
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acetate) after habituation to OHab (mineral oil) was measured in Ntg and APP/PS1-21 mice. We
did not observe main effects of genotype or sex in response to test odors of any concentration,
though there was a significant interaction between genotype and sex in response to n-amyl
acetate at 0.1Pa, where there was a trend for Ntg females to sniff more than APP/PS1-21 females
(p=0.0508). Therefore, we selected 1Pa as the test odor concentration for future olfactory
behavioral tests, as this was the next lowest concentration where significant differences between

genotypes in odor detection threshold were not evident.

0.1Pa 1Pa 3Pa
DF F P F P F P
Genotype |1 0.322 |0.5880 | 0.027 |0.8751 | 1.728 | 0.2301
Sex 1 3.320 | 0.1112 | 0.370 | 0.5622 | 0.098 | 0.7636
Geno*Sex | 1 9.369 |0.0183 | 0.197 | 0.6703 | 0.001 | 0.9756

Experiment 2a: Cross-Habituation at onset of plague deposition

Dark Phase

Novel Odor Orienting Response: A main effect of genotype (p<0.05), but not of sex
(p=0.2847), was observed in novel odor orienting response in the dark phase (response to the
first presentation of plain mineral oil [MQ], Fig 19), with no significant interaction between
these factors (p=0.5238). Specifically, APP/PS1-21 mice showed increased sniffing to the initial
(Blank/MO) trial compared to Ntg mice (p<0.05), corresponding to an increase in novel odor
orienting response for APP/PS1-21 mice.

Habituation: Though APP/PS1-21 mice trended towards sniffing the first presentation of

3C less than Ntg mice (p=0.0544) in the dark phase, there was no significant main effect of
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genotype for the next two presentations of 3C (p=0.8367 and p=0.1421, respectively). There
were also no significant main effects of sex (p=0.5703 and p=0.2230, respectively), or
interaction effects between genotype and sex (p=0.7884 and p=0.5821, respectively) for the first
two presentations of 3C (OHab). However, there was a significant main effect of sex for the third
habituation trial (p<0.02), where female mice sniffed more than male mice (p<0.01), indicating
females show less habituation to 3C than males (Fig 19). There was still no main effect of
genotype on this third presentation of OHab (p=0.1421) and no interaction (p=0.7545),
indicating that mice of different genotypes did not exhibit differences in habituation. A paired t-
test comparing sniff times between Blank and the first presentation of 3C (OHab) showed a
significant reduction in sniff time for 3C (p<0.0001). All groups except Ntg females exhibited
significant differences between Blank and the first presentation of 3C (Ntg F: p=0.2040; Ntg M:
p<0.05; APP/PS1-21 F: p=0.0001; APP/PS1-21 M: p<0.001). There were no significant
differences in sniff time between the first and second presentations of OHab (p=0.9622).
Similarly, there was not a significant difference in sniff time between the second and third
presentations of OHab (p=0.6113), or between the first and third presentations (p=0.3411). A
paired t-test between the third presentation of 3C and the average sniff times for the 3C trials that
were interleaved between test trials showed a significant difference in sniff time (p<0.001),
driven in particular by a reduction in sniff time for the latter 3Cs for female mice (Ntg: p<0.005;
APP/PS1-21: p<0.05). Male Ntg and APP/PS1-21 did not show differences in sniff times
between the third OHab trial and the average of the OHab trials interleaved between test trials
(p=0.3151 and p=0.9583, respectively), indicating that female mice may be more sensitive to
habituation than males. This suggests that while mice eventually habituate to OHab, habituation

is not evident until more than three presentations of 3C. In an ANOVA assessing average sniff
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times to the 3C trials interleaved between test trials, there was no significant main effect of
genotype (p=0.9585) or sex (p=0.8810), and no significant interaction (p=0.4975), indicating
habituation was maintained across the test for all groups.

Discrimination: When mice were tested on the cross-habituation test odors during the
dark phase, we observed a significant main effect of genotype (p<0.02) and carbon chain length
(p<0.05), as well as a significant interaction between these two factors (p<0.05). There was not a
significant main effect of sex in the dark phase (p=0.3093). Ntg mice were able to discriminate
most of the odorants from the habituated odorant: sniffing the 4-carbon odorant (p<0.001), the 6-
carbon odorant (p<0.02), and the 7-carbon odorant (p<0.01) more than 3C (Fig. 20). However,
APP/PS1-21 mice did not discriminate these odorants from the habituated odorant (p=0.8711,
p=0.3643, p=0.2834, respectively). Interestingly, neither genotype sniffed the 5-carbon odorant
more than OHab (Ntg: p=0.6158; APP/PS1-21: p=0.0757). There were no significant
interactions between genotype and sex (p=0.4329), carbon length and sex (p=0.5956), and

genotype*carbon length*sex (p=0.2526).

Light Phase

Novel Odor Orienting Response: When mice were tested in the light phase, there were
no significant main effects of genotype (p=0.3088) or sex (p=0.2593) on sniffing in response to
the initial (Blank, mineral oil) trial, and no interaction between these factors (p=0.0967). There
was therefore no significant difference in novel odor orienting response between groups when
testing was administered in the light phase (Fig. 19).

Habituation: There were no significant main effects of genotype (p=0.6902, p=0.1592,

and p=0.5300, respectively), sex (p=0.6263, p=0.5873, and p=0.7543, respectively), or
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interaction effects between the two (p=0.2511, p=0.6238, and p=0.4210, respectively) for the
first three presentations of 3C (OHab), indicating that groups did not exhibit differences in
habituation during the light phase (Fig. 19). Paired t-tests were performed to assess for
differences between successive presentations of 3C (OHab). A significant reduction in sniff time
was observed for the first presentation of OHab compared to sniff times for Blank (p<0.05),
driven by female Ntg mice (p<0.05). Additionally, there was reduced sniffing in response to the
second presentation of OHab compared to the first (p=0.001), driven by APP/PS1-21 females
(p<0.02). While there were no significant differences in sniff times between the second and third
presentations of 3C (p=0.5957), sniff times in response to the third presentation of 3C were still
significantly reduced compared to the first presentation of 3C. Finally, there was a reduction in
sniff time for the average of all OHab trials presented between test trials (i.e., OHab used to
compute the difference in discrimination) compared to the third presentation of OHab (i.e., final
OHab in trials used to compute habituation; p<0.005), and this was driven by Ntg females
(p<0.02) as no other groups showed a difference in sniff times between these OHab metrics (M
Ntg: p=0.8159; F APP/PS1-21: p=0.0913; M APP/PS1-21: p=0.0871). Overall, this suggests that
mice successfully habituated to 3C, and females may have a lower habituation floor. Finally, an
ANOVA looking at differences in average sniff times for the 3C trials interleaved between test
trials showed no significant main effects of genotype (p=0.4066) or sex (p=0.3993), and no
significant interaction (p=0.0800).

Discrimination. For test trials of odorants with different carbon chain lengths, there was
a significant main effect of genotype (p<0.05) and carbon chain length (p<0.0001), and
significant interactions between carbon chain length and sex (p<0.005) and between

genotype*carbon chain length*sex (p<0.05). There was not a significant main effect of sex
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(p=0.0629), although perhaps a marginal difference. Ntg male mice showed the opposite
response expected for the cross-habituation task, as there was more likely to be discrimination
shown for odorants with lower carbon chain lengths (i.e., more similar to OHab), but mice
generalized more often to odors with longer carbon chain lengths (i.e., more dissimilar to OHab;
Fig. 21). Compared to OHab (3C), there was increased sniffing in response to 4C (p<0.002), and
this was driven primarily by APP/PS1-21 males (p<0.05). All other groups failed to show
differences in sniff times between 3C and 4C (Ntg F: p=0.1314; Ntg M: p=0.1528; APP/PS1-21
F: p=0.1596). Similarly, there was increased sniffing for 5C compared to 3C (p=0.0002), driven
primarily by Ntg males (p=0.0002), who sniffed 2 times longer than other groups, though
APP/PS1-21 males also showed increased sniffing in response to 5C (p<0.01). Females failed to
show differences in sniff times between 3C and 5C (Ntg: p=0.0634; APP/PS1-21: p=0.7824). No
groups showed differences in sniff times between 3C and 6C (Overall: p=0.6549; Ntg F:
p=0.3128; Ntg M: p=0.2954; APP/PS1-21 M: p=0.3805; APP/PS1-21 F: p=0.9317). There was
an overall trend for increased sniff times for 7C relative to 3C (p=0.0551), driven by APP/PS1-
21 males (p<0.05), though no other groups showed differences in sniff times between 3C and 7C

(Ntg F: p=0.0706; Ntg M: p=0.7654; APP/PS1-21 F: p=0.9800).

Cross-Habituation in more advanced plague deposition
Dark Phase

Novel odor orienting response: In an ANOVA to assess differences in response to the
Blank (mineral oil) trial, we did not observe a significant main effect of genotype (p=0.4681) or
sex (p=0.2387), and no significant interaction (p=0.9984), indicating that all groups showed a

similar novel odor orienting response (Fig. 21).
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Habituation: There were no significant main effects of genotype (p=0.3173, p=0.6647,
and p=0.9966, respectively), sex (p=0.2234, p=0.9236, and p=0.0514, respectively), or
interaction effects between the two (p=0.4969, p=0.5423, and p=0.4064, respectively) for the
first three presentations of 3C (OHab), indicating that groups did not exhibit differences in
habituation during the dark phase (Fig. 22). A paired t-test between Blank and the first 3C trial
did not show a significant decrease in sniff time (p=0.0561), although this value can be
considered marginal. Additionally, mice exhibited increased sniff times in the response to the
second presentation of 3C compared to the first presentation (p<0.05), and this was particularly
driven by APP/PS1-21 mice (p<0.05). Ntg mice did not show a difference between the first and
second presentations of 3C (p=0.4413). While there was a significant reduction in sniff time for
the third presentation of 3C compared to the second (p<0.05), there was not a significant
difference in sniff times for the third 3C presentation compared to the first presentation of 3C
(p=0.8276). Taken together, this indicates that mice did not habituate to 3C within these first 3
trials. However, a paired t-test between sniff times in response to the third 3C presentation
compared to the average sniff times for the 3C trials that were interleaved between test trials
showed a reduction in sniff times for the latter (p<0.005), with both Ntg mice (p<0.05) and
APP/PS1-21 mice (p<0.05) exhibiting reduced average sniff time for these later 3C trials. This
indicates that it may take more presentations of a stimulus to induce habituation in older mice.
These average sniff times for the 3C trials interleaved between test trials were also assessed for
group differences with an ANOVA. There was a significant main effect of sex (p<0.005), where
female mice sniffed more than males. There was no main effect of genotype (p=0.541) and no

significant interaction (p=0.3730).
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Discrimination: There was a significant main effect of carbon length on sniff time in
response to test odors in the dark phase (p<0.05), but no significant main effect of genotype
(p=0.8593) or sex (p=0.5425), and no significant interactions (Fig. 22). All mice showed
increased sniffing relative to 3C for all test odors (4C: p<0.01; 5C: p<0.005; 6C: p<0.05; 7C:

p<0.005).

Light Phase

Novel odor orienting response: In an ANOVA to assess differences in response to the
Blank (mineral oil) trial, we did not observe a significant main effect of genotype (p=0.6193) or
sex (p=0.3096), and no significant interaction (p=0.9230), indicating that all groups showed a
similar novel odor orienting response (Fig. 22).

Habituation: There were no significant main effects of genotype (p=0.1547, p=0.1002,
and p=0.5127, respectively), sex (p=0.3984, p=0.5520, and p=0.2413, respectively), or
interaction effects between the two (p=0.1547, p=0.8368, and p=0.2408, respectively) for the
first three presentations of 3C (OHab), indicating that groups did not exhibit differences in
habituation during the light phase (Fig. 22). A paired t-test between Blank and the first 3C trial
did not show a significant decrease in sniff time (p=0.4353), though Ntg males significantly
reduced sniff times for 3C compared to Blank (p<0.05). Additionally, mice did not show
significant differences between the first and second presentations of 3C (p=0.1919), with the
exception of Ntg males showing increased sniff times for the second presentation of OHab
compared to the first (p<0.02). There was a significant reduction in sniff time for the third
presentation of 3C compared to the second (p<0.002) and compared to the first presentation

(p<0.05). Taken together, this indicates that the mice showed some impairment in habituation
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over the first 3 OHab trials. A paired t-test between sniff times in response to the third 3C
presentation compared to the average sniff times for the 3C trials that were interleaved between
test trials indicated showed a reduction in sniff times for the latter (p<0.05). This again could
indicate that it may take more presentations of a stimulus to induce habituation in older mice and
that habituation occurs slightly faster in the light phase compared to the dark phase for some
groups. There were also group differences in average sniff times for the 3C trials interleaved
between test trials, with a significant main effect of genotype (p<0.02) and a significant
interaction between genotype and sex (p<0.0001), but no main effect of sex (p=0.8615). Male
Ntg mice showed increased sniffing compared to female Ntg mice, but male APP/PS1-21 mice
showing reduced sniffing compared to female APP/PS1-21 mice.

Discrimination: Again, there was a significant main effect of carbon length on sniff time
in response to test odors in the light phase (p<0.01), but no significant main effect of genotype
(p=0.3562) or sex (p=0.7020), and no significant interactions (Fig. 23). All mice showed
increased sniffing relative to 3C for all test odors (4C: p<0.02; 5C: p<0.01; 6C: p<0.005; 7C:

p<0.001).

Relationship between cross-habituation at different phases of plague deposition
Dark Phase

In order to assess any differences in average sniff times for the 3C trials interleaved
between test odorant trials, we ran an ANOVA on the z-scored average of these 3C trials with
genotype, sex, and testing age as factors (early or later in plague deposition timeline), none of
which showed significant main effects (p=0.0698, p=0.01518, p=0.1797, respectively). However,

there was a significant interaction between sex and testing age (p<0.01), where females did not
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show differences between testing at each age but males showed reduced average sniffing time for
3C trials when they were older (p<0.005). An ANOVA run on the z-scored cross-habituation test
trial data with genotype, sex, carbon chain length, and testing age as factors showed a significant
main effect of carbon chain length on sniff times (p<0.001), but no main effects of any other
factors (Geno: p=0.0841; Sex: p=0.1925; Test age: p=0.5160) and no significant interactions
(p>0.1440). However, all variables except carbon chain length (power=0.966) were
underpowered (genotype=0.391; sex=0.241; testing age=0.097). All mice showed increased

sniffing relative to 3C for all test odors (4C: p<0.001; 5C: p<0.002; 6C: p<0.002; 7C: p<0.0001).

Light Phase

There were group differences in average sniff times for the 3C trials interleaved between
test trials, with a significant main effect of testing age (p<0.0005) and a significant interaction
between genotype and sex (p<0.0001), a significant interaction between genotype and testing age
(p=0.001), and a significant interaction between genotype, sex, and testing age (p=0.001).
Female mice in early testing do not show differences by genotype in sniff duration (p=0.2238),
but in late testing female APP/PS1-21 mice show increased sniff time for 3C relative to Ntg
females (p<0.0001). Male mice at both ages show a genotype difference, with Ntg males sniffing
3C more than APP/PS1-21 males (Early test: p<0.0001; Late test: p<0.02). An ANOVA run on
the z-scored cross-habituation data with genotype, sex, carbon chain length, and testing age
(early or later in plaque deposition timeline) as factors showed a significant main effect of
carbon chain length on sniff times (p<0.01), and a trend for impact of testing age (p=0.0542), but
no main effects of genotype (p=0.0622) or sex (p=0.1899). There was a significant interaction

between carbon chain length and testing age (p<0.005), where mice at both time points sniffed
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5C more than 3C, but only mice tested later sniffed the other test odors more than 3C (see table
below for significance). This could indicate mice perform better on this task when they are older,
but more likely denotes z-scoring sniff times for each mouse for each session may not accurately

capture differences in test performance over time.

4C 5C 6C 7C
Early Test p=0.1101 p<0.01 p=0.4774 p=0.6850
Later Test p<0.02 p<0.01 p<0.005 p<0.001

Changes over time

We also z-scored within mouse across both test times rather than z-scoring only for each
session, in order to get a better idea of how mice altered their behavior over time. This resulted in
an ANOVA with significant main effect of test age (p<0.0007), but no main effect of any other
variable (genotype: p=0.3300; sex: p=0.4770; test time: p=0.2714; carbon length: p=0.4208).
There was also a significant interaction between genotype and testing age (p<0.005) and between
sex and testing age (p<0.01). Mice at the onset of plaque deposition showed increased sniff times
for test odorants compared to older mice (p=0.001), and this was driven by APP/PS1-21 mice at
the onset of plaque deposition sniffing more than APP/PS1-21 mice further into plaque
deposition (p<0.0001; Fig. 24). Ntg mice did not show changes in sniff times between testing
ages (p=0.8523). Additionally, older males showed reduced sniff times compared to younger
males (p<0.0001), while females did not show differences in sniff times across testing ages
(p=0.5858; Fig. 26). These results overall indicate the expected overall decrease in sniff times

due to anosmia for APP/PS1-21 mice further into plaque deposition and illustrate an interesting
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sex difference indicating males might be particularly susceptible to olfactory dysfunction

compared to females.

Experiment 2b: Olfactory discrimination under conditions of reward

The digging task allowed us to test the influence of reward-based learning on odor
identification and discrimination. We did not observe any differences between groups in digging
times for C3 during unrewarded test trials, with no significant main effect of genotype
(p=0.4173) or sex (p=0.0645) and no interactions (p=0.9012), indicating all groups were able to
learn the reward association for this odorant. A significant main effect of carbon chain length
(p<0.0001) and a significant interaction between sex and carbon chain length (p<0.05) were
observed in digging times for dishes with test odors (3C, 4C, 5C, 6C, 7C, EMB), though there
was no significant main effect of sex (p=0.1620). Under conditions of reward, we did not
observe genotype differences in discrimination, with no significant main effect of genotype
(p=0.0730; Fig. 23-24)). There were no other significant interactions (p>0.1894). Overall, female
mice were better than male mice at discriminating odorants under conditions of reward, with sex
differences most evident for odors most similar to 3C (Fig. 23). Compared to the 3C dish, female
mice dug less in the 4C (p=0.0002) and 5C (p<0.0001) dishes, while males did not differ in
digging times between the 3C and 4C (p=0.4854) or 5C (p=0.0837) dishes. This suggests
females were able to discriminate between 3C and more similar odors, while males were not.
Interestingly, all mice indicated difficulty in discriminating the 3C and 6C odors, with neither
sex differing in digging times between 3C and 6C dishes (F: p=0.0759; M: p=0.3828). However,
both sexes were able to differentiate the most dissimilar aliphatic alcohol, 7C, from 3C,

displaying decreased digging time in the 7C dish compared to the 3C dish (F: p=0.0001; M:
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p=0.0002). Additionally, both sexes were able to discriminate the unrelated odorant, EMB, from
3C: displaying significantly decreased digging times for the EMB dish (F: p<0.0001; M:
p<0.02).

While there were no overall differences in average digging time in test odor dishes
(Geno: p=0.1050; Sex=0.2042; Geno*Sex: 0.6794), there were differences in average digging
times in blank dishes between groups. This could be an indicator of how well mice were paying
attention, or how well mice were able to inhibit the desire to dig after being trained not to dig in
the blank dish. There was a significant main effect of genotype on this behavior (p<0.0001), with
Ntg mice digging more in blank dishes than APP/PS1-21 mice (p<0.0001). There was also a
significant main effect of sex (p<0.02), with female mice digging more in blank dishes than male
mice (p<0.01). There was not a significant interaction between genotype and sex (p=0.0890).
Additionally, we evaluated the number of times a mouse dug in a blank dish before digging in
the test dish for each test odorant. For every test odorant except 6C and EMB, we observed
between 1 and 3 instances of a mouse digging in the blank dish first (overall, a mouse dug first in
a blank dish in 3.3% of all test trials), with only one mouse digging in a blank dish before a test
odor dish more than one time (APP/PS1-21 female, in the second 3C unrewarded trial and the 7C
unrewarded trial). The highest likelihood of digging in the blank dish prior to the test dish
occurred during the second unrewarded 3C trial (7.9%; 1 male Ntg, 1 male APP/PS1-21, 1
female APP/PS1-21), indicating mice might be switching their strategy after not finding a reward

in the first unrewarded 3C trial.
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Discussion

Cognitive symptoms of AD do not manifest until long after the onset of plaque
deposition, posing a major obstacle to early detection and treatment. AD, like many
neurodegenerative diseases, often begins with early olfactory perceptual deficits (Alves et al.,
2014; Barresi et al., 2012). This could be because of to the olfactory system’s unique
vulnerability to pathological protein aggregates, such as amyloid plaques (Rey et al., 2018).
However, the commonality of olfactory dysfunction to many neurodegenerative diseases
presents an issue with specific diagnoses of AD (Wesson, Wilson, et al., 2010). Some research
has suggested that types of olfactory dysfunction may be disease-specific, because AD patients
showed greater impairment in olfactory recognition than in detection threshold as compared to
patients with Parkinson’s Disease (PD)-related dementias (Rahayel et al., 2012). However, the
extent to which plaque deposition early in disease etiology drives specific changes in olfactory
function has not been fully evaluated. Our study overcomes some of the weaknesses of earlier
experiments, particularly addressing sex differences and time of day. This allowed us to more
specifically evaluate olfactory dysfunction in early plaque development of a mouse model of AD
(Wesson, Levy, et al., 2010). With the experiments presented here, we aimed to more
specifically evaluate olfactory dysfunction early in plaque development, while controlling for sex
differences and circadian parameters.

Our results demonstrate significant differences in novel odor orienting response and
discrimination that manifest early in plaque deposition (Figs. 19-21), similar to effects seen in
other AD models (Wesson et al., 2011; Wesson, Levy, et al., 2010). APP/PS1-21 mice showed
increased sniffing in response to novel odor (Blank trial) relative to Ntg mice, which was
especially evident when testing occurred during the dark phase. Though increased sniffing in

response to novel odor could indicate increased arousal and motivation or reduced ability to
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habituate in the short term, the findings from Wesson et al. (2010) lend support to the latter
hypothesis (Wesson, Levy, et al., 2010). The behavioral differences in the marble burying task
reported for the APP/PS1-21 mouse in Chapter 4 also suggest that this transgenic model exhibits
reduced exploratory motivation, bolstering support for impairment of very short-term habituation
in APP/PS1-21 mice. Other tests assessing exploratory behavior in APP/PS1 mice have indicate
similar findings of reduced exploratory behavior (Benito et al., 2017; McClean et al., 2011),
making it unlikely that arousal or motivation is responsible for the observed increase in novel
odor response we see here. Therefore, the increased sniffing of APP/PS1-21 mice in response to
the Blank trial (Fig. 19) could represent a deficit in very short-term habituation, with transgenic
mice failing to reduce sniffing of an individual odor over the course of a single trial. Previous
research pointed to plaque deposition in the piriform cortex (PCX) in driving this response
(Wesson, Levy, et al., 2010). Additionally, at the onset of plaque development, APP/PS1 mice
have also been shown to display abnormal OB and PCX hyperactivity, which corresponds to
impairments in habituation (Wesson et al., 2011). Thus, it is possible the increased sniffing in
response to the Blank trial observed in APP/PS1-21 mice may be due to hyperactivity within this
olfactory circuit. Future research should investigate if this hyperactivity exists within the
APP/PS1-21 mouse at the onset at plaque deposition, and if driving early olfactory hyperactivity
could worse disease progression, or vice versa (Wesson et al., 2011).

We did not observe genotype differences in normal habituation to the 3C odor over
repeated trials (Fig. 19), though females and particularly APP/PS1-21 females tended to take
more trials to habituate. This is somewhat in contrast to the findings of Wesson et al. (2010), in
which a longer latency to habituate across odor presentations was observed for APP/PS1 mice

even at the age of initial plague deposition onset, though only an 8% difference in habituation
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index from WTs was observed (as compared to a 31% difference when well into plaque
deposition). However, that experiment lacked the level of control that ours had in terms of group
sizes, time of administration of behavioral testing, and investigation of sex as a factor, which
may contribute to differences from our results. Importantly, another experiment from the same
group of researchers did not observe differences in habituation for those same AD transgenic
mice at the start of plaque development, despite testing mice at the same age and with the same
olfactory paradigm (Wesson et al., 2011). Therefore, novel object investigation (possibly short-
term habituation), habituation over multiple trials to an odorant, and discrimination of odorants
in the cross-habituation task seem to represent discrete, separable underlying processes, which
are differentially affected by or sensitive to early plaque deposition. Habituation can be
conceptualized as a type of olfactory identification or recognition (namely, the ability to
correctly identify olfactory stimuli themselves or to distinguish them from other stimuli after a
delay). Interestingly, impairments in sensory habituation and odor identification performance
have been noted for PD patients (Cavanagh et al., 2018; Iravani et al., 2021). Taken together, this
suggests that odor habituation alone is not an appropriate assay to reliably detect early plaque-
related changes in AD and may better represent a marker of general neurodegeneration.

Our experiment demonstrated that APP/PS1-21 mice exhibit odor discrimination deficits
early in plaque deposition, and this was especially evident when the cross-habituation paradigm
was administered during the dark phase (Fig. 20). APP/PS1-21 mice overgeneralized to all odors
during the dark phase, indicating a failure in discrimination, while Ntg mice discriminated most
odors from 3C. Previous research on APP/PS1 mice did not demonstrate deficits in
discrimination until well into plaque deposition (Wesson, Levy, et al., 2010). However, previous

experiments administered the cross-habituation paradigm only in the light phase. In our
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experiment, when mice were tested during the light phase, neither genotype discriminated most
of the test odors, with the exception of males discriminating 5C from 3C (Fig. 21). This
represents a clear circadian difference in habituation generalization, and highlights the
importance of the time of administration for cognitive or perceptual testing. Mice are nocturnal,
making it more ecologically valid to administer behavioral tests during the dark phase and to test
at the same time for all subjects (however, given the impact of light pulses, care must be taken to
avoid exposing the mice to light during the dark phase). Therefore, olfactory discrimination
testing, when applied to human patients, should be aligned with an ecologically relevant testing
time.

We observed some strange behavioral responses to some of these aliphatic alcohols in
our experiments, specifically 5C and 6C. During the cross-habituation task done at 7-9 weeks of
age, Ntg mice in the dark phase were able to discriminate every odor from 3C except for 5C (Fig.
20), and in the light phase male mice (especially Ntg) showed a large uptick in sniffing in
response to 5C (Fig. 21), which was not evident for 4C or 6C. During the digging task, none of
the test groups were able to discriminate 6C from 3C, though female mice were able to
discriminate all other test odors (Fig. 25). It is unclear why these odors would be driving these
aberrant responses, since previous research suggests 5C and 6C would be perceptually dissimilar
from 3C (Cleland & Linster, 2002; Yoder et al., 2014). We are confident that there was little
influence of baseline perceptual deficits in the cross-habituation paradigm, because in
Experiment 1 we determined a concentration for odorants that were above detection threshold for
APP/PS1-21 mice as well as their Ntg littermates, and this 1Pa concentration was used for all
behavioral tests. It is possible that our odor dilutions did not completely cancel out the chain

length effects on volatility, which scales inversely with chain length. However, similarity of the
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5C or 6C alcohols to 3C specifically was only observed for one group each in different
conditions or tasks (e.g., during the dark phase or for Ntg males), which complicates
interpretation. Thus, it would be informative in the future to test another set of aliphatic odorants,
such as acids or esters, to see if our results translate more broadly.

A key component of the study was to evaluate how several characteristics of olfactory
function that rely on different perceptual and cognitive computations were impacted by early
plaque development, and whether a reward paradigm could override any observed deficits.
Crucially, despite demonstrating a deficit in discrimination during the cross-habituation
paradigm (Fig. 19), APP/PS1-21 mice did not show a deficit in discrimination in our appetitive
conditioning task (digging task) using the same odor set (Fig. 23-24). This suggests that while
early plaque deposition does induce olfactory dysfunction, the deficit can be overridden by other
mechanisms that are only activated under a reward paradigm. This provides not only crucial
information about the design of a diagnostic behavioral test for human patients, but additional
insight into how the olfactory circuit functions in early AD.

In humans, OB volume and shape is associated with olfactory dysfunction (X. Yan et al.,
2022). In particular, OB volume correlates with increased olfactory identification ability in
humans, but not with detection or discrimination ability (Buschhdter et al., 2008), which
suggests that these tasks may depend more on other cortical areas. The OB forms dense
bidirectional connections with many brain areas, including the limbic system and Piriform
Cortex (PC) (Carmichael et al., 1994; Gottfried, 2010; Gottfried & Zald, 2005; Haberly, 2001;
Schoenbaum & Eichenbaum, 1995; Wilson & Rennaker, 2010). The limbic system includes
structures such as the amygdala and hippocampus, crucial for emotion and memory processing;

and even anecdotally, the relationship between smell, memory, and affective state is as obvious
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as Proust’s madeleine or the memory of your grandma’s pie. The PC has been implicated in odor
discrimination, with bilateral lesions of PC impairing odor discrimination (Chapuis et al., 2013).
Additionally, lesions of piriform cortex have been seen to impair discrimination of complex odor
mixtures but not simple odorants (Staubli et al., 1987). Early activity in the PC indicates odor
identity but does not predict choice during olfactory behavioral tasks (P. Y. Wang et al., 2020).
This suggests the PC plays a role in odor identity encoding. The PC also sends projections to the
Orbitofrontal Cortex (OFC), which is not only the principal neocortical target of the olfactory
network, but itself also projects back to limbic structures (Gottfried & Zald, 2005). Relevant to
our findings, cell ensemble firing in the OFC can reliably show odorant discrimination in
olfactory behavioral tasks, and also correctly assign the likelihood of reward associated with a
given odorant (Schoenbaum & Eichenbaum, 1995). This could indicate that, in the absence of
reward, early plaque deposition in the OB is sufficient to result in odor discrimination deficits,
but that these deficits can be rescued through recruitment of other cortical structures, such as
limbic structures, the PC, and/or the OFC, under conditions of reward. Future research should
probe this pathway further. For example, lesioning or inactivating these nuclei in the APP/PS1-
21 mouse and evaluating if there is a subsequent failure to discriminate under conditions of
reward would give vital insights into how the olfactory circuit is impacted by Alzheimer’s
progression.

The high incidence of olfactory dysfunction in patients with some types of
neurodegenerative diseases, particularly those that may produce dementia, indicates olfactory
paradigms may be useful for early detection of disease (Duff et al., 2002; Velayudhan et al.,
2013). Additionally, olfactory dysfunction in behavioral paradigms correlates with amyloid

burden in AD mouse models, corresponding with plaque deposition in the olfactory bulb
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beginning earlier than in any other brain area in these mice (Wesson, Levy, et al., 2010). There is
some indication that human degeneration begins in the OB as well (Brozzetti et al., 2020; Rey et
al., 2018; Ubeda-Bafion et al., 2020; J. Wang et al., 2010). Importantly, the literature has
suggested that different types of olfactory dysfunction might be more affected than other types in
different neurodegenerative disorders, with AD patients exhibiting more deficits in olfactory
tasks relying on higher-order cognitive function than in simple perception (Rahayel et al.,

2012). These facets of olfactory dysfunction can be tested with simple behavioral paradigms in
both rodents and humans. If olfactory function is negatively impacted early on in AD
progression, and in a distinguishable pattern from other neurodegenerative diseases, then a
specific olfactory test may permit early detection of AD, allowing for early treatments or
interventions. Our findings suggest that olfactory discrimination deficits are a promising
direction for diagnosis, and differing performances under non-rewarded and rewarded conditions
could be particularly informative. Future work should be targeted at evaluating these olfactory
paradigms in mouse models of similar neurodegenerative diseases, such as Parkinson’s Disease,
to evaluate whether the presentation of early olfactory dysfunction reliably differs between

different types of dementia-like animal models.
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Figure 18: Diagram of Olfactory Cross-Habituation setup

Mice of both sexes were screened for olfactory deficits using an odor cross-habituation task
between 7-9 weeks of age (n=9-11). A subset of these mice were tested again on the same task at
15-17 weeks of age to assess olfactory deficits under conditions of advanced plaque deposition
(n=5-6). Odors (n=5 aliphatic alcohols; propanol[3C], butanol[4C], pentanol[5C], hexanol[6C],
heptanol[7C]) were diluted to a standard vapor pressure of 1Pa in mineral oil and applied to filter
paper in 60uL aliquots, which were enclosed inside a metal tea ball to prevent contact of the
liquid odor with the testing chamber or animal, yet still allow for volatile odor delivery. Odors
were delivered in 11 successive trials of 50s each where the tea ball was placed in the center of
the testing chamber, with a 5-minute inter-trial interval. Testing took place in a conventional
cage devoid of bedding material. Mice were tested either in the light phase at ZT6-8 or during
the dark phase at ZT18-20. The test consisted of 1 presentation of a blank (plain mineral oil),
followed by 3 presentations of propanol (Habituation Odor; OHab). The test odors (4C-7C) were
then presented in pseudorandom order, interleaved with successive presentations of OHab to
reinforce habituation.
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Figure 19: Novel odor orienting response and habituation at the onset of plaque deposition

APP/PS1-21 mice sniffed the Blank trial (MO) longer than Ntg mice when tested in the dark
phase, and this difference disappeared during light phase testing. No significant differences
between genotypes were observed in habituation to 3C (OHab). Error bars represent +1SEM.
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Significant genotype differences were observed in discrimination during the cross-habituation
paradigm when tested during the dark phase. Ntg mice discriminated most odors (with the
exception of 5C, which all groups generalized to), whereas APP/PS1-21 mice generalized to
every odor. Error bars represent +1SEM. Asterisks indicate significant difference in sniff time

from 3C (OHab) (p<0.05).
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Figure 21: Olfactory cross-habituation in the light phase

When tested during the light phase, there was an interaction between genotype, carbon chain
length, and sex driven by the increased sniffing response to 5C displayed by male mice. Sniff
times for test trials collapsed across sexes is included in the plot on the bottom for easy
visualization, though statistical marking was not permitted on this plot due to a lack of an
interaction between carbon chain length and genotype (only the three-way interaction between
carbon chain length, genotype, and sex was significant). In general, mice showed the opposite
response predicted for cross-habituation, and were more likely to discriminate between more
similar odors (4C and 5C) and more likely to generalize to longer carbon odors (6C and 7C).
Error bars represent £1SEM. Asterisks indicate significant difference in sniff time from 3C
(OHab) (p<0.05).
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Figure 22: Novel odor orienting response and habituation after more progressed plague
deposition

No significant differences between genotypes were observed for the Blank trial (MO) or
habituation to 3C. Mice exhibited a blunted novel odor orienting response that was not
significantly different from the first presentation of 3C (OHab), unlike the response of younger
mice. Mice in the dark phase did not show a reduction in sniff time over the first 3 presentations
of OHab, though reduced sniff time to later presentations of OHab was evident (the trials
interleaved between test odorants, not shown), demonstrating a latency to habituate. Mice in the
light phase did show a reduction in sniff times over the first three presentations of OHab. Error
bars represent z1SEM.
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Figure 23: Discrimination/Cross-Habituation after more advanced plaque deposition

No genotype or sex differences in discrimination were observed. All mice during both light
phase and dark phase testing successfully discriminated all test odors from 3C (OHab). Error
bars represent £1SEM. Asterisks indicate significant difference in sniff time from 3C (OHab)
(p<0.05).
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Figure 24:Cross Habituation Across Ages and Genotypes

When mice were z-scored across both test times rather than within one session (i.e., across
mouse rather than across day), we saw a significant interaction between test age and genotype,
with no effect of carbon chain length. APP/PS1-21 mice at the onset of plague deposition (7-9
weeks old, solid line) showed overall higher sniff times compared to older mice (15-17 weeks
old, dashed line), while Ntg mice did not show changes in sniff times between testing ages. Error
bars represent £1SEM.
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Figure 25: Cross Habituation across ages and sexes

When mice were z-scored across both test times rather than within one session (i.e., across
mouse rather than across day), we saw an interaction between testing age and sex, with no
impact of carbon chain length. Older male mice (15-17 weeks old, dashed blue line) showed
reduced sniff times compared to younger male mice (7-9 weeks old, solid blue line), while
females did not show differences in sniff times across testing ages (top plot, red). Error bars
represent £1SEM.
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Figure 26: Discrimination in the digging task is impacted by sex

There was a significant main effect of carbon chain length and a significant interaction between
sex and carbon chain length, but no main effect of genotype in reward-based discrimination
learning. Only female mice could discriminate lower carbon chain odorants (4C and 5C). No
mice could discriminate 6C, but both males and females could discriminate very dissimilar
odorants (7C and EMB). Error bars represent £1SEM. Asterisks indicate significant difference in
sniff time from 3C (OHab) (p<0.05).

158



2 -
15
®)
&)
w 1 |
N & Ntg
o O
g 5 - APP/PS1-21
|_
jo)
-9

3 4 5 6 7 EMB
Odorants

Figure 27: Discrimination in the digging task is not impacted by genotype

There was no main effect of genotype. Error bars represent £1SEM.
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Chapter 6: General Discussion

Here | summarize the main findings of each experiment and integrate the data so as to
provide general insights into the role of environmental coordination in circadian network
dynamics and amyloidosis. In Chapter 3, | showed that mice lacking functional copies of a core
clock gene, per2, did not exhibit normal circadian period lengthening and active phase
compression in response to light, reflected in a more even ratio between phase advances and
phase delays relative to WT mice, and this was particularly evident in mice lacking both
functional copies. In Chapter 4, | found that time-restricted feeding altered consolidation of
locomotor activity as well as performance on a cognitive behavioral task, independent of the
development of amyloid plaques. Therefore, this circadian disruption paradigm did not clearly
exacerbate Alzheimer’s Disease (AD) behavioral pathology prior to the age at which significant
neurodegeneration begins. In Chapter 5, | showed that olfactory discrimination is impaired by
early plaque deposition in the Olfactory Bulb, but these deficits in olfactory discrimination

disappear under conditions of reward.

Together, these experiments characterize the influence of environmental factors (light,
food, and olfactory cues) on behavior. Endogenous circadian disruption by functional mutation
of the clock gene per2 impacted coordination with the environment through differential
responsivity to light cues at different phases of the circadian cycle, giving new insight into the
role of per2 in setting the period and phase of the clock. Exogenous circadian disruption through
conflicting environmental cues (timing of food and light) affected metabolic and cognitive
behavioral responses. This occurred independent of plaque deposition, suggesting that the degree
of circadian alignment is not a key driver of pathology in the APP/PS1-21 mouse model of AD.

Lastly, olfactory function is differentially affected by early AD-related plaque deposition,
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reinforcing olfactory testing as a potential avenue for early AD diagnosis. Additionally, impaired
olfactory discrimination can be recovered by appetitive conditioning early in plaque deposition,
indicating that other neural systems might be recruited early in disease etiology to compensate
for olfactory deficits. Examining environmental coordination in the context of AD development
provides crucial insights into how accessible interventions and diagnostic tools may be

developed.

In order to assess complex questions in depth, research often aims to analyze parts of a
problem in their most reduced state from a specific lens (i.e., biological rhythms OR olfaction
OR psychoneuroimmunology, etc.) and/or from a given domain (i.e., behavioral OR systemic
interactions OR cellular/molecular biology). While this type of approach certainly offers merits,
it can create artificial divides in our understanding of multifactorial complex problems such as
the development, diagnosis, and prevention of disease. For example, theories of Alzheimer’s
Disease development such as the amyloid hypothesis (Beyreuther & Masters, 1991; Glenner &
Wong, 1984; Selkoe & Hardy, 2016), which assume accumulation of beta amyloid as the
principal cause of disease, resulted in many researchers and clinicians focusing on targeting and
destroying this specific biological hallmark of AD. However, likely because plaque deposition
starts long before clinical diagnosis of disease and because disease etiology is extremely
complex (Ferrari & Sorbi, 2021), drugs targeting only this aspect have not shown great efficacy.
Since AD patients show altered circadian rhythmicity, energy metabolism, inflammation, and
olfactory function, we aimed to use broad, multidimensional approaches that address all of these
systems, rather than targeting just one. Additionally, we focused on accessible interventions and
diagnostic approaches, manipulating exposure and response to basic environmental stimuli such

as light, food, and smell.
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Our findings generated interesting connections between scientific domains. To highlight
one example, we observed hyperphagia in female APP/PS1-21 transgenic mice in our circadian
misalignment experiments that could be recovered through timed feeding (Chapter 4), suggesting
altered metabolic response driven by plaque deposition that could be altered by environmental
conditions. Human AD patients also exhibit altered glucose and energy metabolism in the brain
and periphery (Batra et al., 2023; Kang et al., 2017; Kumar et al., 2022; Yin et al., 2016). And, in
our investigation into the olfactory system in AD (Chapter 5), we found research showing that
hyper-metabolism was also observed in both human AD patients (Meadowcroft et al., 2020) and
APP/PS1 mice at the onset of plaque development (Wesson et al., 2011). This combined with the
olfactory system showing early susceptibility to Alzheimer’s disease supports the notion that the
olfactory system could be acting as a hub to seed and spread misfolded proteins such as plaques
throughout the cortex (Rey et al., 2018; Ubeda-Bafion et al., 2020). Since we saw that changing
environmental conditions such as the timing of food intake could alter hyperphagia, might
environmental changes also alter the hypermetabolism in the olfactory system in AD?
Mechanisms that alter the activity within the olfactory circuit, such as olfactory enrichment
(Rusznak et al., 2018; Veyrac et al., 2009), present an interesting future direction in
understanding the pathogenesis and treatment of AD through the manipulation of neuronal
activity. It could be the case that olfactory enrichment drives increased plaque deposition through
greater hyperactivity within the circuit, or that neurogenesis in the olfactory bulb within the
olfactory bulb and hippocampus in response to enrichment can counteract disease progression. In
any case, our investigation into the peripheral metabolic changes of APP/PS1-21 mice in

response to food intake led to a question of the central metabolic changes within the olfactory
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bulb that may drive disease progression. In this way, this research program highlights how a
multidimensional approach can bolster our overall understanding of not only the underlying
biology of AD, but also how to best address this complex disease with accessible environmental

interventions.
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Epilogue:

“It’s not that you have to achieve anything, it’s that you have to get away from where you are.”

-Marguerite Duras

164



References

3D6 Alzforum. (n.d.). 3D6 Alzforum. Retrieved July 8, 2023, from
https://www.alzforum.org/antibodies/av-3d6

Abizaid, A., Mezei, G., & Horvath, T. L. (2004). Estradiol enhances light-induced expression of
transcription factors in the SCN. Brain Research, 1010(1-2), 35-44.
https://doi.org/10.1016/j.brainres.2004.01.089

Abraham, U., Granada, A. E., Westermark, P. O., Heine, M., Kramer, A., & Herzel, H. (2010).
Coupling governs entrainment range of circadian clocks. Molecular Systems Biology, 6,
438. https://doi.org/10.1038/msb.2010.92

Abramov, E., Dolev, I., Fogel, H., Ciccotosto, G. D., Ruff, E., & Slutsky, I. (2009). Amyloid-
beta as a positive endogenous regulator of release probability at hippocampal synapses.
Nature Neuroscience, 12(12), 1567-1576. https://doi.org/10.1038/nn.2433

Ache, B. W., & Young, J. M. (2005). Olfaction: Diverse species, conserved principles. Neuron,
48(3), 417-430. https://doi.org/10.1016/j.neuron.2005.10.022

Aguayo, A., Martin, C. S., Huddy, T. F., Ogawa-Okada, M., Adkins, J. L., & Steele, A. D.
(2018). Sex differences in circadian food anticipatory activity are not altered by
individual manipulations of sex hormones or sex chromosome copy number in mice.
PLOS ONE, 13(1), e0191373. https://doi.org/10.1371/journal.pone.0191373

Ahn, Y. M., Chang, J., Joo, Y. H., Kim, S. C., Lee, K. Y., & Kim, Y. S. (2008). Chronotype
distribution in bipolar | disorder and schizophrenia in a Korean sample. Bipolar

Disorders, 10(2), 271-275. https://doi.org/10.1111/j.1399-5618.2007.00573.x

165



Albers, H. E. (1981). Gonadal hormones organize and modulate the circadian system of the rat.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
241(1), R62-R66. https://doi.org/10.1152/ajpregu.1981.241.1.R62

Albers, H. E., Walton, J. C., Gamble, K. L., McNeill, J. K., & Hummer, D. L. (2017). The
dynamics of GABA signaling: Revelations from the circadian pacemaker in the
suprachiasmatic nucleus. Frontiers in Neuroendocrinology, 44, 35-82.
https://doi.org/10.1016/j.yfrne.2016.11.003

Albrecht, U., Zheng, B., Larkin, D., Sun, Z. S., & Lee, C. C. (2001). MPerl and mper2 are
essential for normal resetting of the circadian clock. Journal of Biological Rhythms,
16(2), 100-104. https://doi.org/10.1177/074873001129001791

Alhurani, R. E., Vassilaki, M., Aakre, J. A., Mielke, M. M., Kremers, W. K., Machulda, M. M.,
Geda, Y. E., Knopman, D. S., Petersen, R. C., & Roberts, R. O. (2016). Decline in
Weight and Incident Mild Cognitive Impairment: Mayo Clinic Study of Aging. JAMA
Neurology, 73(4), 439-446. https://doi.org/10.1001/jamaneurol.2015.4756

Alves, J., Petrosyan, A., & Magalhaes, R. (2014). Olfactory dysfunction in dementia. World
Journal of Clinical Cases : WJCC, 2(11), 661-667.
https://doi.org/10.12998/wjcc.v2.i11.661

Amir, S., Cain, S., Sullivan, J., Robinson, B., & Stewart, J. (1999). In rats, odor-induced Fos in
the olfactory pathways depends on the phase of the circadian clock. Neuroscience Letters,
272(3), 175-178. https://doi.org/10.1016/S0304-3940(99)00609-6

Amodeo, D. A., Jones, J. H., Sweeney, J. A., & Ragozzino, M. E. (2012). Differences in BTBR
T+ tf/J and C57BL/6J mice on probabilistic reversal learning and stereotyped behaviors.

Behavioural Brain Research, 227(1), 64—72. https://doi.org/10.1016/j.bbr.2011.10.032

166



An, Z., Piccoli, B., Merrow, M., & Lee, K. (2022). A Unified Model for Entrainment by
Circadian Clocks: Dynamic Circadian Integrated Response Characteristic (dCiRC).
Journal of Biological Rhythms, 37(2), 202-215.
https://doi.org/10.1177/07487304211069454

APPPS1 | ALZFORUM. (n.d.). Retrieved June 12, 2023, from
https://www.alzforum.org/research-models/appps1

Arble, D. M., Bass, J., Laposky, A. D., Vitaterna, M. H., & Turek, F. W. (2009). Circadian
timing of food intake contributes to weight gain. Obesity (Silver Spring, Md.), 17(11),
2100-2102. https://doi.org/10.1038/0by.2009.264

Arble, D. M., Vitaterna, M. H., & Turek, F. W. (2011). Rhythmic Leptin Is Required for Weight
Gain from Circadian Desynchronized Feeding in the Mouse. PLOS ONE, 6(9), e25079.
https://doi.org/10.1371/journal.pone.0025079

Armstrong, R. A. (2009). The molecular biology of senile plaques and neurofibrillary tangles in
Alzheimer’s disease. Folia Neuropathologica, 47(4), 289-299.

Aschoff, J. (1960). Exogenous and endogenous components in circadian rhythms. Cold Spring
Harbor Symposia on Quantitative Biology, 25, 11-28.
https://doi.org/10.1101/sgb.1960.025.01.004

Aton, S. J.,, Colwell, C. S., Harmar, A. J., Waschek, J., & Herzog, E. D. (2005). VVasoactive
intestinal polypeptide mediates circadian rhythmicity and synchrony in mammalian clock
neurons. Nature Neuroscience, 8(4), Article 4. https://doi.org/10.1038/nn1419

Attems, J., Walker, L., & Jellinger, K. A. (2014). Olfactory bulb involvement in
neurodegenerative diseases. Acta Neuropathologica, 127(4), 459-475.

https://doi.org/10.1007/s00401-014-1261-7

167



Bae, K., Jin, X., Maywood, E. S., Hastings, M. H., Reppert, S. M., & Weaver, D. R. (2001).
Differential Functions of mPerl, mPer2, and mPer3 in the SCN Circadian Clock. Neuron,
30(2), 525-536. https://doi.org/10.1016/S0896-6273(01)00302-6

Baggs, J. E., Price, T. S., DiTacchio, L., Panda, S., FitzGerald, G. A., & Hogenesch, J. B. (2009).
Network Features of the Mammalian Circadian Clock. PLOS Biology, 7(3), e1000052.
https://doi.org/10.1371/journal.pbio.1000052

Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland, D., & Jones, E. (2011). Alzheimer’s
disease. Lancet (London, England), 377(9770), 1019-1031.
https://doi.org/10.1016/S0140-6736(10)61349-9

Balsalobre, A., Damiola, F., & Schibler, U. (1998). A serum shock induces circadian gene
expression in mammalian tissue culture cells. Cell, 93(6), 929-937.
https://doi.org/10.1016/s0092-8674(00)81199-x

Baron, K. G., & Reid, K. J. (2014). Circadian misalignment and health. International Review of
Psychiatry (Abingdon, England), 26(2), 139-154.
https://doi.org/10.3109/09540261.2014.911149

Baron, K. G., Reid, K. J., Kern, A. S., & Zee, P. C. (2011). Role of sleep timing in caloric intake
and BMI. Obesity (Silver Spring, Md.), 19(7), 1374-1381.
https://doi.org/10.1038/0by.2011.100

Barresi, M., Ciurleo, R., Giacoppo, S., Foti Cuzzola, V., Celi, D., Bramanti, P., & Marino, S.
(2012). Evaluation of olfactory dysfunction in neurodegenerative diseases. Journal of the

Neurological Sciences, 323(1), 16-24. https://doi.org/10.1016/j.jns.2012.08.028

168



Barrett-Connor, E., Edelstein, S., Corey-Bloom, J., & Wiederholt, W. (1998). Weight loss
precedes dementia in community-dwelling older adults. The Journal of Nutrition, Health
& Aging, 2(2), 113-114.

Basak, J. M., Ferreiro, A., Cohen, L. S., Sheehan, P. W., Nadarajah, C. J., Kanan, M. F.,
Sukhum, K. V., Dantas, G., & Musiek, E. S. (2021). Bacterial sepsis increases
hippocampal fibrillar amyloid plaque load and neuroinflammation in a mouse model of
Alzheimer’s disease. Neurobiology of Disease, 152, 105292.
https://doi.org/10.1016/j.nbd.2021.105292

Basilicata, M. F., & Valsecchi, C. I. K. (2021). The good, the bad, and the ugly: Evolutionary
and pathological aspects of gene dosage alterations. PLOS Genetics, 17(12), €1009906.
https://doi.org/10.1371/journal.pgen.1009906

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.,
Oliver, A., Moulder, K., Aisen, P. S., Ghetti, B., Klunk, W. E., McDade, E., ...
Dominantly Inherited Alzheimer Network. (2012). Clinical and biomarker changes in
dominantly inherited Alzheimer’s disease. The New England Journal of Medicine,
367(9), 795-804. https://doi.org/10.1056/NEJM0al1202753

Bath, K. G., Mandairon, N., Jing, D., Rajagopal, R., Kapoor, R., Chen, Z.-Y., Khan, T., Proenca,
C. C., Kraemer, R., Cleland, T. A., Hempstead, B. L., Chao, M. V., & Leg, F. S. (2008).
Variant Brain-Derived Neurotrophic Factor (Val66Met) Alters Adult Olfactory Bulb
Neurogenesis and Spontaneous Olfactory Discrimination. Journal of Neuroscience,

28(10), 2383-2393. https://doi.org/10.1523/INEUROSCI.4387-07.2008

169



Batra, R., Arnold, M., Worheide, M. A., Allen, M., Wang, X., Blach, C., Levey, A. I., Seyfried,
N. T., Ertekin-Taner, N., Bennett, D. A., Kastenmiiller, G., Kaddurah-Daouk, R. F.,
Krumsiek, J., & Consortium (ADMC), for the A. D. M. (2023). The landscape of
metabolic brain alterations in Alzheimer’s disease. Alzheimer’s & Dementia, 19(3), 980—
998. https://doi.org/10.1002/alz.12714

Beaul¢, C. (2009). Aschoff’s Rules. In M. D. Binder, N. Hirokawa, & U. Windhorst (Eds.),
Encyclopedia of Neuroscience (pp. 190-193). Springer. https://doi.org/10.1007/978-3-
540-29678-2_383

Becerril-Ortega, J., Bordji, K., Fréret, T., Rush, T., & Buisson, A. (2014). Iron overload
accelerates neuronal amyloid-p production and cognitive impairment in transgenic mice
model of Alzheimer’s disease. Neurobiology of Aging, 35(10), 2288-2301.
https://doi.org/10.1016/j.neurobiolaging.2014.04.019

Beery, A. K., & Zucker, I. (2011). Sex bias in neuroscience and biomedical research.
Neuroscience & Biobehavioral Reviews, 35(3), 565-572.
https://doi.org/10.1016/j.neubiorev.2010.07.002

Benca, R., Duncan, M. J., Frank, E., McClung, C., Nelson, R. J., & Vicentic, A. (2009).
“Biological rhythms, higher brain function, and behavior: Gaps, opportunities and
challenges.” Brain Research Reviews, 62(1), 57-70.
https://doi.org/10.1016/j.brainresrev.2009.09.005

Benito, E., Ramachandran, B., Schroeder, H., Schmidt, G., Urbanke, H., Burkhardt, S., Capece,
V., Dean, C., & Fischer, A. (2017). The BET/BRD inhibitor JQ1 improves brain
plasticity in WT and APP mice. Translational Psychiatry, 7(9), Article 9.

https://doi.org/10.1038/tp.2017.202

170



Best, A. R., & Wilson, D. A. (2004). Coordinate Synaptic Mechanisms Contributing to Olfactory
Cortical Adaptation. Journal of Neuroscience, 24(3), 652-660.
https://doi.org/10.1523/JNEUROSCI.4220-03.2004

Beyreuther, K., & Masters, C. L. (1991). Amyloid precursor protein (APP) and beta A4 amyloid
in the etiology of Alzheimer’s disease: Precursor-product relationships in the
derangement of neuronal function. Brain Pathology (Zurich, Switzerland), 1(4), 241-251.
https://doi.org/10.1111/j.1750-3639.1991.th00667.x

Biogen Plans Regulatory Filing for Aducanumab in Alzheimer’s Disease Based on New Analysis
of Larger Dataset from Phase 3 Studies | Biogen. (n.d.). Retrieved June 14, 2023, from
https://investors.biogen.com/news-releases/news-release-details/biogen-plans-regulatory-
filing-aducanumab-alzheimers-disease

Blattner, M. S., & Mahoney, M. M. (2015). Changes in estrogen receptor signaling alters the
timekeeping system in male mice. Behavioural Brain Research, 294, 43-49.
https://doi.org/10.1016/j.bbr.2015.07.060

Bray, M. S., Ratcliffe, W. F., Grenett, M. H., Brewer, R. A., Gamble, K. L., & Young, M. E.
(2013). Quantitative analysis of light-phase restricted feeding reveals metabolic
dyssynchrony in mice. International Journal of Obesity, 37(6), Article 6.
https://doi.org/10.1038/ij0.2012.137

Bray, M. S., Tsai, J.-Y., Villegas-Montoya, C., Boland, B. B., Blasier, Z., Egbejimi, O., Kueht,
M., & Young, M. E. (2010). Time-of-day-dependent dietary fat consumption influences
multiple cardiometabolic syndrome parameters in mice. International Journal of Obesity,

34(11), Article 11. https://doi.org/10.1038/ij0.2010.63

171



Breijyeh, Z., & Karaman, R. (2020). Comprehensive Review on Alzheimer’s Disease: Causes
and Treatment. Molecules, 25(24), 5789. https://doi.org/10.3390/molecules25245789

Broekkamp, C. L., Rijk, H. W., Joly-Gelouin, D., & Lloyd, K. L. (1986). Major tranquillizers
can be distinguished from minor tranquillizers on the basis of effects on marble burying
and swim-induced grooming in mice. European Journal of Pharmacology, 126(3), 223—
229. https://doi.org/10.1016/0014-2999(86)90051-8

Brozzetti, L., Sacchetto, L., Cecchini, M. P., Avesani, A., Perra, D., Bongianni, M., Portioli, C.,
Scupoli, M., Ghetti, B., Monaco, S., Buffelli, M., & Zanusso, G. (2020).
Neurodegeneration-Associated Proteins in Human Olfactory Neurons Collected by Nasal
Brushing. Frontiers in Neuroscience, 14, 145. https://doi.org/10.3389/fnins.2020.00145

Bunger, M. K., Wilsbacher, L. D., Moran, S. M., Clendenin, C., Radcliffe, L. A., Hogenesch, J.
B., Simon, M. C., Takahashi, J. S., & Bradfield, C. A. (2000). Mop3 Is an Essential
Component of the Master Circadian Pacemaker in Mammals. Cell, 103(7), 1009-1017.

Buschhditer, D., Smitka, M., Puschmann, S., Gerber, J. C., Witt, M., Abolmaali, N. D., &
Hummel, T. (2008). Correlation between olfactory bulb volume and olfactory function.
Neurolmage, 42(2), 498-502. https://doi.org/10.1016/j.neuroimage.2008.05.004

Caliandro, R., Streng, A. A., van Kerkhof, L. W. M., van der Horst, G. T. J., & Chaves, .
(2021). Social Jetlag and Related Risks for Human Health: A Timely Review. Nutrients,
13(12), 4543. https://doi.org/10.3390/nul13124543

Carmichael, S. T., Clugnet, M. C., & Price, J. L. (1994). Central olfactory connections in the
macaque monkey. The Journal of Comparative Neurology, 346(3), 403-434.

https://doi.org/10.1002/cne.903460306

172



Carneiro, B., & Araujo, J. (2012). Food entrainment: Major and recent findings. Frontiers in
Behavioral Neuroscience, 6.
https://www.frontiersin.org/article/10.3389/fnbeh.2012.00083

Carpenter, M. B. (1972). Core text of neuroanatomy. (No Title).
https://cir.nii.ac.jp/crid/1130282270019193216

Cavanagh, J. F., Kumar, P., Mueller, A. A., Richardson, S. P., & Mueen, A. (2018). Diminished
EEG Habituation to Novel Events Effectively Classifies Parkinson’s Patients. Clinical
Neurophysiology : Official Journal of the International Federation of Clinical
Neurophysiology, 129(2), 409-418. https://doi.org/10.1016/j.clinph.2017.11.023

Chaix, A., Lin, T., Le, H. D., Chang, M. W., & Panda, S. (2019). Time-Restricted Feeding
Prevents Obesity and Metabolic Syndrome in Mice Lacking a Circadian Clock. Cell
Metabolism, 29(2), 303-319.e4. https://doi.org/10.1016/j.cmet.2018.08.004

Challet, E. (2019). The circadian regulation of food intake. Nature Reviews. Endocrinology,
15(7), 393-405. https://doi.org/10.1038/s41574-019-0210-x

Chan, W., Singh, S., Keshav, T., Dewan, R., Eberly, C., Maurer, R., Nunez-Parra, A., &
Araneda, R. C. (2017). Mice Lacking M1 and M3 Muscarinic Acetylcholine Receptors
Have Impaired Odor Discrimination and Learning. Frontiers in Synaptic Neuroscience,
9, 4. https://doi.org/10.3389/fnsyn.2017.00004

Chaney, A., Bauer, M., Bochicchio, D., Smigova, A., Kassiou, M., Davies, K. E., Williams, S.
R., & Boutin, H. (2018). Longitudinal investigation of neuroinflammation and metabolite
profiles in the APPswexPS1Ae9 transgenic mouse model of Alzheimer’s disease. Journal

of Neurochemistry, 144(3), 318-335. https://doi.org/10.1111/jnc.14251

173



Chapuis, J., Cohen, Y., He, X., Zhang, Z., Jin, S., Xu, F., & Wilson, D. A. (2013). Lateral
Entorhinal Modulation of Piriform Cortical Activity and Fine Odor Discrimination.
Journal of Neuroscience, 33(33), 13449-134509.
https://doi.org/10.1523/JNEUROSCI.1387-13.2013

Chauhan, R., Chen, K.-F., Kent, B. A., & Crowther, D. C. (2017). Central and peripheral
circadian clocks and their role in Alzheimer’s disease. Disease Models & Mechanisms,
10(10), 1187-1199. https://doi.org/10.1242/dmm.030627

Chavan, R., Feillet, C., Costa, S. S. F., Delorme, J. E., Okabe, T., Ripperger, J. A., & Albrecht,
U. (2016). Liver-derived ketone bodies are necessary for food anticipation. Nature
Communications, 7(1), Article 1. https://doi.org/10.1038/ncomms10580

Chellappa, S. L., Morris, C. J., & Scheer, F. A. J. L. (2020). Circadian misalignment increases
mood vulnerability in simulated shift work. Scientific Reports, 10, 18614.
https://doi.org/10.1038/s41598-020-75245-9

Chellappa, S. L., Qian, J., Vujovic, N., Morris, C. J., Nedeltcheva, A., Nguyen, H., Rahman, N.,
Heng, S. W., Kelly, L., Kerlin-Monteiro, K., Srivastav, S., Wang, W., Aeschbach, D.,
Czeisler, C. A., Shea, S. A., Adler, G. K., Garaulet, M., & Scheer, F. A. J. L. (2021).
Daytime eating prevents internal circadian misalignment and glucose intolerance in night
work. Science Advances, 7(49), eabg9910. https://doi.org/10.1126/sciadv.abg9910

Chelminski, 1., Ferraro, F. R., Petros, T. V., & Plaud, J. J. (1999). An analysis of the
“eveningness—morningness” dimension in “depressive” college students. Journal of

Affective Disorders, 52(1), 19-29. https://doi.org/10.1016/S0165-0327(98)00051-2

174



Cheng, W.-J., Liu, C.-S., Hu, K.-C., Cheng, Y.-F., Karhula, K., & Harm4, M. (2021). Night shift
work and the risk of metabolic syndrome: Findings from an 8-year hospital cohort. PLoS
ONE, 16(12), e0261349. https://doi.org/10.1371/journal.pone.0261349

Cho, H., Zhao, X., Hatori, M., Yu, R. T., Barish, G. D., Lam, M. T., Chong, L.-W., DiTacchio,
L., Atkins, A. R., Glass, C. K., Liddle, C., Auwerx, J., Downes, M., Panda, S., & Evans,
R. M. (2012). Regulation of circadian behaviour and metabolism by REV-ERB-a and
REV-ERB-B. Nature, 485(7396), Article 7396. https://doi.org/10.1038/nature11048

Chu, C.-Q., Yu, L, Qi, G., Mi, Y.-S., Wu, W.-Q., Lee, Y., Zhai, Q.-X., Tian, F.-W., & Chen, W,
(2022). Can dietary patterns prevent cognitive impairment and reduce Alzheimer’s
disease risk: Exploring the underlying mechanisms of effects. Neuroscience &
Biobehavioral Reviews, 135, 104556. https://doi.org/10.1016/j.neubiorev.2022.104556

Chung, J. K., Lee, K. Y., Kim, S. H., Kim, E.-J., Jeong, S. H., Jung, H. Y., Choi, J.-E., Ahn, Y.
M., Kim, Y. S., & Joo, E.-J. (2012). Circadian Rhythm Characteristics in Mood
Disorders: Comparison among Bipolar | Disorder, Bipolar Il Disorder and Recurrent
Major Depressive Disorder. Clinical Psychopharmacology and Neuroscience, 10(2),
110-116. https://doi.org/10.9758/cpn.2012.10.2.110

Cipriani, G., Vedovello, M., Ulivi, M., Nuti, A., & Lucetti, C. (2013). Repetitive and Stereotypic
Phenomena and Dementia. American Journal of Alzheimer’s Disease & Other
Dementias®, 28(3), 223-227. https://doi.org/10.1177/1533317513481094

Cleland, T. A., & Linster, C. (2002). How synchronization properties among second-order
sensory neurons can mediate stimulus salience. Behavioral Neuroscience, 116(2), 212—

221. https://doi.org/10.1037//0735-7044.116.2.212

175



Cleland, T. A., Morse, A., Yue, E. L., & Linster, C. (2002). Behavioral models of odor
similarity. Behavioral Neuroscience, 116(2), 222—-231. https://doi.org/10.1037//0735-
7044.116.2.222

Coogan, A. N., Schutova, B., Husung, S., Furczyk, K., Baune, B. T., Kropp, P., Haller, F., &
Thome, J. (2013). The circadian system in Alzheimer’s disease: Disturbances,
mechanisms, and opportunities. Biological Psychiatry, 74(5), 333-339.
https://doi.org/10.1016/j.biopsych.2012.11.021

Coogan, A. N., & Wyse, C. A. (2008). Neuroimmunology of the circadian clock. Brain
Research, 1232, 104-112. https://doi.org/10.1016/j.brainres.2008.07.087

Coronas-Samano, G., lvanova, A. V., & Verhagen, J. V. (2016). The Habituation/Cross-
Habituation Test Revisited: Guidance from Sniffing and Video Tracking. Neural
Plasticity, 2016, 9131284. https://doi.org/10.1155/2016/9131284

Cova, 1., Clerici, F., Rossi, A., Cucumo, V., Ghiretti, R., Maggiore, L., Pomati, S., Galimberti,
D., Scarpini, E., Mariani, C., & Caracciolo, B. (2016). Weight Loss Predicts Progression
of Mild Cognitive Impairment to Alzheimer’s Disease. PLOS ONE, 11(3), e0151710.
https://doi.org/10.1371/journal.pone.0151710

Cox, L. M., Schafer, M. J., Sohn, J., Vincentini, J., Weiner, H. L., Ginsberg, S. D., & Blaser, M.
J. (2019). Calorie restriction slows age-related microbiota changes in an Alzheimer’s
disease model in female mice. Scientific Reports, 9(1), Article 1.
https://doi.org/10.1038/s41598-019-54187-x

Cras, P., Kawai, M., Lowery, D., Gonzalez-DeWhitt, P., Greenberg, B., & Perry, G. (1991).

Senile plaque neurites in Alzheimer disease accumulate amyloid precursor protein.

176



Proceedings of the National Academy of Sciences of the United States of America,
88(17), 7552—7556. https://doi.org/10.1073/pnas.88.17.7552

Cremonini, A. L., Caffa, I., Cea, M., Nencioni, A., Odetti, P., & Monacelli, F. (2019). Nutrients
in the Prevention of Alzheimer’s Disease. Oxidative Medicine and Cellular Longevity,
2019, e9874159. https://doi.org/10.1155/2019/9874159

Crouch, P. J., Harding, S.-M. E., White, A. R., Camakaris, J., Bush, A. I., & Masters, C. L.
(2008). Mechanisms of A beta mediated neurodegeneration in Alzheimer’s disease. The
International Journal of Biochemistry & Cell Biology, 40(2), 181-198.
https://doi.org/10.1016/j.biocel.2007.07.013

Cummings, J., Lee, G., Nahed, P., Kambar, M. E. Z. N., Zhong, K., Fonseca, J., & Taghva, K.
(2022). Alzheimer’s disease drug development pipeline: 2022. Alzheimer’s & Dementia:
Translational Research & Clinical Interventions, 8(1), e12295.
https://doi.org/10.1002/trc2.12295

Czeisler, C. A., & Gooley, J. J. (2007). Sleep and Circadian Rhythms in Humans. Cold Spring
Harbor Symposia on Quantitative Biology, 72, 579-597.
https://doi.org/10.1101/sqb.2007.72.064

Czeisler, C. A, Shanahan, T. L., Klerman, E. B., Martens, H., Brotman, D. J., Emens, J. S.,
Klein, T., & Rizzo, J. F. (1995). Suppression of melatonin secretion in some blind
patients by exposure to bright light. The New England Journal of Medicine, 332(1), 6-11.
https://doi.org/10.1056/NEJM199501053320102

d’Isa, R., Comi, G., & Leocani, L. (2021). Apparatus design and behavioural testing protocol for
the evaluation of spatial working memory in mice through the spontaneous alternation T-

maze. Scientific Reports, 11(1), Article 1. https://doi.org/10.1038/s41598-021-00402-7

177



Daan, S. (2000). Colin Pittendrigh, Jirgen Aschoff, and the Natural Entrainment of Circadian
Systems. Journal of Biological Rhythms, 15(3), 195-207.
https://doi.org/10.1177/074873040001500301

Daan, S., & Pittendrigh, C. S. (1976). A Functional analysis of circadian pacemakers in
nocturnal rodents. Journal of Comparative Physiology, 106(3), 253-266.
https://doi.org/10.1007/BF01417857

Damiola, F., Minh, N. L., Preitner, N., Kornmann, B., Fleury-Olela, F., & Schibler, U. (2000).
Restricted feeding uncouples circadian oscillators in peripheral tissues from the central
pacemaker in the suprachiasmatic nucleus. Genes & Development, 14(23), 2950-2961.
https://doi.org/10.1101/gad.183500

Davis, F. C., Darrow, J. M., & Menaker, M. (1983). Sex differences in the circadian control of
hamster wheel-running activity. The American Journal of Physiology, 244(1), R93-105.
https://doi.org/10.1152/ajpregu.1983.244.1.R93

Day, S. M., Gironda, S. C., Clarke, C. W., Snipes, J. A., Nicol, N. I., Kamran, H., Vaughan, W.,
Weiner, J. L., & Macauley, S. L. (2023). Ethanol exposure alters Alzheimer’s-related
pathology, behavior, and metabolism in APP/PS1 mice. Neurobiology of Disease, 177,
105967. https://doi.org/10.1016/j.nbd.2022.105967

de Brouwer, G., Fick, A., Harvey, B. H., & Wolmarans, D. W. (2019). A critical inquiry into
marble-burying as a preclinical screening paradigm of relevance for anxiety and
obsessive—compulsive disorder: Mapping the way forward. Cognitive, Affective, &
Behavioral Neuroscience, 19(1), 1-39. https://doi.org/10.3758/s13415-018-00653-4

De Coursey, P. J. (1960). Daily Light Sensitivity Rhythm in a Rodent. Science, 131(3392), 33—

35. https://doi.org/10.1126/science.131.3392.33

178



de Goede, P., Sen, S., Su, Y., Foppen, E., Poirel, V.-J., Challet, E., & Kalsbeek, A. (2018). An
Ultradian Feeding Schedule in Rats Affects Metabolic Gene Expression in Liver, Brown
Adipose Tissue and Skeletal Muscle with Only Mild Effects on Circadian Clocks.
International Journal of Molecular Sciences, 19(10), 3171.
https://doi.org/10.3390/ijms19103171

Deacon, R. M. J. (2006). Digging and marble burying in mice: Simple methods for in vivo
identification of biological impacts. Nature Protocols, 1(1), Article 1.
https://doi.org/10.1038/nprot.2006.20

Dempsey, C., Rubio Araiz, A., Bryson, K. J., Finucane, O., Larkin, C., Mills, E. L., Robertson,
A. A. B., Cooper, M. A., O’Neill, L. A. J., & Lynch, M. A. (2017). Inhibiting the NLRP3
inflammasome with MCC950 promotes non-phlogistic clearance of amyloid-f and
cognitive function in APP/PS1 mice. Brain, Behavior, and Immunity, 61, 306-316.
https://doi.org/10.1016/j.bbi.2016.12.014

Deng, H.-X., Bigio, E. H., & Siddique, T. (2011). Detection of protein aggregation in
neurodegenerative diseases. Methods in Molecular Biology (Clifton, N.J.), 793, 259-272.
https://doi.org/10.1007/978-1-61779-328-8_17

Dhana, K., Evans, D. A., Rajan, K. B., Bennett, D. A., & Morris, M. C. (2020). Healthy lifestyle
and the risk of Alzheimer dementia: Findings from 2 longitudinal studies. Neurology,
95(4), e374-e383. https://doi.org/10.1212/WNL.0000000000009816

Dibner, C., Schibler, U., & Albrecht, U. (2010). The mammalian circadian timing system:
Organization and coordination of central and peripheral clocks. Annual Review of

Physiology, 72, 517-549. https://doi.org/10.1146/annurev-physiol-021909-135821

179



Dodiya, H. B., Frith, M., Sidebottom, A., Cao, Y., Koval, J., Chang, E., & Sisodia, S. S. (2020).
Synergistic depletion of gut microbial consortia, but not individual antibiotics, reduces
amyloidosis in APPPS1-21 Alzheimer’s transgenic mice. Scientific Reports, 10(1),
Article 1. https://doi.org/10.1038/s41598-020-64797-5

Dodiya, H. B., Kuntz, T., Shaik, S. M., Baufeld, C., Leibowitz, J., Zhang, X., Gottel, N., Zhang,
X., Butovsky, O., Gilbert, J. A., & Sisodia, S. S. (2019). Sex-specific effects of
microbiome perturbations on cerebral AP amyloidosis and microglia phenotypes. Journal
of Experimental Medicine, 216(7), 1542-1560. https://doi.org/10.1084/jem.20182386

Dodiya, H. B., Lutz, H. L., Weigle, 1. Q., Patel, P., Michalkiewicz, J., Roman-Santiago, C. J.,
Zhang, C. M., Liang, Y., Srinath, A., Zhang, X., Xia, J., Olszewski, M., Zhang, X.,
Schipma, M. J., Chang, E. B., Tanzi, R. E., Gilbert, J. A., & Sisodia, S. S. (2021). Gut
microbiota—driven brain AP amyloidosis in mice requires microglia. Journal of
Experimental Medicine, 219(1), e20200895. https://doi.org/10.1084/jem.20200895

Duff, K., McCaffrey, R. J., & Solomon, G. S. (2002). The Pocket Smell Test. The Journal of
Neuropsychiatry and Clinical Neurosciences, 14(2), 197-201.
https://doi.org/10.1176/jnp.14.2.197

Duffy, J. F., Cain, S. W., Chang, A.-M., Phillips, A. J. K., Minch, M. Y., Gronfier, C., Wyatt, J.
K., Dijk, D.-J., Wright, K. P., & Czeisler, C. A. (2011). Sex difference in the near-24-
hour intrinsic period of the human circadian timing system. Proceedings of the National
Academy of Sciences, 108(supplement_3), 15602—-15608.
https://doi.org/10.1073/pnas.1010666108

Dunlap, J. C. (1999). Molecular Bases for Circadian Clocks. Cell, 96(2), 271-290.

https://doi.org/10.1016/S0092-8674(00)80566-8

180



Evans, J. A,, Elliott, J. A., & Gorman, M. R. (2004). Photoperiod differentially modulates photic
and nonphotic phase response curves of hamsters. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 286(3), R539-R546.
https://doi.org/10.1152/ajpregu.00456.2003

Feillet, C. A., Ripperger, J. A., Magnone, M. C., Dulloo, A., Albrecht, U., & Challet, E. (2006).
Lack of Food Anticipation in Per2 Mutant Mice. Current Biology, 16(20), 2016-2022.
https://doi.org/10.1016/j.cub.2006.08.053

Ferrari, C., & Sorbi, S. (2021). The complexity of Alzheimer’s disease: An evolving puzzle.
Physiological Reviews, 101(3), 1047-1081. https://doi.org/10.1152/physrev.00015.2020

Figueiro, M. G. (2017). Light, sleep and circadian rthythms in older adults with Alzheimer’s
disease and related dementias. Neurodegenerative Disease Management, 7(2), 119-145.
https://doi.org/10.2217/nmt-2016-0060

Forbes-Robertson, S., Dudley, E., Vadgama, P., Cook, C., Drawer, S., & Kilduff, L. (2012).
Circadian Disruption and Remedial Interventions. Sports Medicine, 42(3), 185-208.
https://doi.org/10.2165/11596850-000000000-00000

Frazier, K., Manzoor, S., Carroll, K., DeLeon, O., Miyoshi, S., Miyoshi, J., George, M. S., Tan,
A., Izumo, M., Takahashi, J. S., Rao, M. C., Leone, V. A., & Chang, E. B. (2022). Gut
Microbes and the Liver Circadian Clock Partition Glucose and Lipid Metabolism (p.
2022.05.24.491361). bioRxiv. https://doi.org/10.1101/2022.05.24.491361

Freedman, K. G., Radhakrishna, S., Escanilla, O., & Linster, C. (2013). Duration and Specificity
of Olfactory Nonassociative Memory. Chemical Senses, 38(4), 369-375.

https://doi.org/10.1093/chemse/bjt010

181



Gan, Y., Yang, C., Tong, X., Sun, H., Cong, Y., Yin, X, Li, L., Cao, S., Dong, X., Gong, Y.,
Shi, O., Deng, J., Bi, H., & Lu, Z. (2015). Shift work and diabetes mellitus: A meta-
analysis of observational studies. Occupational and Environmental Medicine, 72(1), 72—
78. https://doi.org/10.1136/0emed-2014-102150

Gaspar-Barba, E., Calati, R., Cruz-Fuentes, C. S., Ontiveros-Uribe, M. P., Natale, V., De Ronchi,
D., & Serretti, A. (2009). Depressive symptomatology is influenced by chronotypes.
Journal of Affective Disorders, 119(1), 100-106.
https://doi.org/10.1016/j.jad.2009.02.021

Genetic Dominance: Genotype-Phenotype Relationships | Learn Science at Scitable. (n.d.).
Retrieved June 23, 2023, from http://www.nature.com/scitable/topicpage/genetic-
dominance-genotype-phenotype-relationships-489

Gerlai, R. (1998). A new continuous alternation task in T-maze detects hippocampal dysfunction
in mice: A strain comparison and lesion study. Behavioural Brain Research, 95(1), 91—
101. https://doi.org/10.1016/S0166-4328(97)00214-3

Giglio, L. M. F., Magalhdes, P. V. S., Andersen, M. L., Walz, J. C., Jakobson, L., & Kapczinski,
F. (2010). Circadian preference in bipolar disorder. Sleep and Breathing, 14(2), 153-155.
https://doi.org/10.1007/s11325-009-0301-3

Gitlin, L. N., Kales, H. C., & Lyketsos, C. G. (2012). Nonpharmacologic Management of
Behavioral Symptoms in Dementia. JAMA, 308(19), 2020-2029.
https://doi.org/10.1001/jama.2012.36918

Glenner, G. G., & Wong, C. W. (1984). Alzheimer’s disease: Initial report of the purification and

characterization of a novel cerebrovascular amyloid protein. Biochemical and

182



Biophysical Research Communications, 120(3), 885-890. https://doi.org/10.1016/s0006-
291x(84)80190-4

Golombek, D. A., & Rosenstein, R. E. (2010). Physiology of Circadian Entrainment.
Physiological Reviews, 90(3), 1063-1102. https://doi.org/10.1152/physrev.00009.2009

Gomez-Isla, T., Hollister, R., West, H., Mui, S., Growdon, J. H., Petersen, R. C., Parisi, J. E., &
Hyman, B. T. (1997). Neuronal loss correlates with but exceeds neurofibrillary tangles in
Alzheimer’s disease. Annals of Neurology, 41(1), 17-24.
https://doi.org/10.1002/ana.410410106

Gottfried, J. A. (2010). Central mechanisms of odour object perception. Nature Reviews.
Neuroscience, 11(9), 628-641. https://doi.org/10.1038/nrn2883

Gottfried, J. A., & Zald, D. H. (2005). On the scent of human olfactory orbitofrontal cortex:
Meta-analysis and comparison to non-human primates. Brain Research. Brain Research
Reviews, 50(2), 287-304. https://doi.org/10.1016/j.brainresrev.2005.08.004

Granados-Fuentes, D., Ben-Josef, G., Perry, G., Wilson, D. A., Sullivan-Wilson, A., & Herzog,
E. D. (2011). Daily Rhythms in Olfactory Discrimination Depend on Clock Genes but
Not the Suprachiasmatic Nucleus. Journal of Biological Rhythms, 26(6), 552—-560.
https://doi.org/10.1177/0748730411420247

Granados-Fuentes, D., Saxena, M. T., Prolo, L. M., Aton, S. J., & Herzog, E. D. (2004).
Olfactory bulb neurons express functional, entrainable circadian rhythms: Olfactory bulb
circadian rhythms. European Journal of Neuroscience, 19(4), 898-906.

https://doi.org/10.1111/j.0953-816X.2004.03117.x

183



Granados-Fuentes, D., Tseng, A., & Herzog, E. D. (2006). A Circadian Clock in the Olfactory
Bulb Controls Olfactory Responsivity. Journal of Neuroscience, 26(47), 12219-12225.
https://doi.org/10.1523/JNEUROSCI.3445-06.2006

Grundke-Igbal, 1., Igbal, K., Quinlan, M., Tung, Y. C., Zaidi, M. S., & Wisniewski, H. M.
(1986). Microtubule-associated protein tau. A component of Alzheimer paired helical
filaments. Journal of Biological Chemistry, 261(13), 6084-6089.
https://doi.org/10.1016/S0021-9258(17)38495-8

Guariglia, C. C. (2007). Spatial working memory in Alzheimer’s disease: A study using the
Corsi block-tapping test. Dementia & Neuropsychologia, 1, 392-395.
https://doi.org/10.1590/S1980-57642008DN10400011

Gudden, J., Arias Vasquez, A., & Bloemendaal, M. (2021). The Effects of Intermittent Fasting
on Brain and Cognitive Function. Nutrients, 13(9), Article 9.
https://doi.org/10.3390/nu13093166

Guilding, C., & Piggins, H. D. (2007). Challenging the omnipotence of the suprachiasmatic
timekeeper: Are circadian oscillators present throughout the mammalian brain? The
European Journal of Neuroscience, 25(11), 3195-3216. https://doi.org/10.1111/j.1460-
9568.2007.05581.x

Guillaumond, F., Dardente, H., Giguere, V., & Cermakian, N. (2005). Differential Control of
Bmall Circadian Transcription by REV-ERB and ROR Nuclear Receptors. Journal of
Biological Rhythms, 20(5), 391-403. https://doi.org/10.1177/0748730405277232

Guo, H., Brewer, J. M., Lehman, M. N., & Bittman, E. L. (2006). Suprachiasmatic Regulation of

Circadian Rhythms of Gene Expression in Hamster Peripheral Organs: Effects of

184



Transplanting the Pacemaker. Journal of Neuroscience, 26(24), 6406-6412.
https://doi.org/10.1523/JNEUROSCI.4676-05.2006

Haberly, L. B. (2001). Parallel-distributed processing in olfactory cortex: New insights from
morphological and physiological analysis of neuronal circuitry. Chemical Senses, 26(5),
551-576. https://doi.org/10.1093/chemse/26.5.551

Haberly, L. B., & Price, J. L. (1977). The axonal projection patterns of the mitral and tufted cells
of the olfactory bulb in the rat. Brain Research, 129(1), 152-157.
https://doi.org/10.1016/0006-8993(77)90978-7

Haimov, I., & Arendt, J. (1999). The prevention and treatment of jet lag. Sleep Medicine
Reviews, 3(3), 229-240. https://doi.org/10.1016/S1087-0792(99)90004-7

Halagappa, V. K. M., Guo, Z., Pearson, M., Matsuoka, Y., Cutler, R. G., LaFerla, F. M., &
Mattson, M. P. (2007). Intermittent fasting and caloric restriction ameliorate age-related
behavioral deficits in the triple-transgenic mouse model of Alzheimer’s disease.
Neurobiology of Disease, 26(1), 212-220. https://doi.org/10.1016/j.nbd.2006.12.019

Hamada, T., LeSauter, J., Lokshin, M., Romero, M.-T., Yan, L., Venuti, J. M., & Silver, R.
(2003). Calbindin Influences Response to Photic Input in Suprachiasmatic Nucleus. The
Journal of Neuroscience, 23(26), 8820-8826. https://doi.org/10.1523/JNEUROSCI.23-
26-08820.2003

Hamnett, R., Crosby, P., Chesham, J. E., & Hastings, M. H. (2019). Vasoactive intestinal peptide
controls the suprachiasmatic circadian clock network via ERK1/2 and DUSP4 signalling.
Nature Communications, 10(1), Article 1. https://doi.org/10.1038/s41467-019-08427-3

Hannibal, J. (2002). Neurotransmitters of the retino-hypothalamic tract. Cell and Tissue

Research, 309(1), 73-88. https://doi.org/10.1007/s00441-002-0574-3

185



Hannibal, J. (2021). Comparative Neurology of Circadian Photoreception: The
Retinohypothalamic Tract (RHT) in Sighted and Naturally Blind Mammals. Frontiers in
Neuroscience, 15. https://www.frontiersin.org/articles/10.3389/fnins.2021.640113

Hansen, J. (2017). Night Shift Work and Risk of Breast Cancer. Current Environmental Health
Reports, 4(3), 325-339. https://doi.org/10.1007/s40572-017-0155-y

Hara, R., Wan, K., Wakamatsu, H., Aida, R., Moriya, T., Akiyama, M., & Shibata, S. (2001).
Restricted feeding entrains liver clock without participation of the suprachiasmatic
nucleus. Genes to Cells: Devoted to Molecular & Cellular Mechanisms, 6(3), 269-278.
https://doi.org/10.1046/].1365-2443.2001.00419.x

Harach, T., Marungruang, N., Duthilleul, N., Cheatham, V., Mc Coy, K. D., Frisoni, G., Neher,
J.J., Fak, F., Jucker, M., Lasser, T., & Bolmont, T. (2017). Reduction of Abeta amyloid
pathology in APPPS1 transgenic mice in the absence of gut microbiota. Scientific
Reports, 7(1), Article 1. https://doi.org/10.1038/srep41802

Harrington, M. E. (1997). The Ventral Lateral Geniculate Nucleus and the Intergeniculate
Leaflet: Interrelated Structures in the Visual and Circadian Systems. Neuroscience &
Biobehavioral Reviews, 21(5), 705-727. https://doi.org/10.1016/S0149-7634(96)00019-X

Harrison, F. E., Hosseini, A. H., McDonald, M. P., & May, J. M. (2009). Vitamin C reduces
spatial learning deficits in middle-aged and very old APP/PSENL1 transgenic and wild-
type mice. Pharmacology Biochemistry and Behavior, 93(4), 443-450.
https://doi.org/10.1016/j.pbb.2009.06.006

Hatfield, C. F., Herbert, J., van Someren, E. J. W., Hodges, J. R., & Hastings, M. H. (2004).

Disrupted daily activity/rest cycles in relation to daily cortisol rhythms of home-dwelling

186



patients with early Alzheimer’s dementia. Brain: A Journal of Neurology, 127(Pt 5),
1061-1074. https://doi.org/10.1093/brain/awh129

Hatori, M., Vollmers, C., Zarrinpar, A., DiTacchio, L., Bushong, E. A., Gill, S., Leblanc, M.,
Chaix, A., Joens, M., Fitzpatrick, J. A. J., Ellisman, M. H., & Panda, S. (2012). Time-
restricted feeding without reducing caloric intake prevents metabolic diseases in mice fed
a high-fat diet. Cell Metabolism, 15(6), 848-860.
https://doi.org/10.1016/j.cmet.2012.04.019

Herz, R. S., Van Reen, E., Barker, D. H., Hilditch, C. J., Bartz, A. L., & Carskadon, M. A.
(2018). The Influence of Circadian Timing on Olfactory Sensitivity. Chemical Senses,
43(1), 45-51. https://doi.org/10.1093/chemse/bjx067

Herzog, E. D., Hermanstyne, T., Smyllie, N. J., & Hastings, M. H. (2017). Regulating the
Suprachiasmatic Nucleus (SCN) Circadian Clockwork: Interplay between Cell-
Autonomous and Circuit-Level Mechanisms. Cold Spring Harbor Perspectives in
Biology, 9(1), a027706. https://doi.org/10.1101/cshperspect.a027706

Hirata, F. C., Lima, M. C. O., de Bruin, V. M. S., Nébrega, P. R., Wenceslau, G. P., & de Bruin,
P. F. C. (2007). Depression in Medical School: The Influence of Morningness-
Eveningness. Chronobiology International, 24(5), 939-946.
https://doi.org/10.1080/07420520701657730

Hsu, C. T., Patton, D. F., Mistlberger, R. E., & Steele, A. D. (2010). Palatable Meal Anticipation
in Mice. PLOS ONE, 5(9), e12903. https://doi.org/10.1371/journal.pone.0012903

Hu, K., Van Someren, E. J. W., Shea, S. A., & Scheer, F. A. J. L. (2009). Reduction of scale

invariance of activity fluctuations with aging and Alzheimer’s disease: Involvement of

187



the circadian pacemaker. Proceedings of the National Academy of Sciences of the United
States of America, 106(8), 2490-2494. https://doi.org/10.1073/pnas.0806087106

Hughes, R. N. (2004). The value of spontaneous alternation behavior (SAB) as a test of retention
in pharmacological investigations of memory. Neuroscience & Biobehavioral Reviews,
28(5), 497-505. https://doi.org/10.1016/j.neubiorev.2004.06.006

Hur, J.-Y., Frost, G. R., Wu, X., Crump, C., Pan, S. J., Wong, E., Barros, M., Li, T., Nie, P.,
Zhai, Y., Wang, J. C., Tcw, J., Guo, L., McKenzie, A., Ming, C., Zhou, X., Wang, M.,
Sagi, Y., Renton, A. E., ... Li, Y.-M. (2020). The innate immunity protein IFITM3
modulates y-secretase in Alzheimer’s disease. Nature, 586(7831), Article 7831.
https://doi.org/10.1038/s41586-020-2681-2

Hyman, B. T., Phelps, C. H., Beach, T. G., Bigio, E. H., Cairns, N. J., Carrillo, M. C., Dickson,
D. W., Duyckaerts, C., Frosch, M. P., Masliah, E., Mirra, S. S., Nelson, P. T., Schneider,
J. A., Thal, D. R., Thies, B., Trojanowski, J. Q., Vinters, H. V., & Montine, T. J. (2012).
National Institute on Aging-Alzheimer’s Association guidelines for the neuropathologic
assessment of Alzheimer’s disease. Alzheimer’s & Dementia: The Journal of the
Alzheimer’s Association, 8(1), 1-13. https://doi.org/10.1016/j.jalz.2011.10.007

lijima, M., Yamaguchi, S., van der Horst, G. T. J., Bonnefont, X., Okamura, H., & Shibata, S.
(2005). Altered food-anticipatory activity rhythm in Cryptochrome-deficient mice.
Neuroscience Research, 52(2), 166-173. https://doi.org/10.1016/j.neures.2005.03.003

Iravani, B., Arshamian, A., Schaefer, M., Svenningsson, P., & Lundstrom, J. N. (2021). A non-
invasive olfactory bulb measure dissociates Parkinson’s patients from healthy controls
and discloses disease duration. NP.J Parkinson’s Disease, 7, 75.

https://doi.org/10.1038/s41531-021-00220-8

188



Ismail, R., Parbo, P., Madsen, L. S., Hansen, A. K., Hansen, K. V., Schaldemose, J. L., Kjeldsen,
P. L., Stokholm, M. G., Gottrup, H., Eskildsen, S. F., & Brooks, D. J. (2020). The
relationships between neuroinflammation, beta-amyloid and tau deposition in
Alzheimer’s disease: A longitudinal PET study. Journal of Neuroinflammation, 17(1),
151. https://doi.org/10.1186/s12974-020-01820-6

Izumo, M., Pejchal, M., Schook, A. C., Lange, R. P., Walisser, J. A., Sato, T. R., Wang, X.,
Bradfield, C. A., & Takahashi, J. S. (2014). Differential effects of light and feeding on
circadian organization of peripheral clocks in a forebrain Bmall mutant. ELife, 3,
e04617. https://doi.org/10.7554/eLife.04617

Jankowsky, J. L., Fadale, D. J., Anderson, J., Xu, G. M., Gonzales, V., Jenkins, N. A., Copeland,
N. G., Lee, M. K., Younkin, L. H., Wagner, S. L., Younkin, S. G., & Borchelt, D. R.
(2004). Mutant presenilins specifically elevate the levels of the 42 residue beta-amyloid
peptide in vivo: Evidence for augmentation of a 42-specific gamma secretase. Human
Molecular Genetics, 13(2), 159-170. https://doi.org/10.1093/hmg/ddh019

Janssen, L., Sobott, F., De Deyn, P. P., & Van Dam, D. (2015). Signal loss due to
oligomerization in ELISA analysis of amyloid-beta can be recovered by a novel sample
pre-treatment method. MethodsX, 2, 112-123. https://doi.org/10.1016/j.mex.2015.02.011

Jiang, M., Wang, X.-Y., & Wang, X.-B. (2018). Advances in Detection Methods of B-Amyloid
Protein. Chinese Journal of Analytical Chemistry, 46(9), 1339-1349.
https://doi.org/10.1016/S1872-2040(18)61107-7

Jimenez, A., Pegueroles, J., Carmona-Iragui, M., Vilaplana, E., Montal, V., Alcolea, D., Videla,
L., lllan-Gala, 1., Pané, A., Casajoana, A., Belbin, O., Clarimén, J., Moizé, V., Vidal, J.,

Lled, A., Fortea, J., & Blesa, R. (2017). Weight loss in the healthy elderly might be a

189



non-cognitive sign of preclinical Alzheimer’s disease. Oncotarget, 8(62), 104706—
104716. https://doi.org/10.18632/oncotarget.22218

Johnson, D. K., Wilkins, C. H., & Morris, J. C. (2006). Accelerated weight loss may precede
diagnosis in Alzheimer disease. Archives of Neurology, 63(9), 1312-1317.
https://doi.org/10.1001/archneur.63.9.1312

Johnson, R. F., Moore, R. Y., & Morin, L. P. (1988). Loss of entrainment and anatomical
plasticity after lesions of the hamster retinohypothalamic tract. Brain Research, 460(2),
297-313. https://doi.org/10.1016/0006-8993(88)90374-5

Jones, J. R., Simon, T., Lones, L., & Herzog, E. D. (2018). SCN VIP Neurons Are Essential for
Normal Light-Mediated Resetting of the Circadian System. The Journal of Neuroscience,
38(37), 7986—7995. https://doi.org/10.1523/JNEUROSCI.1322-18.2018

Juda, M., Vetter, C., & Roenneberg, T. (2013). The Munich ChronoType Questionnaire for
Shift-Workers (MCTQShift). Journal of Biological Rhythms, 28(2), 130-140.
https://doi.org/10.1177/0748730412475041

Kang, S., Lee, Y., & Lee, J. E. (2017). Metabolism-Centric Overview of the Pathogenesis of
Alzheimer’s Disease. Yonsei Medical Journal, 58(3), 479-488.
https://doi.org/10.3349/ym;.2017.58.3.479

Karlsson, B., Knutsson, A., & Lindahl, B. (2001). Is there an association between shift work and
having a metabolic syndrome? Results from a population based study of 27,485 people.
Occupational and Environmental Medicine, 58(11), 747-752.

https://doi.org/10.1136/0em.58.11.747

190



Kay, L. M. (2003). Two species of gamma oscillations in the olfactory bulb: Dependence on
behavioral state and synaptic interactions. Journal of Integrative Neuroscience, 02(01),
31-44. https://doi.org/10.1142/S0219635203000196

Kay, L. M., Crk, T., & Thorngate, J. (2005). A Redefinition of Odor Mixture Quality. Behavioral
Neuroscience, 119(3), 726—733. https://doi.org/10.1037/0735-7044.119.3.726

Kay, L. M., & Sherman, S. M. (2007). An argument for an olfactory thalamus. Trends in
Neurosciences, 30(2), 47-53. https://doi.org/10.1016/j.tins.2006.11.007

Kemppainen, S., Hamaldinen, E., Miettinen, P. O., Koistinaho, J., & Tanila, H. (2014).
Behavioral and neuropathological consequences of transient global ischemia in APP/PS1
Alzheimer model mice. Behavioural Brain Research, 275, 15-26.
https://doi.org/10.1016/j.bbr.2014.08.050

Kemppainen, S., Lindholm, P., Galli, E., Lahtinen, H.-M., Koivisto, H., Hdmél&inen, E., Saarma,
M., & Tanila, H. (2015). Cerebral dopamine neurotrophic factor improves long-term
memory in APP/PS1 transgenic mice modeling Alzheimer’s disease as well as in wild-
type mice. Behavioural Brain Research, 291, 1-11.
https://doi.org/10.1016/j.bbr.2015.05.002

Kent, B. A., Michalik, M., Marchant, E. G., Yau, K. W., Feldman, H. H., Mistlberger, R. E., &
Nygaard, H. B. (2019). Delayed daily activity and reduced NREM slow-wave power in
the APPswe/PS1dE9 mouse model of Alzheimer’s disease. Neurobiology of Aging, 78,
74-86. https://doi.org/10.1016/j.neurobiolaging.2019.01.010

Keszycki, R., Rodriguez, G., Dunn, J. T., Locci, A., Orellana, H., Haupfear, 1., Dominguez, S.,

Fisher, D. W., & Dong, H. (2023). Characterization of apathy-like behaviors in the

191



5xFAD mouse model of Alzheimer’s disease. Neurobiology of Aging, 126, 113-122.
https://doi.org/10.1016/j.neurobiolaging.2023.02.012

Khosravipour, M., Khanlari, P., Khazaie, S., Khosravipour, H., & Khazaie, H. (2021). A
systematic review and meta-analysis of the association between shift work and metabolic
syndrome: The roles of sleep, gender, and type of shift work. Sleep Medicine Reviews,
57, 101427. https://doi.org/10.1016/j.smrv.2021.101427

Kikuchi, K., Kidana, K., Tatebe, T., & Tomita, T. (2017). Dysregulated Metabolism of the
Amyloid-f Protein and Therapeutic Approaches in Alzheimer Disease. Journal of
Cellular Biochemistry, 118(12), 4183-4190. https://doi.org/10.1002/jcb.26129

Kim, C. K., Lee, Y. R., Ong, L., Gold, M., Kalali, A., & Sarkar, J. (2022). Alzheimer’s Disease:
Key Insights from Two Decades of Clinical Trial Failures. Journal of Alzheimer’s
Disease, 87(1), 83-100. https://doi.org/10.3233/JAD-215699

Kim, H. Y., Kim, H. V., Jo, S., Lee, C. J., Choi, S. Y., Kim, D. J., & Kim, Y. (2015). EPPS
rescues hippocampus-dependent cognitive deficits in APP/PS1 mice by disaggregation of
amyloid-f oligomers and plaques. Nature Communications, 6(1), Article 1.
https://doi.org/10.1038/ncomms9997

Kim, K. M., Han, S. M., Heo, K., Kim, W.-J., & Chu, M. K. (2020). Sex differences in the
association between chronotype and risk of depression. Scientific Reports, 10(1), Article
1. https://doi.org/10.1038/s41598-020-75724-z

Kim, T.-K., Han, H.-E., Kim, H., Lee, J.-E., Choi, D., Park, W. J., & Han, P.-L. (2012).
Expression of the plant viral protease Nla in the brain of a mouse model of Alzheimer’s
disease mitigates AP pathology and improves cognitive function. Experimental &

Molecular Medicine, 44(12), Article 12. https://doi.org/10.3858/emm.2012.44.12.082

192



Kirova, A.-M., Bays, R. B., & Lagalwar, S. (2015). Working Memory and Executive Function
Decline across Normal Aging, Mild Cognitive Impairment, and Alzheimer’s Disease.
BioMed Research International, 2015, e748212. https://doi.org/10.1155/2015/748212

Kitamura, S., Hida, A., Watanabe, M., Enomoto, M., Aritake-Okada, S., Moriguchi, Y., Kamei,
Y., & Mishima, K. (2010). Evening Preference Is Related to the Incidence of Depressive
States Independent of Sleep-Wake Conditions. Chronobiology International, 27(9-10),
1797-1812. https://doi.org/10.3109/07420528.2010.516705

Knight, E. M., Verkhratsky, A., Luckman, S. M., Allan, S. M., & Lawrence, C. B. (2012).
Hypermetabolism in a triple-transgenic mouse model of Alzheimer’s disease.
Neurobiology of Aging, 33(1), 187-193.
https://doi.org/10.1016/j.neurobiolaging.2010.02.003

Kogevinas, M., Espinosa, A., Castelld, A., Gomez-Acebo, I., Guevara, M., Martin, V., Amiano,
P., Alguacil, J., Peiro, R., Moreno, V., Costas, L., Fernandez-Tardén, G., Jimenez, J. J.,
Marcos-Gragera, R., Perez-Gomez, B., Llorca, J., Moreno-Iribas, C., Fernandez-Villa, T.,
Oribe, M., ... Romaguera, D. (2018). Effect of mistimed eating patterns on breast and
prostate cancer risk (MCC-Spain Study). International Journal of Cancer, 143(10),
2380-2389. https://doi.org/10.1002/ijc.31649

Kress, G. J., Liao, F., Dimitry, J., Cedeno, M. R., FitzGerald, G. A., Holtzman, D. M., & Musiek,
E. S. (2018). Regulation of amyloid-f dynamics and pathology by the circadian clock.
Journal of Experimental Medicine, 215(4), 1059-1068.

https://doi.org/10.1084/jem.20172347

193



Krishnan, H. C., & Lyons, L. C. (2015). Synchrony and desynchrony in circadian clocks:
Impacts on learning and memory. Learning & Memory, 22(9), 426-437.
https://doi.org/10.1101/Im.038877.115

Kumar, V., Kim, S.-H., & Bishayee, K. (2022). Dysfunctional Glucose Metabolism in
Alzheimer’s Disease Onset and Potential Pharmacological Interventions. International
Journal of Molecular Sciences, 23(17), 9540. https://doi.org/10.3390/ijms23179540

Lalonde, R., Kim, H. D., & Fukuchi, K. (2004). Exploratory activity, anxiety, and motor
coordination in bigenic APPswe + PS1/AE9 mice. Neuroscience Letters, 369(2), 156—
161. https://doi.org/10.1016/j.neulet.2004.07.069

Leng, Y., Musiek, E. S., Hu, K., Cappuccio, F. P., & Yaffe, K. (2019). Association between
circadian rhythms and neurodegenerative diseases. The Lancet Neurology, 18(3), 307—
318. https://doi.org/10.1016/S1474-4422(18)30461-7

LeSauter, J., Bhuiyan, T., Shimazoe, T., & Silver, R. (2009). Circadian Trafficking of Calbindin-
ir in Fibers of SCN Neurons. Journal of Biological Rhythms, 24(6), 488—496.
https://doi.org/10.1177/0748730409350876

Lewis, R. G., & Simpson, B. (2023). Genetics, Autosomal Dominant. In StatPearls. StatPearls
Publishing. http://www.ncbi.nIm.nih.gov/books/NBK557512/

Lewy, A. J. (2009). Circadian misalignment in mood disturbances. Current Psychiatry Reports,
11(6), 459-465. https://doi.org/10.1007/s11920-009-0070-5

Li, C., Zug, C., Qu, H., Schluesener, H., & Zhang, Z. (2015). Hesperidin ameliorates behavioral
impairments and neuropathology of transgenic APP/PS1 mice. Behavioural Brain

Research, 281, 32-42. https://doi.org/10.1016/j.bbr.2014.12.012

194



Li, H., & Satinoff, E. (1998). Fetal tissue containing the suprachiasmatic nucleus restores
multiple circadian rhythms in old rats. The American Journal of Physiology, 275(6),
R1735-1744. https://doi.org/10.1152/ajpregu.1998.275.6.R1735

Li, L., Wu, X.-H., Zhao, X.-J., Xu, L., Pan, C.-L., & Zhang, Z.-Y. (2020). Zerumbone
ameliorates behavioral impairments and neuropathology in transgenic APP/PS1 mice by
suppressing MAPK signaling. Journal of Neuroinflammation, 17(1), 61.
https://doi.org/10.1186/s12974-020-01744-1

Li, P., Gao, L., Gaba, A., Yu, L., Cui, L., Fan, W., Lim, A. S. P., Bennett, D. A., Buchman, A.
S., & Hu, K. (2020). Circadian disturbances in Alzheimer’s disease progression: A
prospective observational cohort study of community-based older adults. The Lancet
Healthy Longevity, 1(3), €96—e105. https://doi.org/10.1016/S2666-7568(20)30015-5

Li, X., Feng, Y., Wu, W., Zhao, J., Fu, C., Li, Y., Ding, Y., Wu, B., Gong, Y., Yang, G., &
Zhou, X. (2016). Sex differences between APPswePS1dE9 mice in A-beta accumulation
and pancreatic islet function during the development of Alzheimer’s disease. Laboratory
Animals, 50(4), 275-285. https://doi.org/10.1177/0023677215615269

Li, Z., Wang, Y., Sun, K. K., Wang, K., Sun, Z. S., Zhao, M., & Wang, J. (2015). Sex-related
difference in food-anticipatory activity of mice. Hormones and Behavior, 70, 38-46.
https://doi.org/10.1016/j.yhbeh.2015.02.004

Lindman, H. R. (1974). Analysis of variance in complex experimental designs (pp. xi, 352). W.
H. Freeman & Co.

Linster, C., & Hasselmo, M. E. (1999). Behavioral Responses to Aliphatic Aldehydes Can Be

Predicted From Known Electrophysiological Responses of Mitral Cells in the Olfactory

195



Bulb. Physiology & Behavior, 66(3), 497-502. https://doi.org/10.1016/S0031-
9384(98)00324-2

Linster, C., Johnson, B. A., Morse, A., Yue, E., & Leon, M. (2002). Spontaneous versus
reinforced olfactory discriminations. The Journal of Neuroscience: The Official Journal
of the Society for Neuroscience, 22(16), 6842-6845.
https://doi.org/10.1523/JNEUROSCI.22-16-06842.2002

Loef, B., Hulsegge, G., Wendel-Vos, G. C. W., Verschuren, W. M. M., Vermeulen, R. C. H.,
Bakker, M. F., Beek, A. J. van der, & Proper, K. 1. (2017). Non-occupational physical
activity levels of shift workers compared with non-shift workers. Occupational and
Environmental Medicine, 74(5), 328-335. https://doi.org/10.1136/0emed-2016-103878

Loef, B., van der Beek, A. J., Holtermann, A., Hulsegge, G., van Baarle, D., & Proper, K. I.
(2018). Objectively measured physical activity of hospital shift workers. Scandinavian
Journal of Work, Environment & Health, 44(3), 265-273.
https://doi.org/10.5271/sjweh.3709

Londei, T., Valentini, A. M. V., & G. Leone, V. (1998). Investigative burying by laboratory mice
may involve non-functional, compulsive, behaviour. Behavioural Brain Research, 94(2),
249-254. https://doi.org/10.1016/S0166-4328(97)00162-9

Malm, T., Koistinaho, J., & Kanninen, K. (2011). Utilization of APPswe/PS1dE9 Transgenic
Mice in Research of Alzheimer’s Disease: Focus on Gene Therapy and Cell-Based
Therapy Applications. International Journal of Alzheimer’s Disease, 2011, 517160.
https://doi.org/10.4061/2011/517160

Mandairon, N., Sultan, S., Rey, N., Kermen, F., Moreno, M., Busto, G., Farget, V., Messaoudi,

B., Thevenet, M., & Didier, A. (2009). A computer-assisted odorized hole-board for

196



testing olfactory perception in mice. Journal of Neuroscience Methods, 180(2), 296-303.
https://doi.org/10.1016/j.jneumeth.2009.04.008

Mansour, H. A., Wood, J., Chowdari, K. V., Dayal, M., Thase, M. E., Kupfer, D. J., Monk, T.
H., Devlin, B., & Nimgaonkar, V. L. (2005). Circadian Phase Variation in Bipolar |
Disorder. Chronobiology International, 22(3), 571-584. https://doi.org/10.1081/CBI-
200062413

Marinac, C. R., Natarajan, L., Sears, D. D., Gallo, L. C., Hartman, S. J., Arredondo, E., &
Patterson, R. E. (2015). Prolonged Nightly Fasting and Breast Cancer Risk: Findings
from NHANES (2009-2010). Cancer Epidemiology, Biomarkers & Prevention: A
Publication of the American Association for Cancer Research, Cosponsored by the
American Society of Preventive Oncology, 24(5), 783-789. https://doi.org/10.1158/1055-
9965.EPI-14-1292

Martin, B., Mattson, M. P., & Maudsley, S. (2006). Caloric restriction and intermittent fasting:
Two potential diets for successful brain aging. Ageing Research Reviews, 5(3), 332-353.
https://doi.org/10.1016/j.arr.2006.04.002

Mason, I. C., Qian, J., Adler, G. K., & Scheer, F. A. J. L. (2020). Impact of circadian disruption
on glucose metabolism: Implications for type 2 diabetes. Diabetologia, 63(3), 462-472.
https://doi.org/10.1007/s00125-019-05059-6

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., & Cummings, J. L.
(2015). Alzheimer’s disease. Nature Reviews Disease Primers, 1(1), Article 1.
https://doi.org/10.1038/nrdp.2015.56

Maywood, E. S., Reddy, A. B., Wong, G. K. Y., O’Neill, J. S., O’Brien, J. A., McMahon, D. G.,

Harmar, A. J., Okamura, H., & Hastings, M. H. (2006). Synchronization and maintenance

197



of timekeeping in suprachiasmatic circadian clock cells by neuropeptidergic signaling.
Current Biology: CB, 16(6), 599-605. https://doi.org/10.1016/j.cub.2006.02.023

McClean, P. L., Parthsarathy, V., Faivre, E., & Holscher, C. (2011). The Diabetes Drug
Liraglutide Prevents Degenerative Processes in a Mouse Model of Alzheimer’s Disease.
Journal of Neuroscience, 31(17), 6587-6594. https://doi.org/10.1523/JNEUROSCI.0529-
11.2011

McNamara, A. M., Magidson, P. D., Linster, C., Wilson, D. A., & Cleland, T. A. (2008).
Distinct neural mechanisms mediate olfactory memory formation at different timescales.
Learning & Memory, 15(3), 117-125. https://doi.org/10.1101/Im.785608

MCTQ. (n.d.). Retrieved July 3, 2023, from https://www.thewep.org/documentations/mctq

Meadowcroft, M. D., Purnell, C. J., Wang, J.-L., Karunanayaka, P., Yang, Q. X., & Initiative, T.
A. D. N. (2020). 18F-FDG-PET Hyperactivity in Alzheimer’s Disease Cerebellum and
Primary Olfactory Cortex (p. 2020.06.05.136838). bioRxiv.
https://doi.org/10.1101/2020.06.05.136838

Mei, Y., Teng, H., Li, Z., Zeng, C., Li, Y., Song, W., Zhang, K., Sun, Z. S., & Wang, Y. (2021).
Restricted Feeding Resets Endogenous Circadian Rhythm in Female Mice Under
Constant Darkness. Neuroscience Bulletin, 37(7), 1005-1009.
https://doi.org/10.1007/s12264-021-00669-w

Meijer, J. H., & Schwartz, W. J. (2003). In search of the pathways for light-induced pacemaker
resetting in the suprachiasmatic nucleus. Journal of Biological Rhythms, 18(3), 235-249.
https://doi.org/10.1177/0748730403018003006

Mendel, G. (n.d.). EXPERIMENTS IN PLANT HYBRIDIZATION (1865).

198



Meng, S.-X., Wang, B., & Li, W.-T. (2020). Intermittent hypoxia improves cognition and
reduces anxiety-related behavior in APP/PS1 mice. Brain and Behavior, 10(2), e01513.
https://doi.org/10.1002/brb3.1513

Merikanto, 1., Lahti, T., Kronholm, E., Peltonen, M., Laatikainen, T., Vartiainen, E., Salomaa,
V., & Partonen, T. (2013). Evening types are prone to depression. Chronobiology
International, 30(5), 719-725. https://doi.org/10.3109/07420528.2013.784770

Merikanto, 1., Lahti, T., Puolijoki, H., Vanhala, M., Peltonen, M., Laatikainen, T., Vartiainen, E.,
Salomaa, V., Kronholm, E., & Partonen, T. (2013). Associations of Chronotype and
Sleep With Cardiovascular Diseases and Type 2 Diabetes. Chronobiology International,
30(4), 470-477. https://doi.org/10.3109/07420528.2012.741171

Merrick, C., Godwin, C. A., Geisler, M. W., & Morsella, E. (2014). The olfactory system as the
gateway to the neural correlates of consciousness. Frontiers in Psychology, 4, 1011.
https://doi.org/10.3389/fpsyg.2013.01011

Meyer-Bernstein, E. L., & Morin, L. P. (1996). Differential serotonergic innervation of the
suprachiasmatic nucleus and the intergeniculate leaflet and its role in circadian rhythm
modulation. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 16(6), 2097-2111. https://doi.org/10.1523/JNEUROSCI.16-06-
02097.1996

Michalik, M., Steele, A. D., & Mistlberger, R. E. (2015). A sex difference in circadian food-
anticipatory rhythms in mice: Interaction with dopamine D1 receptor knockout.

Behavioral Neuroscience, 129(3), 351-360. https://doi.org/10.1037/bne0000058

199



Mieda, M. (2019). The Network Mechanism of the Central Circadian Pacemaker of the SCN: Do
AVP Neurons Play a More Critical Role Than Expected? Frontiers in Neuroscience, 13,
139. https://doi.org/10.3389/fnins.2019.00139

Mifflin, M. A., Winslow, W., Surendra, L., Tallino, S., Vural, A., & Velazquez, R. (2021). Sex
differences in the IntelliCage and the Morris water maze in the APP/PS1 mouse model of
amyloidosis. Neurobiology of Aging, 101, 130-140.
https://doi.org/10.1016/j.neurobiolaging.2021.01.018

Mistlberger, R. E. (1994). Circadian food-anticipatory activity: Formal models and physiological
mechanisms. Neuroscience & Biobehavioral Reviews, 18(2), 171-195.
https://doi.org/10.1016/0149-7634(94)90023-X

Moreno, L. C. G. e ., Puerta, E., Suarez-Santiago, J. E., Santos-Magalhaes, N. S., Ramirez, M.
J., & Irache, J. M. (2017). Effect of the oral administration of nanoencapsulated quercetin
on a mouse model of Alzheimer’s disease. International Journal of Pharmaceutics,
517(1), 50-57. https://doi.org/10.1016/j.ijpharm.2016.11.061

Morin, L. P., & Allen, C. N. (2006). The circadian visual system, 2005. Brain Research Reviews,
51(1), 1-60. https://doi.org/10.1016/j.brainresrev.2005.08.003

Morin, L. P., Fitzgerald, K. M., & Zucker, I. (1977). Estradiol shortens the period of hamster
circadian rhythms. Science (New York, N.Y.), 196(4287), 305-307.
https://doi.org/10.1126/science.557840

Mrosovsky, N. (1995). A non-photic gateway to the circadian clock of hamsters. Ciba
Foundation Symposium, 183, 154-167; discussion 167-174.

https://doi.org/10.1002/9780470514597.ch9

200



Mukherji, A., Kobiita, A., Damara, M., Misra, N., Meziane, H., Champy, M.-F., & Chambon, P.
(2015). Shifting eating to the circadian rest phase misaligns the peripheral clocks with the
master SCN clock and leads to a metabolic syndrome. Proceedings of the National
Academy of Sciences, 112(48), E6691-E6698. https://doi.org/10.1073/pnas.1519807112

Mufioz, M., Peirson, S. N., Hankins, M. W., & Foster, R. G. (2005). Long-term constant light
induces constitutive elevated expression of mPER2 protein in the murine SCN: A
molecular basis for Aschoff’s rule? Journal of Biological Rhythms, 20(1), 3-14.
https://doi.org/10.1177/0748730404272858

Musiek, E. S., Xiong, D. D., & Holtzman, D. M. (2015). Sleep, circadian rhythms, and the
pathogenesis of Alzheimer Disease. Experimental & Molecular Medicine, 47(3), Article
3. https://doi.org/10.1038/emm.2014.121

Nasaruddin, M. L., Syed Abd Halim, S. A., & Kamaruzzaman, M. A. (2020). Studying the
Relationship of Intermittent Fasting and f-Amyloid in Animal Model of Alzheimer’s
Disease: A Scoping Review. Nutrients, 12(10), Article 10.
https://doi.org/10.3390/nu12103215

Neugroschl, J., & Wang, S. (2011). Alzheimer’s disease: Diagnosis and treatment across the
spectrum of disease severity. The Mount Sinai Journal of Medicine, New York, 78(4),
596-612. https://doi.org/10.1002/msj.20279

Njung’e, K., & Handley, S. 1. (1991). Effects of 5-HT uptake inhibitors, agonists and antagonists
on the burying of harmless objects by mice; a putative test for anxiolytic agents. British
Journal of Pharmacology, 104(1), 105-112. https://doi.org/10.1111/j.1476-

5381.1991.tb12392.x

201



Nusser, Z., Kay, L. M., Laurent, G., Homanics, G. E., & Mody, I. (2001). Disruption of GABAA
Receptors on GABAergic Interneurons Leads to Increased Oscillatory Power in the
Olfactory Bulb Network. Journal of Neurophysiology, 86(6), 2823-2833.
https://doi.org/10.1152/jn.2001.86.6.2823

Oike, H., Sakurai, M., Ippoushi, K., & Kobori, M. (2015). Time-fixed feeding prevents obesity
induced by chronic advances of light/dark cycles in mouse models of jet-lag/shift work.
Biochemical and Biophysical Research Communications, 465(3), 556-561.
https://doi.org/10.1016/j.bbrc.2015.08.059

Oishi, K., & Hashimoto, C. (2018). Short-term time-restricted feeding during the resting phase is
sufficient to induce leptin resistance that contributes to development of obesity and
metabolic disorders in mice. Chronobiology International, 35(11), 1576-1594.
https://doi.org/10.1080/07420528.2018.1496927

Ongur, D., & Price, J. L. (2000). The organization of networks within the orbital and medial
prefrontal cortex of rats, monkeys and humans. Cerebral Cortex (New York, N.Y.: 1991),
10(3), 206-219. https://doi.org/10.1093/cercor/10.3.206

Ono, D., Honma, K., & Honma, S. (2021). Roles of Neuropeptides, VIP and AVP, in the
Mammalian Central Circadian Clock. Frontiers in Neuroscience, 15.
https://www.frontiersin.org/articles/10.3389/fnins.2021.650154

Otalora, B. B., Popovic, N., Gambini, J., Popovic, M., Vifia, J., Bonet-Costa, V., Reiter, R. J.,
Camello, P. J., Rol, M. A., & Madrid, J. A. (2012). Circadian System Functionality,
Hippocampal Oxidative Stress, and Spatial Memory in the APPswe/PS1dE9 Transgenic
Model of Alzheimer Disease: Effects of Melatonin or Ramelteon. Chronobiology

International, 29(7), 822-834. https://doi.org/10.3109/07420528.2012.699119

202



Owona, B. A., Zug, C., Schluesener, H. J., & Zhang, Z.-Y. (2019). Amelioration of Behavioral
Impairments and Neuropathology by Antiepileptic Drug Topiramate in a Transgenic
Alzheimer’s Disease Model Mice, APP/PS1. International Journal of Molecular
Sciences, 20(12), Article 12. https://doi.org/10.3390/ijms20123003

Oyegbami, O., M. Collins, H., Pardon, M.-C., J.P. Ebling, F., M. Heery, D., & M. Moran, P.
(2017). Abnormal Clock Gene Expression and Locomotor Activity Rhythms in Two
Month-Old Female APPSwe/PS1dE9 Mice. Current Alzheimer Research, 14(8), 850
860. https://doi.org/10.2174/1567205014666170317113159

Park, S., Zhang, T., Wu, X., & Qiu, J. Y. (2020). Ketone production by ketogenic diet and by
intermittent fasting has different effects on the gut microbiota and disease progression in
an Alzheimer’s disease rat model. Journal of Clinical Biochemistry and Nutrition, 67(2),
188-198. https://doi.org/10.3164/jcbn.19-87

Paul, S., Hanna, L., Harding, C., Hayter, E. A., Walmsley, L., Bechtold, D. A., & Brown, T. M.
(2020). Output from VIP cells of the mammalian central clock regulates daily
physiological rhythms. Nature Communications, 11, 1453.
https://doi.org/10.1038/s41467-020-15277-X

Pellegrino, R., Sinding, C., de Wijk, R. A., & Hummel, T. (2017). Habituation and adaptation to
odors in humans. Physiology & Behavior, 177, 13-109.
https://doi.org/10.1016/j.physbeh.2017.04.006

Pendergast, J. S., Friday, R. C., & Yamazaki, S. (2010). Photic Entrainment of Period Mutant
Mice is Predicted from Their Phase Response Curves. The Journal of Neuroscience,

30(36), 12179-12184. https://doi.org/10.1523/INEUROSCI.2607-10.2010

203



Pendergast, J. S., Nakamura, W., Friday, R. C., Hatanaka, F., Takumi, T., & Yamazaki, S.
(2009). Robust Food Anticipatory Activity in BMAL1-Deficient Mice. PLOS ONE, 4(3),
e4860. https://doi.org/10.1371/journal.pone.0004860

Pendergast, J. S., Wendroth, R. H., Stenner, R. C., Keil, C. D., & Yamazaki, S. (2017).
MPeriod2 Brdm1 and other single Period mutant mice have normal food anticipatory
activity. Scientific Reports, 7(1), Article 1. https://doi.org/10.1038/s41598-017-15332-6

Pendergast, J. S., & Yamazaki, S. (2018). The Mysterious Food-Entrainable Oscillator: Insights
from Mutant and Engineered Mouse Models. Journal of Biological Rhythms, 33(5), 458—
474, https://doi.org/10.1177/0748730418789043

Peng, Y., Cai, P., Hu, J., Jiang, J., Zhang, J., Liu, K., Yang, L., & Long, C. (2021). Altered
corticostriatal synchronization associated with compulsive-like behavior in APP/PS1
mice. Experimental Neurology, 344, 113805.
https://doi.org/10.1016/j.expneurol.2021.113805

Perret, M., Aujard, F., Séguy, M., & Schilling, A. (2003). Olfactory Bulbectomy Modifies Photic
Entrainment and Circadian Rhythms of Body Temperature and Locomotor Activity in a
Nocturnal Primate. Journal of Biological Rhythms, 18(5), 392-401.
https://doi.org/10.1177/0748730403254248

Pezuk, P., Mohawk, J. A., Yoshikawa, T., Sellix, M. T., & Menaker, M. (2010). Circadian
organization is governed by extra-SCN pacemakers. Journal of Biological Rhythms,
25(6), 432—441. https://doi.org/10.1177/0748730410385204

Pickel, L., & Sung, H.-K. (2020). Feeding Rhythms and the Circadian Regulation of
Metabolism. Frontiers in Nutrition, 7.

https://www.frontiersin.org/articles/10.3389/fnut.2020.00039

204



Pieper, D. R., & Lobocki, C. A. (1991). Olfactory bulbectomy lengthens circadian period of
locomotor activity in golden hamsters. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 261(4), R973-R978.
https://doi.org/10.1152/ajpregu.1991.261.4.R973

Pietropaolo, S., Delage, P., Lebreton, F., Crusio, W. E., & Cho, Y. H. (2012). Early development
of social deficits in APP and APP-PS1 mice. Neurobiology of Aging, 33(5), 1002.e17-
1002.e27. https://doi.org/10.1016/j.neurobiolaging.2011.09.012

Pihlaja, R., Lindgren, N., Torittu, A., Snellman, A., Haaparanta-Solin, M., & Rinne, J. O. (2018).
Long-Term Monoacylglycerol Lipase Inhibitor Treatment Decelerates Pathological
Changes in APP/PS1-21 Mice, but Behavioral Improvements Require Early-Stage
Treatment Onset—Short Report. World Journal of Neuroscience, 08(02), Article 02.
https://doi.org/10.4236/wjns.2018.82014

Pittendrigh, C. S. (1960). Circadian rhythms and the circadian organization of living systems.
Cold Spring Harbor Symposia on Quantitative Biology, 25, 159-184.
https://doi.org/10.1101/sgb.1960.025.01.015

Pittendrigh, C. S. (1981). Circadian Systems: Entrainment. In J. Aschoff (Ed.), Biological
Rhythms (pp. 95-124). Springer US. https://doi.org/10.1007/978-1-4615-6552-9 7

Pittendrigh, C. S., & Daan, S. (1976). A functional analysis of circadian pacemakers in nocturnal
rodents. Journal of Comparative Physiology, 106(3), 333-355.
https://doi.org/10.1007/BF01417860

Poehlman, E. T., & Dvorak, R. V. (2000). Energy expenditure, energy intake, and weight loss in
Alzheimer disease. The American Journal of Clinical Nutrition, 71(2), 650S-655S.

https://doi.org/10.1093/ajcn/71.2.650s

205



PRC Atlas. (n.d.). Carl Johnson Laboratory. Retrieved March 13, 2023, from
https://as.vanderbilt.edu/johnsonlab/prcatlas/index.php

Prendergast, B. J., Cable, E. J., Stevenson, T. J., Onishi, K. G., Zucker, I., & Kay, L. M. (2015).
Circadian Disruption Alters the Effects of Lipopolysaccharide Treatment on Circadian
and Ultradian Locomotor Activity and Body Temperature Rhythms of Female Siberian
Hamsters. Journal of Biological Rhythms, 30(6), 543-556.
https://doi.org/10.1177/0748730415609450

Prendergast, B. J., Cisse, Y. M., Cable, E. J., & Zucker, I. (2012). Dissociation of Ultradian and
Circadian Phenotypes in Female and Male Siberian Hamsters. Journal of Biological
Rhythms, 27(4), 287-298. https://doi.org/10.1177/0748730412448618

Prendergast, B. J., Onishi, K. G., & Zucker, I. (2014). Female mice liberated for inclusion in
neuroscience and biomedical research. Neuroscience & Biobehavioral Reviews, 40, 1-5.
https://doi.org/10.1016/j.neubiorev.2014.01.001

Price, J. L., & Powell, T. P. (1971). Certain observations on the olfactory pathway. Journal of
Anatomy, 110(Pt 1), 105-126.

Prieur, E. A. K., & Jadavji, N. M. (2019). Assessing Spatial Working Memory Using the
Spontaneous Alternation Y-maze Test in Aged Male Mice. Bio-Protocol, 9(3), e3162.
https://doi.org/10.21769/BioProtoc.3162

Pugh, P. L., Richardson, J. C., Bate, S. T., Upton, N., & Sunter, D. (2007). Non-cognitive
behaviours in an APP/PS1 transgenic model of Alzheimer’s disease. Behavioural Brain
Research, 178(1), 18-28. https://doi.org/10.1016/j.bbr.2006.11.044

Pyter, L. M., Pineros, V., Galang, J. A., McClintock, M. K., & Prendergast, B. J. (2009).

Peripheral tumors induce depressive-like behaviors and cytokine production and alter

206



hypothalamic-pituitary-adrenal axis regulation. Proceedings of the National Academy of
Sciences, 106(22), 9069-9074. https://doi.org/10.1073/pnas.0811949106

Radde, R. (2006). Ap42-driven cerebral amyloidosis in transgenic mice reveals early and robust
pathology. EMBO Reports, 7(9), 940-946. https://doi.org/10.1038/sj.embor.7400784

Rahayel, S., Frasnelli, J., & Joubert, S. (2012). The effect of Alzheimer’s disease and
Parkinson’s disease on olfaction: A meta-analysis. Behavioural Brain Research, 231(1),
60-74. https://doi.org/10.1016/j.bbr.2012.02.047

Ralph, M. R., Foster, R. G., Davis, F. C., & Menaker, M. (1990). Transplanted suprachiasmatic
nucleus determines circadian period. Science (New York, N.Y.), 247(4945), 975-978.
https://doi.org/10.1126/science.2305266

Refinetti, R., LISSEN, G. C., & HALBERG, F. (2007). Procedures for numerical analysis of
circadian rhythms. Biological Rhythm Research, 38(4), 275-325.
https://doi.org/10.1080/09291010600903692

Reiserer, R. S., Harrison, F. E., Syverud, D. C., & McDonald, M. P. (2007). Impaired spatial
learning in the APPSwe + PSEN1AE9 bigenic mouse model of Alzheimer’s disease.
Genes, Brain and Behavior, 6(1), 54-65. https://doi.org/10.1111/j.1601-
183X.2006.00221.x

Reppert, S. M., & Weaver, D. R. (2002). Coordination of circadian timing in mammals. Nature,
418(6901), Article 6901. https://doi.org/10.1038/nature00965

Rey, N. L., Wesson, D. W., & Brundin, P. (2018). The olfactory bulb as the entry site for prion-
like propagation in neurodegenerative diseases. Neurobiology of Disease, 109, 226-248.

https://doi.org/10.1016/j.nbd.2016.12.013

207



Reznick, J., Preston, E., Wilks, D. L., Beale, S. M., Turner, N., & Cooney, G. J. (2013). Altered
feeding differentially regulates circadian rhythms and energy metabolism in liver and
muscle of rats. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease,
1832(1), 228-238. https://doi.org/10.1016/j.bbadis.2012.08.010

Rice, A. M., & McLysaght, A. (2017). Dosage-sensitive genes in evolution and disease. BMC
Biology, 15(1), 78. https://doi.org/10.1186/s12915-017-0418-y

Riggle, J. P., Kay, L. M., Onishi, K. G., Falk, D. T., Smarr, B. L., Zucker, 1., & Prendergast, B. J.
(2022). Modified Wavelet Analyses Permit Quantification of Dynamic Interactions
Between Ultradian and Circadian Rhythms. Journal of Biological Rhythms, 37(6), 631—
654. https://doi.org/10.1177/07487304221128652

Riggle, J. P., Onishi, K. G., Love, J. A, Beach, D. E., Zucker, I., & Prendergast, B. J. (2022).
Spontaneous Recovery of Circadian Organization in Mice Lacking a Core Component of
the Molecular Clockwork. Journal of Biological Rhythms, 37(1), 94-1009.
https://doi.org/10.1177/07487304211060896

Roenneberg, T., Allebrandt, K. V., Merrow, M., & Vetter, C. (2012). Social jetlag and obesity.
Current Biology: CB, 22(10), 939-943. https://doi.org/10.1016/j.cub.2012.03.038

Rose, J. K., & Rankin, C. H. (2001). Analyses of habituation in Caenorhabditis elegans.
Learning & Memory (Cold Spring Harbor, N.Y.), 8(2), 63-69.
https://doi.org/10.1101/Im.37801

Roybal, K., Theobold, D., Graham, A., DiNieri, J. A., Russo, S. J., Krishnan, V., Chakravarty,
S., Peevey, J., Oehrlein, N., Birnbaum, S., Vitaterna, M. H., Orsulak, P., Takahashi, J. S.,

Nestler, E. J., Carlezon, W. A., & McClung, C. A. (2007). Mania-like behavior induced

208



by disruption of CLOCK. Proceedings of the National Academy of Sciences, 104(15),
6406-6411. https://doi.org/10.1073/pnas.0609625104

Royston, S. E., Yasui, N., Kondilis, A. G., Lord, S. V., Katzenellenbogen, J. A., & Mahoney, M.
M. (2014). ESR1 and ESR2 Differentially Regulate Daily and Circadian Activity
Rhythms in Female Mice. Endocrinology, 155(7), 2613-2623.
https://doi.org/10.1210/en.2014-1101

Ruf, T. (1999). The Lomb-Scargle Periodogram in Biological Rhythm Research: Analysis of
Incomplete and Unequally Spaced Time-Series. Biological Rhythm Research, 30(2), 178—
201. https://doi.org/10.1076/brhm.30.2.178.1422

Rusak, B., & Zucker, 1. (1979). Neural regulation of circadian rhythms. Physiological Reviews,
59(3), 449-526. https://doi.org/10.1152/physrev.1979.59.3.449

Rusznak, Z., Sengul, G., Paxinos, G., Kim, W. S., & Fu, Y. (2018). Odor Enrichment Increases
Hippocampal Neuron Numbers in Mouse. Experimental Neurobiology, 27(2), 94-102.
https://doi.org/10.5607/en.2018.27.2.94

Sadowski, M., Pankiewicz, J., Scholtzova, H., Ji, Y., Quartermain, D., Jensen, C. H., Duff, K.,
Nixon, R. A., Gruen, R. J., & Wisniewski, T. (2004). Amyloid-p Deposition Is
Associated with Decreased Hippocampal Glucose Metabolism and Spatial Memory
Impairment in APP/PS1 Mice. Journal of Neuropathology & Experimental Neurology,
63(5), 418-428. https://doi.org/10.1093/jnen/63.5.418

Sahar, S., & Sassone-Corsi, P. (2009). Metabolism and cancer: The circadian clock connection.
Nature Reviews. Cancer, 9(12), 886-896. https://doi.org/10.1038/nrc2747

Salamanca-Fernandez, E., Rodriguez-Barranco, M., Guevara, M., Ardanaz, E., Olry de Labry

Lima, A., & Sanchez, M. J. (2018). Night-shift work and breast and prostate cancer risk:

209



Updating the evidence from epidemiological studies. Anales Del Sistema Sanitario De
Navarra, 41(2), 211-226. https://doi.org/10.23938/ASSN.0307

Santhi, N., Lazar, A. S., McCabe, P. J., Lo, J. C., Groeger, J. A., & Dijk, D.-J. (2016). Sex
differences in the circadian regulation of sleep and waking cognition in humans.
Proceedings of the National Academy of Sciences of the United States of America,
113(19), E2730-2739. https://doi.org/10.1073/pnas.1521637113

Sargaeva, N. P., Lin, C., & O’Connor, P. B. (2009). Identification of aspartic and isoaspartic acid
residues in amyloid B peptides, including AP 1-42, using electron-ion-reactions.
Analytical Chemistry, 81(23), 9778-9786. https://doi.org/10.1021/ac901677t

Sasaguri, H., Nilsson, P., Hashimoto, S., Nagata, K., Saito, T., De Strooper, B., Hardy, J.,
Vassar, R., Winblad, B., & Saido, T. C. (2017). APP mouse models for Alzheimer’s
disease preclinical studies. The EMBO Journal, 36(17), 2473-2487.
https://doi.org/10.15252/embj.201797397

Scheer, F. A. J. L., Hilton, M. F., Mantzoros, C. S., & Shea, S. A. (2009). Adverse metabolic and
cardiovascular consequences of circadian misalignment. Proceedings of the National
Academy of Sciences, 106(11), 4453-4458. https://doi.org/10.1073/pnas.0808180106

Scheltens, P., Blennow, K., Breteler, M. M. B., de Strooper, B., Frisoni, G. B., Salloway, S., &
Van der Flier, W. M. (2016). Alzheimer’s disease. Lancet (London, England),
388(10043), 505-517. https://doi.org/10.1016/S0140-6736(15)01124-1

Schemmert, S., Schartmann, E., Zafiu, C., Kass, B., Hartwig, S., Lehr, S., Bannach, O., Langen,
K.-J., Shah, N. J., Kutzsche, J., Willuweit, A., & Willbold, D. (2019). AB Oligomer

Elimination Restores Cognition in Transgenic Alzheimer’s Mice with Full-blown

210



Pathology. Molecular Neurobiology, 56(3), 2211-2223. https://doi.org/10.1007/s12035-
018-1209-3

Schibler, U., & Sassone-Corsi, P. (2002). A Web of Circadian Pacemakers. Cell, 111(7), 919—
922. https://doi.org/10.1016/S0092-8674(02)01225-4

Schoenbaum, G., & Eichenbaum, H. (1995). Information coding in the rodent prefrontal cortex.
I1. Ensemble activity in orbitofrontal cortex. Journal of Neurophysiology, 74(2), 751—
762. https://doi.org/10.1152/jn.1995.74.2.751

Scholtzova, H., Wadghiri, Y. Z., Douadi, M., Sigurdsson, E. M., Li, Y.-S., Quartermain, D.,
Banerjee, P., & Wisniewski, T. (2008). Memantine leads to behavioral improvement and
amyloid reduction in Alzheimer’s-disease-model transgenic mice shown as by
micromagnetic resonance imaging. Journal of Neuroscience Research, 86(12), 2784—
2791. https://doi.org/10.1002/jnr.21713

Selkoe, D. J., & Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s disease at 25 years.
EMBO Molecular Medicine, 8(6), 595-608. https://doi.org/10.15252/emmm.201606210

Serrano-Pozo, A., Frosch, M. P., Masliah, E., & Hyman, B. T. (2011). Neuropathological
alterations in Alzheimer disease. Cold Spring Harbor Perspectives in Medicine, 1(1),
a006189. https://doi.org/10.1101/cshperspect.a006189

Shan, Y., Abel, J. H., Li, Y., Izumo, M., Cox, K. H., Jeong, B., Yoo, S.-H., Olson, D. P., Doyle,
F. J., & Takahashi, J. S. (2020). Dual-Color Single-Cell Imaging of the Suprachiasmatic
Nucleus Reveals a Circadian Role in Network Synchrony. Neuron, 108(1), 164-179.e7.
https://doi.org/10.1016/j.neuron.2020.07.012

Sharma, A., Sethi, G., Tambuwala, M. M., Aljabali, A. A. A., Chellappan, D. K., Dua, K., &

Goyal, R. (2021). Circadian Rhythm Disruption and Alzheimer’s Disease: The Dynamics

211



of a Vicious Cycle. Current Neuropharmacology, 19(2), 248-264.
https://doi.org/10.2174/1570159X18666200429013041

Shea, Y.-F., Lee, S.-C., & Chu, L.-W. (2018). Prevalence of hyperphagia in Alzheimer’s disease:
A meta-analysis. Psychogeriatrics, 18(4), 243-251. https://doi.org/10.1111/psyg.12316

Shearman, L. P., Jin, X., Lee, C., Reppert, S. M., & Weaver, D. R. (2000). Targeted Disruption
of the mPer3 Gene: Subtle Effects on Circadian Clock Function. Molecular and Cellular
Biology, 20(17), 6269-6275. https://doi.org/10.1128/MCB.20.17.6269-6275.2000

Shearman, L. P., Sriram, S., Weaver, D. R., Maywood, E. S., Chaves, 1., Zheng, B., Kume, K.,
Lee, C. C., van der, G. T. J., Horst, Hastings, M. H., & Reppert, S. M. (2000). Interacting
Molecular Loops in the Mammalian Circadian Clock. Science, 288(5468), 1013-1019.
https://doi.org/10.1126/science.288.5468.1013

Sheehan, P. W., & Musiek, E. S. (2020). Evaluating Circadian Dysfunction in Mouse Models of
Alzheimer’s Disease: Where Do We Stand? Frontiers in Neuroscience, 14.
https://www.frontiersin.org/articles/10.3389/fnins.2020.00703

Shepherd, G. M. (2005). Perception without a Thalamus: How Does Olfaction Do It? Neuron,
46(2), 166-168. https://doi.org/10.1016/j.neuron.2005.03.012

Sherman, H., Genzer, Y., Cohen, R., Chapnik, N., Madar, Z., & Froy, O. (2012). Timed high-fat
diet resets circadian metabolism and prevents obesity. The FASEB Journal, 26(8), 3493—
3502. https://doi.org/10.1096/fj.12-208868

Shi, J.-M,, Li, H.-Y., Liu, H., Zhu, L., Guo, Y.-B., Pei, J., An, H., Li, Y.-S,, Li, S.-D., Zhang, Z.-
Y., & Zheng, Y. (2022). N-terminal Domain of Amyloid-B Impacts Fibrillation and
Neurotoxicity. ACS Omega, 7(43), 38847-38855.

https://doi.org/10.1021/acsomega.2c04583

212



Shin, B. K., Kang, S., Kim, D. S., & Park, S. (2018). Intermittent fasting protects against the
deterioration of cognitive function, energy metabolism and dyslipidemia in Alzheimer’s
disease-induced estrogen deficient rats. Experimental Biology and Medicine, 243(4),
334-343. https://doi.org/10.1177/1535370217751610

Shipley, M. T., & Ennis, M. (1996). Functional organization of olfactory system. Journal of
Neurobiology, 30(1), 123-176. https://doi.org/10.1002/(SICI)1097-
4695(199605)30:1<123::AID-NEU11>3.0.CO;2-N

Silver, R., LeSauter, J., Tresco, P. A., & Lehman, M. N. (1996). A diffusible coupling signal
from the transplanted suprachiasmatic nucleus controlling circadian locomotor rhythms.
Nature, 382(6594), 810-813. https://doi.org/10.1038/382810a0

Singer, R., & Alia, A. (2022). Evaluation of suprachiasmatic nucleus in Alzheimer’s disease with
non-invasive magnetic resonance methods. Neural Regeneration Research, 17(8), 1753—
1754. https://doi.org/10.4103/1673-5374.332136

Skene, D. J., & Swaab, D. F. (2003). Melatonin rhythmicity: Effect of age and Alzheimer’s
disease. Experimental Gerontology, 38(1-2), 199-206. https://doi.org/10.1016/s0531-
5565(02)00198-5

Smarr, B. L., Jennings, K. J., Driscoll, J. R., & Kriegsfeld, L. J. (2014). A time to remember: The
role of circadian clocks in learning and memory. Behavioral Neuroscience, 128(3), 283—
303. https://doi.org/10.1037/a0035963

Spillantini, M. G., & Goedert, M. (2013). Tau pathology and neurodegeneration. The Lancet.

Neurology, 12(6), 609-622. https://doi.org/10.1016/S1474-4422(13)70090-5

213



Spires-Jones, T. L., & Hyman, B. T. (2014). The intersection of amyloid beta and tau at synapses
in Alzheimer’s disease. Neuron, 82(4), 756—771.
https://doi.org/10.1016/j.neuron.2014.05.004

Spoelstra. (2004). Phase Responses to Light Pulses in Mice Lacking Functional per or cry
Genes. https://doi.org/10.1177/0748730404268122

Staubli, U., Schottler, F., & Nejat-Bina, D. (1987). Role of dorsomedial thalamic nucleus and
piriform cortex in processing olfactory information. Behavioural Brain Research, 25(2),
117-129. https://doi.org/10.1016/0166-4328(87)90005-2

Steinlechner, S., Jacobmeier, B., Scherbarth, F., Dernbach, H., Kruse, F., & Albrecht, U. (2002).
Robust circadian rhythmicity of Perl and Per2 mutant mice in constant light, and
dynamics of Perl and Per2 gene expression under long and short photoperiods. Journal
of Biological Rhythms, 17(3), 202—-209. https://doi.org/10.1177/074873040201700303

Stephan, F. K., & Zucker, 1. (1972). Circadian rhythms in drinking behavior and locomotor
activity of rats are eliminated by hypothalamic lesions. Proceedings of the National
Academy of Sciences of the United States of America, 69(6), 1583-1586.
https://doi.org/10.1073/pnas.69.6.1583

Stevens, R. G., Hansen, J., Costa, G., Haus, E., Kauppinen, T., Aronson, K. J., Castafio-Vinyals,
G., Davis, S., Frings-Dresen, M. H. W., Fritschi, L., Kogevinas, M., Kogi, K., Lie, J.-A.,,
Lowden, A., Peplonska, B., Pesch, B., Pukkala, E., Schernhammer, E., Travis, R. C., ...
Straif, K. (2011). Considerations of circadian impact for defining ‘shift work’ in cancer
studies: IARC Working Group Report. Occupational and Environmental Medicine,

68(2), 154-162. https://doi.org/10.1136/0em.2009.053512

214



Stokkan, K. A., Yamazaki, S., Tei, H., Sakaki, Y., & Menaker, M. (2001). Entrainment of the
circadian clock in the liver by feeding. Science (New York, N.Y.), 291(5503), 490-493.
https://doi.org/10.1126/science.291.5503.490

Storch, K.-F., & Weitz, C. J. (2009). Daily rhythms of food-anticipatory behavioral activity do
not require the known circadian clock. Proceedings of the National Academy of Sciences,
106(16), 6808-6813. https://doi.org/10.1073/pnas.0902063106

Straif, K., Baan, R., Grosse, Y., Secretan, B., El Ghissassi, F., Bouvard, V., Altieri, A.,
Benbrahim-Tallaa, L., Cogliano, V., & WHO International Agency For Research on
Cancer Monograph Working Group. (2007). Carcinogenicity of shift-work, painting, and
fire-fighting. The Lancet. Oncology, 8(12), 1065-1066. https://doi.org/10.1016/S1470-
2045(07)70373-X

Sullivan, R. M., Wilson, D. A., Ravel, N., & Mouly, A.-M. (2015). Olfactory memory networks:
From emotional learning to social behaviors. Frontiers in Behavioral Neuroscience, 9.
https://www.frontiersin.org/articles/10.3389/fnbeh.2015.00036

Szkiela, M., Kusidel, E., Makowiec-Dabrowska, T., & Kaleta, D. (2020). Night Shift Work—A
Risk Factor for Breast Cancer. International Journal of Environmental Research and
Public Health, 17(2), Article 2. https://doi.org/10.3390/ijerph17020659

Tackenberg, M. C., & Hughey, J. J. (2021). The risks of using the chi-square periodogram to
estimate the period of biological rhythms. PLOS Computational Biology, 17(1),
e1008567. https://doi.org/10.1371/journal.pchi.1008567

Tahara, Y., Otsuka, M., Fuse, Y., Hirao, A., & Shibata, S. (2011). Refeeding after fasting elicits
insulin-dependent regulation of Per2 and Rev-erba with shifts in the liver clock. Journal

of Biological Rhythms, 26(3), 230-240. https://doi.org/10.1177/0748730411405958

215



Takeuchi, H., Yatsugi, S., & Yamaguchi, T. (2002). Effect of YM992, a Novel Antidepressant
With Selective Serotonin Re-uptake Inhibitory and 5-HT2A Receptor Antagonistic
Activity, on a Marble-Burying Behavior Test as an Obsessive-Compulsive Disorder
Model. Japanese Journal of Pharmacology, 90(2), 197-200.
https://doi.org/10.1254/jjp.90.197

Tampi, R. R., Forester, B. P., & Agronin, M. (2021). Aducanumab: Evidence from clinical trial
data and controversies. Drugs in Context, 10, 2021-7-3. https://doi.org/10.7573/dic.2021-
7-3

Tan, Z. S. (2022). The dawn of disease modification for Alzheimer’s disease: Hope and peril.
Journal of the American Geriatrics Society, 70(6), 1661-1663.
https://doi.org/10.1111/jgs. 17774

Tanzi, R. E., & Bertram, L. (2005). Twenty years of the Alzheimer’s disease amyloid
hypothesis: A genetic perspective. Cell, 120(4), 545-555.
https://doi.org/10.1016/j.cell.2005.02.008

Thomas, A., Burant, A., Bui, N., Graham, D., Yuva-Paylor, L. A., & Paylor, R. (2009). Marble
burying reflects a repetitive and perseverative behavior more than novelty-induced
anxiety. Psychopharmacology, 204(2), 361-373. https://doi.org/10.1007/s00213-009-
1466-y

Thompson, R. F., & Spencer, W. A. (1966). Habituation: A model phenomenon for the study of
neuronal substrates of behavior. Psychological Review, 73(1), 16-43.

https://doi.org/10.1037/h0022681

216



Torres-Lista, V., Lopez-Pousa, S., & Giménez-Llort, L. (2015). Marble-burying is enhanced in
3xTg-AD mice, can be reversed by risperidone and it is modulable by handling.
Behavioural Processes, 116, 69—74. https://doi.org/10.1016/j.beproc.2015.05.001

Tranah, G. J., Blackwell, T., Stone, K. L., Ancoli-Israel, S., Paudel, M. L., Ensrud, K. E.,
Cauley, J. A., Redline, S., Hillier, T. A., Cummings, S. R., Yaffe, K., & SOF Research
Group. (2011). Circadian activity rhythms and risk of incident dementia and mild
cognitive impairment in older women. Annals of Neurology, 70(5), 722-732.
https://doi.org/10.1002/ana.22468

Trinchese, F., Liu, S., Battaglia, F., Walter, S., Mathews, P. M., & Arancio, O. (2004).
Progressive age-related development of Alzheimer-like pathology in APP/PS1 mice.
Annals of Neurology, 55(6), 801-814. https://doi.org/10.1002/ana.20101

Truett, G. E., Heeger, P., Mynatt, R. L., Truett, A. A., Walker, J. A., & Warman, M. L. (2000).
Preparation of PCR-quality mouse genomic DNA with hot sodium hydroxide and tris
(HotSHOT). BioTechniques, 29(1), 52, 54. https://doi.org/10.2144/00291bm09

Tucker, K. R., Godbey, S. J., Thiebaud, N., & Fadool, D. A. (2012). Olfactory ability and object
memory in three mouse models of varying body weight, metabolic hormones, and
adiposity. Physiology & Behavior, 107(3), 424-432.
https://doi.org/10.1016/j.physbeh.2012.09.007

Ubeda-Bafion, 1., 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-
Alcafiiz, M. J., Vaamonde-Gamo, J., Relea-Calatayud, F., Gonzalez-Lopez, L.,

Mohedano-Moriano, A., Rabano, A., & Martinez-Marcos, A. (2020). The human

217



olfactory system in two proteinopathies: Alzheimer’s and Parkinson’s diseases.
Translational Neurodegeneration, 9(1), 22. https://doi.org/10.1186/s40035-020-00200-7

Valenzuela, P. L., Castillo-Garcia, A., Morales, J. S., de la Villa, P., Hampel, H., Emanuele, E.,
Lista, S., & Lucia, A. (2020). Exercise benefits on Alzheimer’s disease: State-of-the-
science. Ageing Research Reviews, 62, 101108. https://doi.org/10.1016/j.arr.2020.101108

Van den Broeck, L., Hansquine, P., Callaerts-Vegh, Z., & D’Hooge, R. (2019). Impaired
Reversal Learning in APPPS1-21 Mice in the Touchscreen Visual Discrimination Task.
Frontiers in Behavioral Neuroscience, 13.
https://www.frontiersin.org/articles/10.3389/fnbeh.2019.00092

Van der Horst, G. (1999). Mammalian Cryl and Cry2 are essential for maintenance of circadian
rhythms | Nature. https://www.nature.com/articles/19323

Van der Zee, E. A., Havekes, R., Barf, R. P., Hut, R. A., Nijholt, I. M., Jacobs, E. H., &
Gerkema, M. P. (2008). Circadian Time-Place Learning in Mice Depends on Cry Genes.
Current Biology, 18(11), 844-848. https://doi.org/10.1016/j.cub.2008.04.077

van Heusden, F. C., Palacin i Bonson, S., Stiedl, O., Smit, A. B., & van Kesteren, R. E. (2021).
Longitudinal Assessment of Working Memory Performance in the APPswe/PSEN1dE9
Mouse Model of Alzheimer’s Disease Using an Automated Figure-8-Maze. Frontiers in
Behavioral Neuroscience, 15.
https://www.frontiersin.org/articles/10.3389/fnbeh.2021.655449

van Someren, E. J. W., Hagebeuk, E. E. O., Lijzenga, C., Scheltens, P., de Rooij, S. E. J. A,
Jonker, C., Pot, A.-M., Mirmiran, M., & Swaab, D. F. (1996). Circadian rest—Activity
rhythm disturbances in alzheimer’s disease. Biological Psychiatry, 40(4), 259-270.

https://doi.org/10.1016/0006-3223(95)00370-3

218



Vasavada, M., Martinez, B., Karunanayaka, P., Wang, J., Eslinger, P. J., Gill, D., & Yang, Q. X.
(2015). IC-03-03: An early Alzheimer’s disease functional imaging marker: Olfactory
deficits in Alzheimer’s disease and MCI reflect degeneration of central olfactory system.
Alzheimer’s & Dementia, 11(7S_Part_1), P9-P9.
https://doi.org/10.1016/j.jalz.2015.06.014

Velayudhan, L., Pritchard, M., Powell, J. F., Proitsi, P., & Lovestone, S. (2013). Smell
identification function as a severity and progression marker in Alzheimer’s disease.
International Psychogeriatrics, 25(7), 1157-1166.
https://doi.org/10.1017/S1041610213000446

Vepsiléinen, S., Koivisto, H., Pekkarinen, E., Méakinen, P., Dobson, G., McDougall, G. J.,
Stewart, D., Haapasalo, A., Karjalainen, R. O., Tanila, H., & Hiltunen, M. (2013).
Anthocyanin-enriched bilberry and blackcurrant extracts modulate amyloid precursor
protein processing and alleviate behavioral abnormalities in the APP/PS1 mouse model
of Alzheimer’s disease. The Journal of Nutritional Biochemistry, 24(1), 360-370.
https://doi.org/10.1016/j.jnutbio.2012.07.006

Veyrac, A., Sacquet, J., Nguyen, V., Marien, M., Jourdan, F., & Didier, A. (2009). Novelty
Determines the Effects of Olfactory Enrichment on Memory and Neurogenesis Through
Noradrenergic Mechanisms. Neuropsychopharmacology, 34(3), Article 3.
https://doi.org/10.1038/npp.2008.191

Vida, B., Hrabovszky, E., Kalamatianos, T., Coen, C. W., Liposits, Z., & Kall, 1. (2008).
Oestrogen receptor alpha and beta immunoreactive cells in the suprachiasmatic nucleus

of mice: Distribution, sex differences and regulation by gonadal hormones. Journal of

219



Neuroendocrinology, 20(11), 1270-1277. https://doi.org/10.1111/j.1365-
2826.2008.01787.x

Vitaterna, M. H., King, D. P., Chang, A.-M., Kornhauser, J. M., Lowrey, P. L., McDonald, J. D.,
Dove, W. F., Pinto, L. H., Turek, F. W., & Takahashi, J. S. (1994). Mutagenesis and
Mapping of a Mouse Gene, Clock, Essential for Circadian Behavior. Science (New York,
N.Y.), 264(5159), 719-725.

Vitaterna, M. H., Ko, C. H., Chang, A.-M., Buhr, E. D., Fruechte, E. M., Schook, A., Antoch, M.
P., Turek, F. W., & Takahashi, J. S. (2006). The mouse Clock mutation reduces circadian
pacemaker amplitude and enhances efficacy of resetting stimuli and phase-response
curve amplitude. Proceedings of the National Academy of Sciences, 103(24), 9327-9332.
https://doi.org/10.1073/pnas.0603601103

Vitiello, M. V., & Prinz, P. N. (1989). Alzheimer’s disease. Sleep and sleep/wake patterns.
Clinics in Geriatric Medicine, 5(2), 289-299.

Vloeberghs, E., Van Dam, D., Franck, F., Serroyen, J., Geert, M., Staufenbiel, M., & De Deyn,
P. P. (2008). Altered ingestive behavior, weight changes, and intact olfactory sense in an
APP overexpression model. Behavioral Neuroscience, 122(3), 491-497.
https://doi.org/10.1037/0735-7044.122.3.491

Wada, E., Shigemoto, R., Kinoshita, A., Ohishi, H., & Mizuno, N. (1998). Metabotropic
glutamate receptor subtypes in axon terminals of projection fibers from the main and
accessory olfactory bulbs: A light and electron microscopic immunohistochemical study
in the rat. Journal of Comparative Neurology, 393(4), 493-504.
https://doi.org/10.1002/(S1C1)1096-9861(19980420)393:4<493::AID-CNE8>3.0.CO; 2-

w

220



Wang, F., Zhang, L., Zhang, Y., Zhang, B., He, Y., Xie, S., Li, M., Miao, X., Chan, E. Y. Y.,
Tang, J. L., Wong, M. C. S., Li, Z., Yu, 1. T. S., & Tse, L. A. (2014). Meta-analysis on
night shift work and risk of metabolic syndrome. Obesity Reviews: An Official Journal of
the International Association for the Study of Obesity, 15(9), 709-720.
https://doi.org/10.1111/0br.12194

Wang, H.-B., Loh, D. H., Whittaker, D. S., Cutler, T., Howland, D., & Colwell, C. S. (2018).
Time-Restricted Feeding Improves Circadian Dysfunction as well as Motor Symptoms in
the Q175 Mouse Model of Huntington’s Disease. ENeuro, 5(1), ENEURO.0431-17.2017.
https://doi.org/10.1523/ENEURO.0431-17.2017

Wang, J., Eslinger, P. J., Doty, R. L., Zimmerman, E. K., Grunfeld, R., Sun, X., Connor, J. R.,
Price, J. L., Smith, M. B., & Yang, Q. X. (2010). Olfactory Deficit Detected by fMRI in
Early Alzheimer’s Disease. Brain Research, 1357, 184194,
https://doi.org/10.1016/j.brainres.2010.08.018

Wang, J. L., Lim, A. S., Chiang, W.-Y., Hsieh, W.-H., Lo, M.-T., Schneider, J. A., Buchman, A.
S., Bennett, D. A., Hu, K., & Saper, C. B. (2015). Suprachiasmatic neuron numbers and
rest-activity circadian rhythms in older humans. Annals of Neurology, 78(2), 317-322.
https://doi.org/10.1002/ana.24432

Wang, J., Tanila, H., Puolivali, J., Kadish, I., & Groen, T. (2004). Gender differences in the
amount and deposition of amyloid in APPswe and PS1 double transgenic mice.
Neurobiology of Disease, 14, 318-327. https://doi.org/10.1016/j.nbd.2003.08.009

Wang, M.-M., Miao, D., Cao, X.-P., Tan, L., & Tan, L. (2018). Innate immune activation in
Alzheimer’s disease. Annals of Translational Medicine, 6(10), 177.

https://doi.org/10.21037/atm.2018.04.20

221



Wang, P. Y., Boboila, C., Chin, M., Higashi-Howard, A., Shamash, P., Wu, Z., Stein, N. P.,
Abbott, L. F., & Axel, R. (2020). Transient and Persistent Representations of Odor Value
in Prefrontal Cortex. Neuron, 108(1), 209-224.e6.
https://doi.org/10.1016/j.neuron.2020.07.033

Wang, P.-N., Yang, C.-L., Lin, K.-N., Chen, W.-T., Chwang, L.-C., & Liu, H.-C. (2004). Weight
loss, nutritional status andphysical activity in patients with Alzheimer’sDisease. Journal
of Neurology, 251(3), 314-320. https://doi.org/10.1007/s00415-004-0316-4

Wang, X., Song, R., Lu, W., Liu, Z., Wang, L., Zhu, X., Liu, Y., Sun, Z., Li, J., & Li, X. (2017).
YXQN Reduces Alzheimer’s Disease-Like Pathology and Cognitive Decline in
APPswePS1dE9 Transgenic Mice. Frontiers in Aging Neuroscience, 9.
https://www.frontiersin.org/articles/10.3389/fnagi.2017.00157

Wasén, C., Simonsen, E., Ekwudo, M. N., Profant, M. R., & Cox, L. M. (2022). Chapter Five—
The emerging role of the microbiome in Alzheimer’s disease. In T. R. Sampson (Ed.),
International Review of Neurobiology (Vol. 167, pp. 101-139). Academic Press.
https://doi.org/10.1016/bs.irn.2022.09.001

Webb, I. C., Antle, M. C., & Mistlberger, R. E. (2014). Regulation of circadian rhythms in
mammals by behavioral arousal. Behavioral Neuroscience, 128(3), 304—-325.
https://doi.org/10.1037/a0035885

Wesson, D. W., Borkowski, A. H., Landreth, G. E., Nixon, R. A., Levy, E., & Wilson, D. A.
(2011). Sensory Network Dysfunction, Behavioral Impairments, and Their Reversibility
in an Alzheimer’s B-Amyloidosis Mouse Model. Journal of Neuroscience, 31(44),

15962-15971. https://doi.org/10.1523/JNEUROSCI.2085-11.2011

222



Wesson, D. W., Levy, E., Nixon, R. A., & Wilson, D. A. (2010). Olfactory Dysfunction
Correlates with Amyloid-B Burden in an Alzheimer’s Disease Mouse Model. Journal of
Neuroscience, 30(2), 505-514. https://doi.org/10.1523/JNEUROSCI.4622-09.2010

Wesson, D. W., Wilson, D. A., & Nixon, R. A. (2010). Should olfactory dysfunction be used as a
biomarker of Alzheimer’s disease? Expert Review of Neurotherapeutics, 10(5), 633-635.
https://doi.org/10.1586/ern.10.33

Wilson, D. A. (2000). Odor specificity of habituation in the rat anterior piriform cortex. Journal
of Neurophysiology, 83(1), 139-145. https://doi.org/10.1152/jn.2000.83.1.139

Wilson, D. A., & Rennaker, R. L. (2010). Cortical Activity Evoked by Odors. In A. Menini
(Ed.), The Neurobiology of Olfaction. CRC Press/Taylor & Francis.
http://www.ncbi.nlm.nih.gov/books/NBK55970/

Witting, W., Kwa, I. H., Eikelenboom, P., Mirmiran, M., & Swaab, D. F. (1990). Alterations in
the circadian rest-activity rhythm in aging and Alzheimer’s disease. Biological
Psychiatry, 27(6), 563-572. https://doi.org/10.1016/0006-3223(90)90523-5

Wittmann, M., Dinich, J., Merrow, M., & Roenneberg, T. (2006). Social Jetlag: Misalignment of
Biological and Social Time. Chronobiology International, 23(1-2), 497-509.
https://doi.org/10.1080/07420520500545979

Wood, J., Birmaher, B., Axelson, D., Ehmann, M., Kalas, C., Monk, K., Turkin, S., Kupfer, D.
J., Brent, D., Monk, T. H., & Nimgainkar, V. L. (2009). Replicable differences in
preferred circadian phase between bipolar disorder patients and control individuals.

Psychiatry Research, 166(2), 201-209. https://doi.org/10.1016/j.psychres.2008.03.003

223



Wu, J., Fu, B, Lei, H., Tang, H., & Wang, Y. (2016). Gender differences of peripheral plasma
and liver metabolic profiling in APP/PS1 transgenic AD mice. Neuroscience, 332, 160—
169. https://doi.org/10.1016/j.neuroscience.2016.06.049

Wu, Y.-H., Fischer, D. F., Kalsbeek, A., Garidou-Boof, M.-L., van der Vliet, J., van Heijningen,
C., Liu, R.-Y., Zhou, J.-N., & Swaab, D. F. (2006). Pineal clock gene oscillation is
disturbed in Alzheimer’s disease, due to functional disconnection from the “master
clock.” FASEB Journal: Official Publication of the Federation of American Societies for
Experimental Biology, 20(11), 1874-1876. https://doi.org/10.1096/fj.05-4446fje

Yamajuku, D., Inagaki, T., Haruma, T., Okubo, S., Kataoka, Y., Kobayashi, S., Ikegami, K.,
Laurent, T., Kojima, T., Noutomi, K., Hashimoto, S., & Oda, H. (2012). Real-time
monitoring in three-dimensional hepatocytes reveals that insulin acts as a synchronizer
for liver clock. Scientific Reports, 2, 439. https://doi.org/10.1038/srep00439

Yamazaki, S., Numano, R., Abe, M., Hida, A., Takahashi, R., Ueda, M., Block, G. D., Sakaki,
Y., Menaker, M., & Tei, H. (2000). Resetting central and peripheral circadian oscillators
in transgenic rats. Science (New York, N.Y.), 288(5466), 682—685.
https://doi.org/10.1126/science.288.5466.682

Yan, S. D., Chen, X., Fu, J., Chen, M., Zhu, H., Roher, A., Slattery, T., Zhao, L., Nagashima, M.,
Morser, J., Migheli, A., Nawroth, P., Stern, D., & Schmidt, A. M. (1996). RAGE and
amyloid-beta peptide neurotoxicity in Alzheimer’s disease. Nature, 382(6593), 685—691.
https://doi.org/10.1038/382685a0

Yan, X., Joshi, A., Zang, Y., Assuncao, F., Fernandes, H. M., & Hummel, T. (2022). The Shape
of the Olfactory Bulb Predicts Olfactory Function. Brain Sciences, 12(2), 128.

https://doi.org/10.3390/brainsci12020128

224



Yang, M., & Crawley, J. N. (2009). Simple Behavioral Assessment of Mouse Olfaction. Current
Protocols in Neuroscience, 48(1), 8.24.1-8.24.12.
https://doi.org/10.1002/0471142301.ns0824s48

Yang, X., Di, W., Zeng, Y., Liu, D., Han, M., Qie, R., Huang, S., Zhao, Y., Feng, Y., Hu, D., &
Sun, L. (2021). Association between shift work and risk of metabolic syndrome: A
systematic review and meta-analysis. Nutrition, Metabolism and Cardiovascular
Diseases, 31(10), 2792-2799. https://doi.org/10.1016/j.numecd.2021.06.007

Yao, Z.-G., Jing, H.-Y., Wang, D.-M., Lv, B.-B., Li, J.-M., Liu, F.-F., Fan, H., Sun, X.-C., Qin,
Y.-J., & Zhao, M.-Q. (2016). Valproic acid ameliorates olfactory dysfunction in APP/PS1
transgenic mice of Alzheimer’s disease: Ameliorations from the olfactory epithelium to
the olfactory bulb. Pharmacology Biochemistry and Behavior, 144, 53-59.
https://doi.org/10.1016/j.pbb.2016.02.012

Yasumoto, Y., Hashimoto, C., Nakao, R., Yamazaki, H., Hiroyama, H., Nemoto, T., Yamamoto,
S., Sakurai, M., Oike, H., Wada, N., Yoshida-Noro, C., & Oishi, K. (2016). Short-term
feeding at the wrong time is sufficient to desynchronize peripheral clocks and induce
obesity with hyperphagia, physical inactivity and metabolic disorders in mice.
Metabolism, 65(5), 714-727. https://doi.org/10.1016/j.metabol.2016.02.003

Yin, F., Sancheti, H., Patil, I., & Cadenas, E. (2016). Energy metabolism and inflammation in
brain aging and Alzheimer’s disease. Free Radical Biology & Medicine, 100, 108-122.
https://doi.org/10.1016/j.freeradbiomed.2016.04.200

Yoder, W. M., Setlow, B., Bizon, J. L., & Smith, D. W. (2014). Characterizing Olfactory
Perceptual Similarity Using Carbon Chain Discrimination in Fischer 344 Rats. Chemical

Senses, 39(4), 323-331. https://doi.org/10.1093/chemse/bju001

225



Yoo, S.-H., Yamazaki, S., Lowrey, P. L., Shimomura, K., Ko, C. H., Buhr, E. D., Siepka, S. M.,
Hong, H.-K., Oh, W. J,, Yoo, O. J., Menaker, M., & Takahashi, J. S. (2004).
PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent
circadian oscillations in mouse peripheral tissues. Proceedings of the National Academy
of Sciences of the United States of America, 101(15), 5339-5346.
https://doi.org/10.1073/pnas.0308709101

Young, K. W. H., Binns, M. A., & Greenwood, C. E. (2001). Meal Delivery Practices Do Not
Meet Needs of Alzheimer Patients With Increased Cognitive and Behavioral Difficulties
in a Long-term Care Facility. The Journals of Gerontology: Series A, 56(10), M656—
M661. https://doi.org/10.1093/gerona/56.10.M656

Young, K. W. H., & Greenwood, C. E. (2001). Shift in Diurnal Feeding Patterns in Nursing
Home Residents With Alzheimer’s Disease. The Journals of Gerontology: Series A,
56(11), M700-M706. https://doi.org/10.1093/gerona/56.11.M700

Young, M. E., & Bray, M. S. (2007). Potential role for peripheral circadian clock dyssynchrony
in the pathogenesis of cardiovascular dysfunction. Sleep Medicine, 8(6), 656-667.
https://doi.org/10.1016/j.sleep.2006.12.010

Zhang, J., Zhan, Z., Li, X., Xing, A., Jiang, C., Chen, Y., Shi, W., & An, L. (2017). Intermittent
Fasting Protects against Alzheimer’s Disease Possible through Restoring Aquaporin-4
Polarity. Frontiers in Molecular Neuroscience, 10.
https://www.frontiersin.org/article/10.3389/fnmol.2017.00395

Zhang, L., Yang, C., Li, Y., Niu, S., Liang, X., Zhang, Z., Luo, Q., & Luo, H. (2021). Dynamic

Changes in the Levels of Amyloid-p42 Species in the Brain and Periphery of APP/PS1

226



Mice and Their Significance for Alzheimer’s Disease. Frontiers in Molecular
Neuroscience, 14. https://www.frontiersin.org/articles/10.3389/fnmol.2021.723317

Zhang, Q., Yang, C., Liu, T., Liu, L., Li, F., Cai, Y., Lv, K,, Li, X., Gao, J., Sun, D., Xu, H.,
Yang, Q., & Fan, X. (2018). Citalopram restores short-term memory deficit and non-
cognitive behaviors in APP/PS1 mice while halting the advance of Alzheimer’s disease-
like pathology. Neuropharmacology, 131, 475-486.
https://doi.org/10.1016/j.neuropharm.2017.12.021

Zhang, S., Dai, M., Wang, X., Jiang, S.-H., Hu, L.-P., Zhang, X.-L., & Zhang, Z.-G. (2020).
Signalling entrains the peripheral circadian clock. Cellular Signalling, 69, 109433.
https://doi.org/10.1016/j.cellsig.2019.109433

Zhang, Z.-Y ., Li, C., Zug, C., & Schluesener, H. J. (2014). Icariin Ameliorates
Neuropathological Changes, TGF-1 Accumulation and Behavioral Deficits in a Mouse
Model of Cerebral Amyloidosis. PLOS ONE, 9(8), e104616.
https://doi.org/10.1371/journal.pone.0104616

Zhang, Z.-Y., & Schluesener, H. J. (2013). Oral Administration of Histone Deacetylase Inhibitor
MS-275 Ameliorates Neuroinflammation and Cerebral Amyloidosis and Improves
Behavior in a Mouse Model. Journal of Neuropathology & Experimental Neurology,
72(3), 178-185. https://doi.org/10.1097/NEN.0b013e318283114a

Zheng, B. (1999). The mPer2 gene encodes a functional component of the mammalian circadian
clock | Nature. https://www.nature.com/articles/22118

Zheng, B. (2001). Nonredundant roles of the mPerl and mPer2 genes in the mammalian

circadian clock—PubMed. https://pubmed.ncbi.nlm.nih.gov/11389837/

227



Zheng, B., Albrecht, U., Kaasik, K., Sage, M., Lu, W., Vaishnav, S., Li, Q., Sun, Z. S., Eichele,
G., Bradley, A., & Lee, C. C. (2001). Nonredundant Roles of the mPer1 and mPer2
Genes in the Mammalian Circadian Clock. Cell, 105(5), 683-694.
https://doi.org/10.1016/S0092-8674(01)00380-4

Zhou, C., Chao, F., Zhang, Y., Jiang, L., Zhang, L., Luo, Y., Xiao, Q., Chen, L., & Tang, Y.
(2018). Sex Differences in the White Matter and Myelinated Fibers of APP/PS1 Mice and
the Effects of Running Exercise on the Sex Differences of AD Mice. Frontiers in Aging
Neuroscience, 10. https://www.frontiersin.org/articles/10.3389/fnagi.2018.00243

Zhu, D., Montagne, A., & Zhao, Z. (2021). Alzheimer’s pathogenic mechanisms and underlying
sex difference. Cellular and Molecular Life Sciences, 78(11), 4907-4920.
https://doi.org/10.1007/s00018-021-03830-w

Zou, H., Zhou, H., Yan, R., Yao, Z., & Lu, Q. (2022). Chronotype, circadian rhythm, and
psychiatric disorders: Recent evidence and potential mechanisms. Frontiers in
Neuroscience, 16. https://www.frontiersin.org/articles/10.3389/fnins.2022.811771

Zucker, 1., Fitzgerald, K. M., & Morin, L. P. (1980). Sex differentiation of t-e circadian system
in the golden hamster. The American Journal of Physiology, 238(1), R97-101.
https://doi.org/10.1152/ajpregu.1980.238.1.R97

Zucker, 1., Prendergast, B. J., & Beery, A. K. (2022). Pervasive Neglect of Sex Differences in
Biomedical Research. Cold Spring Harbor Perspectives in Biology, 14(4), a039156.

https://doi.org/10.1101/cshperspect.a039156

228



