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a b s t r a c t

Alzheimer’s disease (AD) is associated with disrupted circadian rhythms and sleep, which are thought to
reflect an impairment of internal circadian timekeeping that contribute to clinical symptoms and disease
progression. To evaluate these hypotheses, a suitable preclinical model of AD is needed. We performed a
comprehensive assessment of circadian rhythms and sleep in the APPswe/PS1dE9 (APP/PS1) mouse model
using long-term in vivo electroencephalogram (EEG) monitoring and behavioral assays from 5 to
22 months of age. APP/PS1 mice were crossed with a PERIOD2::LUCIFERASE (PER2::LUC) mouse model to
evaluate synchrony among peripheral circadian oscillators. The APP/PS1 mice exhibited a mild but
persistent phase delay of nocturnal activity onset in 12:12h light:dark conditions, as well as a shift to-
ward higher frequencies in the EEG power spectra compared to littermate controls. Our results suggest
that APP/PS1 mice may not be the optimal preclinical model for studying the specific circadian changes
associated with AD but that quantitative EEG may offer a sensitive measure of AD-associated changes in
sleep quality that can be modeled in APP/PS1 mice.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and the most common cause of dementia (Nygaard, 2013).
The pathological drivers of AD are thought to include a gradual
buildup of soluble brain amyloid-beta (Ab), neuritic plaques, and
tau-containing neurofibrillary tangles, emerging up to decades
before clinical symptoms (Gordon et al., 2018). It is well docu-
mented that AD is also associated with disrupted circadian rhythms
and sleep beginning during the preclinical stage of the disease (Ju
et al., 2014; Musiek et al., 2018; Tranah et al., 2011; Yaffe et al.,
2015). In a sample of 204 community-dwelling individuals with
AD, 134 (65%) met diagnostic criteria for 1 or more of 5 major sleep
disorders, and the rates were similar for those diagnosed with mild
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cognitive impairment (Guarnieri et al., 2012). The most common
sleep disturbances among individuals with AD include nocturnal
sleep fragmentation, increased daytime napping, decreases in
specific stages of sleep including nonrapid eye movement (NREM)
slow-wave sleep ([SWS], stage N3), and rapid eye movement sleep
(REM), and loss of differentiation between NREM stages N1 and N2
(reviewed by (Mander et al., 2016) and (Cedernaes et al., 2017)).
Sleeping difficulties are highly disruptive and have been cited as a
leading cause of patients requiring institutional care (Bianchetti
et al., 1995). Importantly, recent discoveries provide preclinical
evidence that sleep (SWS in particular) directly impacts the path-
ophysiology of AD, by regulating production and clearance of Ab (Ju
et al., 2014, 2017; Lucey et al., 2018; Xie et al., 2013).

The timing of the sleep-wake cycle is regulated by a master
circadian (w24h) pacemaker in the hypothalamic suprachiasmatic
nucleus (SCN). The SCN pacemaker is entrained to daily light:dark
(LD) cycles by direct input from the retina. SCN outputs coordinate
the phase of circadian oscillators located elsewhere in the brain and
in most peripheral organs and tissues, aligning behavioral and
physiological rhythms with the solar day (Reppert and Weaver,
2002). Similar to the AD-associated changes in sleep, AD is associ-
ated with changes in circadian rhythms beginning early in the
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preclinical stage of disease, before symptom onset and cognitive
impairment (Musiek et al., 2018). Individuals diagnosed with AD
exhibit delayed (i.e., peaks later in the day) and lower amplitude
daily rhythms in activity and core body temperature, compared to
age-matched healthy controls (Satlin et al., 1995; Volicer et al.,
2001). Importantly, the phase delay associated with AD (Satlin
et al., 1995; Volicer et al., 2001) may differentiate individuals with
AD from healthy aging, which is typically associated with phase
advanced sleep-wake cycles (i.e., peak earlier in the day), as well as
other types of dementia including frontotemporal lobar degenera-
tion (Harper et al., 2001, 2005). Because sleep propensity and
structure vary with circadian phase (Dijk and Czeisler, 1995), a
delayed phase of sleep onset may therefore contribute to sleep
disturbances experienced by patients with AD. For example, in-
dividuals diagnosed with delayed sleep phase syndrome exhibit
different sleep structures and only half the amount of SWS
compared to healthy volunteers when assessed with 2 nights of
polysomnography (Watanabe et al., 2003). Thus, the phase delay in
circadian timingmay contribute to the reduced SWS also associated
with AD.

Because changes in circadian rhythms and sleep occur early in
disease, it is hypothesized that these changesmay also contribute to
cognitive decline and disease progression, and modulating circa-
dian rhythms and sleep through noninvasive or pharmacological
interventions may benefit a subset of patients with AD. To evaluate
these hypotheses and test interventions, a suitable preclinical ro-
dent model of AD is needed. Sleep and circadian rhythms have been
assessed in several AD mouse models, including APPSWE, APPSWE/
PS1A246E, APPSWE/PS1P264L, APPSWE/PS1dE9, 3xTgAD (APPSWE/
PS1M146V/MAPTP301L), and 5xFAD (APPSWE,FLO,LON/PS1M146L,L286V)
(Bano Otalora et al., 2012; Duncan et al., 2012; Jyoti et al., 2010; Kent
et al., 2018; Knight et al., 2013; Roh et al., 2012; Sethi et al., 2015;
Sterniczuk et al., 2010; Vloeberghs et al., 2004). Overall the re-
sults suggest that sleep and circadian rhythms are affected in AD
models; however, results vary between studies, likely in part due to
differences in transgenes, background strain of the lines, or varia-
tion in experimental protocols. To our knowledge, no model has
been shown to exhibit both the delayed phase of entrainment and
reduced SWS characteristic of human AD. Furthermore, alignment
between the SCN and peripheral clocks located elsewhere in the
brain, organs, and tissues has not been evaluated in a mouse model
of AD. Although it is largely assumed that disrupted circadian
rhythms in AD are caused by the dampening of the SCN, there is
evidence that AD pathology may be disrupting synchrony among
circadian oscillators (Cermakian et al., 2011; Chauhan et al., 2017;
Chen et al., 2014; Kent, 2014; Wu et al., 2006). Internal circadian
misalignment, as opposed to misalignment of the SCN with
external daylight, would cause similar behavioral symptoms but
require different interventions (Chauhan et al., 2017; Kent, 2014).

Here, we conducted a detailed assessment of both sleep and
circadian rhythm dynamics in the APPSWE/PS1dE9 (APP/PS1) trans-
genic AD mouse model, a widely used murine model in preclinical
AD research. Studies examining sleep and circadian rhythmicity in
this model are limited but suggest that changes in sleep develop
between 6 and 9months of age (Bano Otalora et al., 2012; Roh et al.,
2012). To investigate these changes in more detail and with careful
assessment of circadian rhythmicity, mice were examined from 5 to
22 months of age using a variety of behavioral assays, in vivo
electroencephalogram (EEG) recordings, and histology. Behavioral
assays included an assessment of LD-entrained circadian rhythms,
the circadian period in constant dark, the circadianwaveform in LD,
and the phase shift and masking responses to light in TG and WT
mice. The timing of the master clock relative to several peripheral
clocks was assessed by crossing the APP/PS1 mice with a PERI-
OD2::LUCIFERASE (PER2::LUC) mouse model, to create a clock
gene-driven bioluminescence assay (Yoo et al., 2004). Peripheral
circadian dynamics were further probed using a restricted feeding
paradigm to assess food-anticipatory activity, which is a circadian
clock-controlled process that is independent of the SCN
(Mistlberger, 2009).

2. Materials and methods

2.1. Subjects

We assessed circadian rhythms and sleep in the APP/PS1 mouse
model of AD (APPswe/PSEN1dE9) (Jankowsky et al., 2004). The
mice were a gift from Dr. Cheryl Wellington at the University of
British Columbia. The APP/PS1 mice (The Jackson Laboratory)
coexpress 2 transgenes from themurine prion promoter: a chimeric
mouse/human APP650 cDNA containing the Swedish (K670 M/
N671 L) mutations and the human PS1 gene with a deletion of exon
9. APP/PS1 mice were maintained on a hybrid C3H/H3J � C57B6
background.

A total of 86 male and female mice were used in the following
experiments: 42 (females¼ 32) for circadian behavioral recordings,
17 (females ¼ 17) for in vivo EEG recordings, and 27 (females ¼ 12)
for histological analysis. Thesewere distinct cohorts. The behavioral
recordings were conducted longitudinally using the same 42 mice
for all behavioral manipulations, which were split into 2 cohorts
(tested sequentially, 3 months apart). These cohorts were combined
for analyses whenever possible. The variability was a result of the
inherent time constraints of a longitudinal study (i.e., limited to
testing 1 manipulation at a time), prioritizing the circadian pa-
rameters that were most interesting, and naturally occurring
attrition as the mice aged. All the analyses were conducted within
time points, which compare TG to WT littermates, balanced with
regard to sex. The first cohort was only female because that is what
had been used in Roh et al., 2012, which reported sleep distur-
bances in this model. The second cohort had equal numbers of
males and females for each genotype. The intention was to identify
phenotypes of interest in the females and then follow-up in both
males and females, but given the subtle phenotypes identified, this
studywas not powered to study sex-specific effects. Supplementary
Table 1 gives the exact breakdown of sex per analysis.

APP/PS1 mice were crossed with the PERIOD2::LUCIFERASE
(PER2::LUC) mouse line (The Jackson Laboratory, 006852, mPer2Luc)
(Yoo et al., 2004). The PER2::LUC were on a C57B6 background. We
first crossed male APP/PS1 mice with female Per2Luc/Luc mice and
then the male offspring heterozygous for both the APP/PS1 and
Per2Luc were crossed with Per2Luc/Luc females. We used both APP/
PS1xPer2Luc/þ (heterozygous Per2Luc) and APP/PS1xPer2Luc/Luc

(homozygous Per2Luc) mice in experiments. A total of 25 (females ¼
11) were used at 6 months of age, and 14 (females ¼ 0) were used at
12 months of age. The APP/PS1xPer2Luc/þ and APP/PS1xPer2Luc/Luc

were heterozygous for APP/PS1.
All procedures involving experimental animals were approved

by the Canadian Council of Animal Care, the University of British
Columbia Committee on Animal Care, and the Simon Fraser Uni-
versity Animal Care Committee (permit 1106p-09).

2.2. Genotyping

DNA was extracted from mouse ear notches using the
RedExtract-N-Amp Tissue PCR kit (Sigma, Catalog # XNAT).

2.3. Circadian behavioral recordings

Mice were housed in standard mouse cages with bedding ma-
terials and a translucent orange igloo. Cages were contained within
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isolated cabinets, and locomotion was recorded using infrared
motion sensors monitored with Clocklab (Actimetrics). Lighting
was provided via LED lights placed on surrounding cabinet walls
above the cage with an average illuminance of 7 lux. Mice were
given access to food and water ad libitum, unless specified other-
wise. Cages were changed every 2 weeks during the dark phase to
minimize disturbances, except during restricted feeding experi-
ments when they were changed after food was removed. Repre-
sentative actograms from the various experiments are presented in
Supplementary Fig. S1.
2.4. EEG implantation

Mice were deeply anesthetized with isoflurane throughout the
procedure. A midline incision was made, and 4 burr holes were
manually drilled through the skull at the following coordinates
relative to bregma: AP: þ2 mm, ML: þ/� 1.5 mm and AP �4 mm,
ML þ/� 1.5 mm. Four stainless steel screw electrodes were inserted
through holes of a prefabricated EEG headmount (catalog number
8406-SL; Pinnacle Technology) and manually rotated into the pre-
drilled burr holes. The headmount was secured with a layer of
dental cement (catalog number 525000; A-M Systems, Sequim,WA,
USA). Two EMG electrode wires were inserted under the nuchal
muscles. Meloxicam (5 mg/kg, IP), buprenorphine (0.07 mg/kg, SC),
and lidocaine (7 mg/kg, SC along incision site) were used for anal-
gesia during surgery, and meloxicam and buprenorphine were
administered for 3 days postop. Lactated ringer (10 mL/kg) was
provided at the end of surgery and during postop if dehydration
was a concern. All mice were allowed to recover for at least 7 days
before EEG recordings.
2.5. EEG recordings

Mice were transferred to EEG recording cages, attached to
recording cables, and habituated for 2 days before recording EEG for
analysis. Mice were recorded using an in vivo EEG monitoring
system (8200-K1-SE3, 8236; Pinnacle Systems). Each mouse un-
derwent 72 hours of continuous EEG recording in a circular clear,
plexiglass recording cage and wasmaintained on a regular 12:12 LD
cycle with full access to food and water.
2.6. Circadian analysis

Circadian rhythm measures included phase of entrainment to
the 12:12 LD cycle, mean and peak activity levels, masking and
phase shifting responses to light, endogenous period in DD and LL,
rhythm amplitude change from LD to LL lighting conditions, and
rate of entrainment to shifted LD and scheduled mealtime. Circa-
dian analysis was conducted using Clocklab (Actimetrics) and
GraphPad Prism 7.0a (GraphPad Software Inc, La Jolla, CA, USA).
Onsets of nocturnal activity or premeal activity were determined by
experimenters blinded to genotype using Clocklab (Actimetrics) to
view data.

Relative amplitudes were calculated using Clocklab (Acti-
metrics), taking into consideration the 10 most active and 10 least
active hours on average for each mouse using the same 3-week
periods used in nocturnal activity onset determination. Relative
amplitude was calculated using the formula:

Relative Amplitude ðRAÞ ¼ M10 Avg � L10 Avg
M10 Avg þ L10 Avg

Where M10 Avg is the average activity in the most active 10 hours,
and L10 Avg is the average activity in the least active 10 hours.
2.7. Sleep analysis

Sleep stage and wake analysis and power spectra analysis
were completed on the final 24 hours of the EEG recordings. An
investigator, blinded to genotype, scored the 24 hours EEG
traces manually for wake and sleep using a 10-second epoch
duration and Sirenia Sleep Pro software (Pinnacle Technology).
The data were first analyzed using cluster scoring, evaluating
power by specific frequency bands (e.g., delta, theta, alpha, beta,
and gamma) for the EEG and EMG channels, to identify bouts of
sleep, wake, and transition periods. The scoring of each 10-
second epoch was then confirmed through visual inspection
by evaluating the recording and corresponding spectral plot.
Wake was defined by low-amplitude EEG, dominant EEG fre-
quency >4 Hz, and high-amplitude EMG. NREM sleep was
defined by high-amplitude EEG, dominant EEG frequency <4 Hz,
and low-amplitude EMG. REM was defined by a dominant fre-
quency between 4 and 8 Hz in the EEG recording, uniform EEG
waveforms, low-amplitude EMG, and occurring at a transition
from NREM to wake. An epoch was defined according to which
state was >50% of the 10- second epoch. The EEG recordings
were rated for clarity, and 5 mice were removed from the
analysis because of poor quality EEG signal or excessive artifact.
Percentage of time spent in each sleep or wake state was
calculated by dividing by total time (24 hours). Individual
epochs containing artifact were not included in the power
spectra analysis but were included in the estimates of time
spent in each state (i.e., each epoch that included artifact was
scored as wake, NREM, or REM). Percentage of time spent in
wake, NREM, and REM stages for the TG and WT were compared
using a 2-tailed unpaired t-test. Statistical significance was set
at p � 0.05. Power spectral analysis was completed by using Fast
Fourier Transform to decompose the EEG time series into a
voltage by frequency spectral graph, with power being the
square of the EEG magnitude, and magnitude being the integral
average of the amplitude of the EEG signal. Power data were
evaluated raw and also normalized as a percentage of the
accumulated power from 0.1 to 50 Hz. Statistical analyses were
performed using GraphPad Prism 7.0a (GraphPad Software Inc,
La Jolla, CA, USA). Statistical significance was determined by
2-way analysis of variance (ANOVA) and followed by post hoc
t-tests using the Bonferroni correction to compare specific
frequency bands when a significant interaction was observed.
All data are expressed as mean � standard error of the mean
(SEM).

2.8. Peripheral oscillator analysis

APP/PS1xPER2::LUC mice were sacrificed by rapid decapitation
between ZT 9 and 12, and the brains were rapidly extracted and
immediately chilled in 4C Hanks’ Balanced Salt Solution (HBSS).
Three hundred micro metre sections containing SCN were obtained
using a vibratome, and SCN was dissected out using a scalpel under
a dissection microscope. Samples of the liver, lung, stomach, and
spleen were dissected out concurrently with brain extraction and
vibratome sectioning. Dissected SCN were placed in 35 mm petri
dishes with 1 mL modified DMEM solution with beetle luciferin
(Yamazaki and Takahashi, 2005) on top of a Millipore cell culture
insert (PICMORG50). Peripheral tissues were maintained in the
same media without inserts. Luminescence was measured at
10 minute intervals using a LumiCycle 32 channel luminometer
(Actimetrics). Circular statistics were analyzed using the circular
package (v0.4e93) for R (v3.2.3).

See the Supplementary Section for additional methods detailing
immunohistochemistry.
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3. Results

3.1. APP/PS1 mice exhibit cortical Ab deposits at 7 months of age

The APP/PS1mousemodel used here has been shown to develop
Ab deposits at about 6 months of age, with levels accumulating by 9
months of age (Roh et al., 2012). We confirmed a similar accumu-
lation in our mouse line, with Ab staining increasing significantly
from7 to 10months of age in TG (p¼ 0.0006; Fig. S2).We also chose
these time points for histology because the onset of sleep abnor-
malities in this mouse model has been reported to occur between 6
and 9 months of age (Roh et al., 2012).

3.2. APP/PS1 mice exhibit a small but persistent delayed phase of
entrainment to LD

A feature of AD in humans is a delayed phase of entrainment,
marked by peaks of activity and core body temperature occurring
later in the day compared to healthy aging (Harper et al., 2001,
Fig. 1. Nocturnal activity onset in LD conditions for 21 days at 5e6 months (A), 9 month
5e6 months (E), 9 months (F), 12 months (G), and 19 months (H), corresponding to the same
Data are expressed as the mean � SEM. * p < 0.05, **p < 0.01, independent t-test. (For interpr
version of this article.)
2005; Satlin et al., 1995; Volicer et al., 2001). To examine the
phase of entrainment of activity rhythms, the timing of nocturnal
activity onset in WT and TG mice was quantified for at least
3 weeks at 4 age ranges (5e6, 9, 12, and 19 months of age). Onset
of nocturnal activity is shown in Fig. 1. Ages chosen represent
advancing stages of Ab accumulation. Activity onsets during the
3-week windows were averaged for each mouse before grouped
analysis. By 5e6 months, activity onset was delayed in TG mice (p
< 0.01, Fig. 1A and E). The delay persisted at 9 months (p < 0.01,
Fig. 1B and F) and 19 months (p < 0.05, Fig. 1D and H) of age. The
phase delay did not attain statistical significance at 12 months of
age (p ¼ 0.053, Fig. 1C and G), likely because fewer mice were
available for analysis at this time point, due to the various
lighting manipulations that were carried out. Of note, at
3e4 months of age, a subtle delay of activity onset was observed
in female, but not in male, TG mice compared to WT mice, sug-
gesting that the phenotype progression may differ by sex and
represents an area of potential interest for follow-up studies
(Fig. S3).
s (B), 12 months (C), and 19 months (D). Group mean and individual mouse data at
periods used in AeD. WT data are presented in black and TG data are presented in red.
etation of the references to color in this figure legend, the reader is referred to the Web
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3.3. The delayed phase of entrainment in APP/PSI mice is not caused
by differences in pacemaker period (s) or phase shift response to
light

A delayed phase of entrainment can be explained by a length-
ening of the endogenous period (s) of the circadian pacemaker
(Pittendrigh and Daan, 1976). To measure s, TG and WT mice were
held under DD conditions or LL conditions for 10 days. Fig. 2AeD
shows the s estimates obtained using c2 periodogram. Independent
Fig. 2. Periodicity estimates at 7.5 months under DD conditions (A), at 8 months under LL
conditions (D). The endogenous s (period) estimates were quantified using c2. Phase shifts an
minute light pulse 3 hours after activity onset. Activity onset at 7e8 months of age (I) and 2
gray regions correspond to lights-off (E, F, I, J). TG data are shown in red and the WT data
references to color in this figure legend, the reader is referred to the Web version of this a
t-tests revealed no statistically significant differences between ge-
notype at any age (p > 0.05).

Circadian rhythms entrain to daily LD cycles because the phase
of the SCN master pacemaker can be shifted by exposure to light at
pacemaker phases when environmental light is normally minimal
or absent (Pittendrigh and Daan, 1976). A delayed phase of
entrainment to LD cycles could thus occur if the pacemaker
responsivity to light at night is altered. Responsivity can be assessed
by measuring the size of phase shifts to a single brief exposure to
conditions (B), at 22 months under DD conditions (C), and at 22.5 months under LL
d activity onsets at 7e8 months of age (E, G) and 22 months of age (F, H) following a 15-
2 months of age (J) before and after a 6-hour phase advance in the LD schedule. Shaded
are shown in black. Data are expressed as the mean � SEM. (For interpretation of the
rticle.)
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light in mice free-running in DD. TG and WT mice were therefore
maintained in DD for at least 48 hours and then exposed to a 15-
minute light pulse 3 hours after the previous dark phase onset.
Light induced phase shifts were assessed at 7e8 months and
22months of age (Fig. 2EeH). Phase shifts were quantified by fitting
a regression line to activity onsets on the 7 days following the day of
the light pulse and comparing the difference between the activity
onset on the day of the light pulse and the projected activity onset
on the following day. Independent t-tests revealed no statistically
significant differences between genotype at any age (p > 0.05;
Fig. 2G and H).

Another way to assess pacemaker responsivity to light is to shift
the LD cycle towhichmice are entrained andmeasure the rate of re-
entrainment. To examine rate of re-entrainment, the LD cycle was
advanced 6 hours, Fig. 2I and J shows the onset of nocturnal activity
at 7e8 months and 21 months of age. Activity onsets were deter-
mined by experimenters blind to genotype using Clocklab data
analysis software to display actograms. Independent t-tests
revealed no differences between genotypes in the time of activity
onset on any day after the 6 hours LD advance, or in the number of
days required for onsets to realign with lights off (all p > 0.05).

3.4. The delayed phase of entrainment in APP/PSI mice is not
associated with the level and/or timing of activity at night

Although environmental light is the primary stimulus by
which circadian rhythms entrain to local time, some nonphotic
stimuli, including spontaneous or stimulated locomotor activity
(exercise), can shift circadian phase, modulate s in DD, or alter the
phase of entrainment to LD (Webb et al., 2014). These studies
indicate that in mice, spontaneous locomotor activity early in the
night tends to phase advance the circadian pacemaker, whereas
activity later in the night delays the pacemaker. It is therefore
possible that the delayed phase of LD entrainment in TG mice is
caused by changes in the intensity or timing of nocturnal loco-
motion. There was no statistically significant difference in total
daily activity at any time point (Fig. 3AeD). Interdaily stability
(IS), a measure of day-to-day variability in the phase relationship
between the rest-activity rhythm and the external LD cycle
(Witting et al., 1990), was also calculated for each mouse to
explore whether the phase difference between genotypes was
due to stability of entrainment. At all 4 time points, there was no
significant difference in IS (all p >0.05).

Nocturnality was assessed (Fig. 3EeH) following visual inspec-
tion of the group activity waveforms, which suggested that the TG
mice, compared to WT mice, may express a greater proportion of
nocturnal activity during the second half of the night (Fig. 3IeL).
Nocturnality ratio was quantified by calculating the ratio of activity
in the first 6 hours of the night to activity in the second 6 hours of
the night, at 5e6 months (Fig. 3E), 9 months (Fig. 3F), 12 months
(Fig. 3G), and 19 months (Fig. 3H) of age. Independent t-tests
revealed that there was no statistically significant difference in the
distribution of nocturnal activity between genotypes at the
5e6 month and 12-month time points (all p > 0.05). There was a
statistically significant difference in the nocturnal distribution of
activity detected at 9 months (p < 0.05) and 19 months of age (p <

0.001), with TG mice being more active in the latter 6 hours of the
dark phase compared to WT mice (Fig. 3F and H).

3.5. The delayed phase of entrainment in APP/PS1 mice is not
caused by differences in acute (“masking”) effects of light on activity

Nocturnal activity onset in WT mice anticipated lights-off by
15 minutes on average, whereas TG mice on average did not
become active until after lights off (Fig. 1). In nocturnal rodents,
light suppresses activity (“negative masking”) and dark stimulates
activity (“positive masking”). It is therefore possible that the delay
of activity onset in the TG mice reflects an enhanced negative
masking effect of light. To test this hypothesis, mice at 7 months of
agewere exposed to a 2:2 LD cycle (lights on for 2 hours, then off for
2 hours) for 24 hours (Fig. 3MeN). Light exposure at night markedly
suppressed activity in the TG and WT mice, and there were no
significant differences between genotype in any 2 hour block at
7 months of age (Fig. 3O, all p > 0.05).

3.6. Delayed phase of entrainment in APP/PS1 mice is not caused by
loss of retinal melanopsin

Melanopsin-expressing retinal ganglion cells are intrinsically
photoreceptive, project to the SCN pacemaker, and are required for
pacemaker responses to light (La Morgia et al., 2017; Reppert and
Weaver, 2002). There is 1 report of reduced melanopsin expres-
sion in postmortem analysis of retinas from patients with AD (La
Morgia et al., 2016), and 1 report of reduced expression in APP/
PSI mice (Perez et al., 2009). Immunocytochemical staining of ret-
inas from mice used in the present study yielded no evidence for a
reduction in melanopsin expression in TG mice compared to WT
mice at 7 months or 10 months of age (p> 0.05, Fig. S4). These time
points were chosen for histology because sleep abnormalities in
this mousemodel were previously reported to occur between 6 and
9 months of age (Roh et al., 2012).

3.7. The delayed phase of entrainment in APP/PS1 mice is not
associated with a change in amplitude of activity rhythms under LD
conditions

Another prominent feature of circadian rhythms in humanswith
AD is fragmentation and reduced amplitude of the rest-activity
rhythm (e.g., more sleep/rest in the day and more wake/activity
at night). To quantify amplitude of daily activity rhythms measured
by the infrared motion sensors, we used the 3-week blocks of ac-
tivity data at each of the 4 time points used above in nocturnal
activity onset determination. Relative amplitude estimates are
presented in Supplementary Fig. S5. There was a statistically sig-
nificant difference in amplitude between TG andWTat 5e6months
(Fig. S5A) but not at 9 months (Fig. S5B), 12 months (Fig. S5C), or
19 months (Fig. S5D) of age (p > 0.05).

3.8. Measures of behavioral state fragmentation are not altered in
APP/PS1 mice

Activity in mice is not continuous throughout the night but
occurs in bouts alternating with brief periods of rest. Bouts also
occur during the day. Procedures that reduce circadian amplitude
(e.g., long-term exposure to constant light) or eliminate circadian
rhythms (e.g., SCN ablation) typically increase the daily number and
decrease the duration of activity bouts. This may also be associated
with an increase in the power of ultradian (<24 hours) rhythmic
components in rest-activity data, particularly at harmonics of the
circadian period. To quantify bout number and duration, the
Clocklab algorithm was applied to the 3-week blocks of data at
5e6 months, 9 months, 12 months, and 19 months of age (Fig. S6).
There were no statistically significant differences between TG and
WT in activity bout number or duration (p > 0.05). Results of
Clocklab analysis are summarized in Supplementary Fig. S6.

To quantify ultradian rhythmicity, the Lomb Scargle periodo-
gramwas applied to the 3-week blocks of activity data at each of the
4 time points (5e6 months, 9 months, 12 months, and 19months of
age; Fig. S7). There were no statistically significant differences



Fig. 3. Total daily activity in APP/PS1 mice at 5e6 months (A), 9 months (B), 12 months (C), and 19 months (D) of age. Nocturnality in APP/PS1 mice at 5e6 months (E), 9 months (F),
12 months (G), and 19 months (H) of age. Raw activity across 24 hours under LD conditions for 21 days at 5e6 months (I), 9 months (J), 12 months (K), and 19 months (L) of age.
Masking test (2:2 LD) at 7 months of age (MeO). Raw activity counts under 12:12 LD conditions and 2:2 masking conditions for WT (M) and TG (N). Normalized activity counts
comparing WT and TG activity under 12:12 and 2:2 LD conditions (O). TG data are shown in red and the WT data are shown in black. Data are expressed as the mean � SEM.
* p < 0.05, **p < 0.01, independent t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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between TG and WT in ultradian rhythmicity. The results are
summarized in Supplementary Fig. S7.

The same 3-week blocks were also used to calculate intradaily
variability (IV), a measure of behavioral fragmentation. No signifi-
cant differences in IV were detected at any of the 4 time points
studied (all p > 0.05, data not shown).

3.9. Synchrony among peripheral oscillators is not impaired in
APP/PS1xPER2::LUC mice at 6 and 12 months of age

SCN pacemaker outputs coordinate the timing of circadian os-
cillators embedded in most peripheral organs and tissues. Local
oscillators in turn drive daily rhythms of organ functions and out-
puts (e.g., metabolic hormones and neural autonomic signals),
some of which may directly or indirectly affect SCN timing.
Therefore, it is possible that changes in the phase or amplitude of
circadian rhythms in patients with AD are due to changes in the
timing of peripheral oscillators relative to the SCN pacemaker. To
investigate whether the circadian behavioral phenotype in APP/PS1
mice was associated with changes in alignment between the SCN
pacemaker and peripheral clocks, we created a novel mouse line by
crossing the APP/PS1 and PER2::LUC mouse models. By measuring
timing of PER2::LUC bioluminescence in explanted SCN, lung,
spleen, stomach, and liver, we were able to assess potential effects
of the APP/PS1 transgenes on internal circadian synchrony. The
phase of oscillations was determined by the timing of the first peak
after 24 hours in culture. Fig. 4 shows the peak bioluminescence in
each of the tissues sampled in the TG and WT mice at 6 and
12 months of age. Circular variances, which reflect the variation in
the angles about the mean phase angle, were computed for each
individual mouse (Fig. 4C). Only mice with detectable circadian
Fig. 4. PER2::LUC bioluminescence in various tissues of APP/PS1xPER2::LUC mice. (A) Circu
Each dot represents peak bioluminescence for 1 mouse relative to time of lights-on in the co
inversely proportional to the circular variance of the data. (B) Phase diagrams of peak biolu
x-axis is hours since lights-on (ZT0) on day of sacrifice. (C) Circular variances of individual m
mean � SEM. (For interpretation of the references to color in this figure legend, the reader
oscillations in every sampled tissuewere included.We excluded the
liver from this particular analysis because n ¼ 9 were arrhythmic.
Mann-Whitney tests indicated no difference in circular variance
between PER2::LUC and APP/PS1xPER2::LUC at 6 months (U ¼ 59,
p ¼ 0.320) or 12 months (U ¼ 22, p ¼ 0.805) of age. Representative
PER2::LUC bioluminescence in the SCN and spleen are shown in
Supplementary Figure S8.

3.10. APP/PS1 mice do not exhibit altered food-anticipatory activity

The SCN controls the timing of circadian oscillators in peripheral
tissues in part by generating a daily rhythm of food intake. In
nocturnal rodents, most eating occurs at night, and metabolic
rhythms and organ functions are synchronized accordingly. If food is
made available only during the light period, the normal fasting
phase, most peripheral oscillators dissociate from the SCN and shift
to realignwith daytime food intake. An SCN-independent behavioral
rhythm of food-anticipatory activity also emerges (Mistlberger,
2009). To determine whether the APP/PSI transgenes alter the
response of the circadian system to a shift of mealtime, mice at
9.5 months and 19 months of age were gradually introduced to
daytime feeding by alternating bouts of 18 hours of food deprivation
starting at lights-off with 30 hour bouts of food access starting in the
middle of the 12 hour light period (6 hours after lights-on). After 4
cycles on this regimen, food availability was limited to hours 6e12 of
the light period. This was gradually reduced to 4 hours (hours 6e10
of the light period). Circadian rhythms of food-anticipatory activity
were quantified by calculating the fraction of total daily activity,
recorded by infrared motion sensors that occurred in the 4 hours
immediately preceding the meal (Fig. 5). Independent t-tests
revealed no statistically significant differences between genotype in
lar diagrams of the first peak of PER2::LUC bioluminescence after 24 hours in culture.
lony room (ZT0). Arrow direction corresponds to mean phase angle. Arrow lengths are
minescence for mice shown in A. Each color corresponds to an individual mouse. The
ice. TG data are shown in red and WT data are shown in black. Data are expressed as the
is referred to the Web version of this article.)



Fig. 5. Food-anticipatory activity (FAA) trajectory at 9.5 months age (A) and 19 months of age (B), following 1e4 weeks of a restricted feeding schedule. Food-anticipatory activity at
9.5 months (CeF) and 19 months of age (GeJ), following 1e4 weeks of a restricted feeding schedule. The feeding windows are represented by the green shading. TG data are shown
in red and the WT data are shown in black. Data are expressed as the mean � SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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the food anticipation ratio during weeks 1e4 of restricted feeding at
either age (Fig. 5A and B, all p > 0.05). Fig. 5CeJ shows cage activity
across the 24 hour day, recorded by infrared motion sensors. Inde-
pendent t-tests revealed no statistically significant differences be-
tween genotype during weeks 1e4 of restricted feeding at either age
(all p > 0.05).

3.11. The EEG power spectra shifts to higher frequencies in APP/PS1
mice at 12 months of age

To evaluate whether sleep was affected in the APP/PS1 mouse
model, mice were fitted with cranial implants of EEG/EMG
electrodes. The final 24 hours of EEG recordings were examined to
assess whether there were state-dependent EEG power spectra
shifts associated with genotype. Fig. 6 shows the normalized power
spectra for wake (Fig. 6A), NREM (Fig. 6B), and REM (Fig. 6C) states.
Two-way ANOVAs revealed statistically significant interactions
between genotype and frequency on power density for wake (p ¼
0.0007, F [50, 510] ¼ 1.83) and NREM (p < 0.0001, F [50, 510] ¼
9.254) but not for REM (p > 0.05).

To examine which frequency bands were specifically affected,
the normalized power spectra from the 24 hour recordings were
binned into delta (0.1e4.0 Hz), theta (4.1e8.0 Hz), alpha
(8.1e13 Hz), beta (13.1e30 Hz), and gamma (30.1e50 Hz)



Fig. 6. EEG normalized power spectra of the APP/PS1 mouse model and WT mice at 12 months of age for wake (A), NREM (B), and REM (C) states. Data expressed as percent of total
power across frequencies 0.1e50 Hz. ** p < 0.01, *** p < 0.001 interaction, 2-way ANOVA. Power band comparison for delta (0.1e4 Hz), theta (4e8 Hz), alpha (8e13 Hz), beta
(13.1e30 Hz), and gamma (30.1e50 Hz) frequency bands during wake (D) and NREM (E) states. TG data are shown in red and the WT data are shown in black. * p < 0.05, ** p < 0.01,
independent t-test. No differences between genotypes in the percentage of time spent awake, in NREM, or in REM stages over a 24-hour period (F). * p < 0.05, ** p < 0.01, in-
dependent t-test. TG data are shown in red and the WT data are shown in black. All data are expressed as mean � SEM. n ¼ 6/group. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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frequency bands. Only the power spectra that showed statistically
significant interactions between genotype and frequency were
evaluated at specific frequency bands. Fig. 6 shows the power
band comparisons for wake (Fig. 6D) and NREM (Fig. 6E). During
wake, independent t-tests showed a significant increase in beta
power in TG compared to WT (p ¼ 0.0013, t ¼ 4.425, df ¼ 10) but
not in the other bands (p > 0.05). During the NREM state, inde-
pendent t-tests showed significant differences in the delta
(decreased in TG; p ¼ 0.0080, t ¼ 3.299, df ¼ 10), alpha (increased
in TG; p ¼ 0.0050, t ¼ 3.583, df ¼ 10), and beta (increased in TG;
p ¼ 0.0103, t ¼ 3.151, df ¼ 10) bands but not in the theta or
gamma bands (p > 0.05).

To examine whether the state-dependent EEG power spectra
shifts were also observed in the raw, non-normalized power
spectra, the power spectra for the TG and WT were compared for
wake, NREM, and REM states. Supplementary Fig. S9 shows the raw
power spectra. Two-way ANOVAs revealed a statistically significant
interaction between genotype and frequency on raw power for the
NREM state (p < 0.0001, F (50, 510) ¼ 2.566) but not for wake or
REM states (p > 0.05).

To evaluate whether the reduced slow-wave activity was due to
changes in total time spent asleep, we assessed the amount of time
spent in wake, NREM, and REM states during the final 24 hours of
the EEG recordings (Fig. 6F). TG and WT were compared using in-
dependent t-tests. Therewere no statistically significant differences
between TG and WT for the amount of time spent in wake, NREM,
or REM stages (p > 0.05). The reduced slow-wave activity was not
due to changes in total sleep time.
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4. Discussion

There is growing evidence that changes in circadian rhythms
and sleep occur early in AD, and the underlying mechanisms
leading to these changes may offer insight into the disease patho-
physiology and the development of novel therapeutic in-
terventions. To model these disease mechanisms, we pursued a
detailed analysis of an ADmouse model previously shown to have a
sleep and circadian phenotype (Roh et al., 2012).

The mice were examined from 5 to 22months of age using a mix
of both longitudinal and cross-sectional experimental designs. The
TG developed Ab plaques by 7 months of age and exhibited a small
and persistent delay in onset of daily nocturnal physical activity by
5 months of age. The delayed phase of entrainment to LD is remi-
niscent of findings from human patients with AD who exhibit a
delayed phase in daily rhythms of activity and core body temper-
ature (Harper et al., 2001, 2004, 2005). To investigate the mecha-
nism underlying the delayed angle of entrainment in the APP/PS1
mouse model, we assessed a comprehensive set of circadian mea-
sures including differences in endogenous period length (s), total
daily activity, and light sensitivity through responses to a light pulse
or phase advance in the LD schedule. None of these measures
revealed differences between TG and WT mice. To assess circadian
dynamics outside the SCN, we evaluated synchrony of select os-
cillators in the APP/PS1xPER2:LUC mouse model but found no dif-
ferences between TG and WT. We also found no differences in rate
of food entrainment between TG andWT mice. Taken together, it is
unclear what is causing the delayed phase of entrainment in this
mouse model. Because there is no evidence for any change in clock
input or endogenous period (s), it is possible that there are changes
in clock output, such as a change in coupling between SCN and
secondary oscillators downstream, beyond those examined here,
that regulate more directly the rest-activity cycle.

In addition to evaluating circadian rhythmicity, we also evalu-
ated sleep in the APP/PS1 mouse model. There were no differences
between TG and WT in time spent in wake, NREM, or REM states;
however, the TG exhibited a shift in EEG power spectra to higher
frequencies, with a significant reduction in the slow-wave delta
power during NREM sleep compared to WT. Interestingly, these
findings are consistent with our previous work using the congenic
APPswe/PS1dE9 mouse model, which also demonstrates reduced
delta power in NREM sleep (Kent et al., 2018). Future studies will be
required to fully elucidate the relationship with these state-
dependent quantitative EEG findings in rodents and reports of
reduced slow-wave sleep observed in human patients with AD
(Bliwise et al., 1989; Hot et al., 2011; Loewenstein et al., 1982; Prinz
et al., 1982; Vitiello et al., 1990). Reduced delta power during NREM
may represent a sensitive and potentially modifiable measure of
disrupted sleep in AD.

Previous research examining circadian rhythms and sleep in this
model has been limited. Otalora et al. (2012) reported higher levels
of activity in the APPSWE/PS1dE9, compared to theWT (Bano Otalora
et al., 2012). The TG mice did not show any differences compared to
WT in free-running period or in time to re-entrain after a 6 hour
phase advance in the LD cycle (Bano Otalora et al., 2012). These
findings are similar to what we show here; however, in their study,
there was no difference in activity onset between the TG and WT,
which is in contrast to the delay in activity onset observed in our
cohorts. Disturbances in sleep regulation in APPSWE/PS1dE9 mice
have been reported in another study inmice aged 6e9months (Roh
et al., 2012) in which TG mice exhibited marked disruption of the
sleep-wake cycle, characterized as increased wakefulness and re-
ductions in both REM and non-REM sleep (Roh et al., 2012). This
study only assessed daily activity for 2 days and also did not eval-
uate circadian parameters. In our study, the EEG recordings did
show a trend toward more wakefulness but was not statistically
significant. It is possible that the amount of wakefulness or the time
spent in specific sleep stages is affected at a later age not tested
here.

Jyoti et al. (2010) examined a similar model, the APPSWE/
PS1A246E, and saw no changes in circadian behavior but only eval-
uated daily rhythms in activity for 5 days in LD, without any other
probes to evaluate circadian parameters (Jyoti et al., 2010). Themost
striking effect from their studywas that at 5months of age, the APP/
PS1 mice exhibited higher activity levels than WT controls, and at
5 months and 20 months of age, they exhibited more wakefulness
and less NREM sleep (Jyoti et al., 2010). A phase delay in activity
onset was reported in another APP/PS1 model (APPNLH/PS1P264L)
(Duncan et al., 2012). In that study, the transgenic mice exhibited
phase delays of w2 hours in the onset of wakefulness bouts
measured by piezoelectric recordings (Duncan et al., 2012). Inter-
estingly, the effect of genotype on activity onset was not detected in
the activity data collected via running wheels (Duncan et al., 2012),
highlighting how experimental design can greatly affect assay
sensitivity.

In addition to phenotyping the APP/PS1 mouse model, we also
created a novel mouse model by crossing APP/PS1 mice with the
PER2::LUC model, enabling us to evaluate circadian synchrony of
PER2 expression in several tissues. Uncoupling or misalignment
among peripheral oscillators would cause similar behavioral
symptoms to a dampening of SCN processes but would require
different interventions to correct. Previous work suggests that AD
pathology may affect peripheral synchrony (Cermakian et al., 2011;
Chauhan et al., 2017; Chen et al., 2014; Kent, 2014). For example, a
drosophila model that expresses human Ab was found to exhibit
progressive behavioral arrhythmia, despite the normal oscillation of
the central molecular clock, suggesting a failure of the central clock
to entrain downstream peripheral oscillators (Chen et al., 2014).
Furthermore, a human postmortem study looked at clock gene
expression in various brain structures and found that individuals
with AD exhibited marked phase shifts in brain structures outside
the SCN, suggesting reduced synchronization (Cermakian et al.,
2011). Ab has also been found to have effects on peripheral circa-
dian clocks in human fibroblasts (Wilkaniec et al., 2016). Taken
together these results indicate that some sources of circadian
disruption in AD may lie outside the central clock; however, APP/
PS1xPER2::LUC mice showed no differences in synchrony between
the 4 extra-SCN oscillators examined here at 6 months and
12 months of age.

Despite the lack of evidence for internal desynchrony in APP/PSI
mice, our screen was limited to 4 peripheral tissues, and it remains
possible that coupling between the SCN and local oscillators else-
where in the brain and body is disrupted. Peripheral clocks not
examined here could be important, such as timing in the hippo-
campus and other brain regions. Local circadian oscillators are
present in numerous brain regions, but oscillations in these tissues
are less robust in vitro and more likely to be reset by the explant
procedure, making assessment of internal synchrony more difficult.
Furthermore, given the progressive nature of the APP/PS1 mouse
model, it is possible that internal synchrony becomes altered at a
later age not tested here.

An important limitation of the present study is that it was not
powered to investigate sex differences. As noted in Figure S3, at
3e4 months of age, we observed a delay of activity onset in female,
but not in male TG mice, suggesting that phenotypes may show up
earlier and be more pronounced in females. The EEG analysis was
only assessed in females, so future studies should assess whether
the same shift in power spectra is observed in male APP/PS1 mice.
On a similar note, at 9.5 months of age, the TG appear to have a
drastic increase in activity when food is presented and when lights
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go off compared to WT mice (Fig. 5CeF). This is something that we
cannot explain but is driven by 3 male mice (see Supplementary
Fig. S1G-H for actograms). This mouse model has been reported
to exhibit higher levels of activity (Bano Otalora et al., 2012),
although we did not see higher activity in the TG in our cohorts
when they were under ad lib feeding conditions. Because of the
small sample sizes, we are not able to draw conclusions about sex
differences, but this is something that could be explored in future
studies.

Finally, it is important to note that the APP/PS1 mouse model
only approximates the progressive Ab accumulation seen in AD, and
not the other pathological hallmarks, including neurofibrillary
tangles and neurodegeneration. Transgenic mouse models are
thought to best model the earliest stages of AD before widespread
synaptic loss. Insofar as the sleep and circadian disturbances asso-
ciated with AD occur later in the disease course, or involve mech-
anisms unique to human pathophysiology, these mechanisms may
be difficult to elucidate using transgenic mouse models.

5. Conclusions

Overall, the APP/PS1 mouse model exhibits a subtle circadian
phenotype. The slight but persistent delay in phase of entrainment
to LD is similar to the delay in activity and temperature rhythms
identified in patients with AD, but as these changes do not worsen
with age in APP/PS1 mice, progressive Ab accumulation is unlikely
to drive this phenotype. There were also no other profound effects
of the transgenes on the numerous circadian parameters explored.
Although the mechanisms underlying impairments in circadian
rhythmicity in AD remain of significant interest, the lack of a robust
and progressive central or peripheral circadian phenotype across
ages suggest that the current APP/PS1 mouse model may not be the
optimal preclinical model to further evaluate these important
mechanisms. Emerging data suggest that changes in slow-wave
sleep may be directly linked to Ab pathophysiology, and our find-
ings indicate that quantitative EEG represents a sensitive measure
of sleep quality that can be consistently modeled in APP/PS1 mice.
Future studies are required to assess the value of quantitative EEG
across the human AD spectrum, preferably through ambulatory
EEG monitoring.
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