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Abstract

Study Objectives: Accumulating evidence suggests a strong association between sleep, amyloid-beta (Ap) deposition, and Alzheimer’s disease
(AD). We sought to determine if (1) deficits in rest-activity rhythms and sleep are significant phenotypes in J20 AD mice, (2) metabotropic
glutamate receptor 5 inhibitors (mGluR5) could rescue deficits in rest-activity rhythms and sleep, and (3) Af levels are responsive to treatment
with mGIuR5 inhibitors.

Methods: Diurnal rest-activity levels were measured by actigraphy and sleep-wake patterns by electroencephalography, while animals were
chronically treated with mGIuRS5 inhibitors. Behavioral tests were performed, and A levels measured in brain lysates.

Results: J20 mice exhibited a 4.5-h delay in the acrophase of activity levels compared to wild-type littermates and spent less time in rapid
eye movement (REM) sleep during the second half of the light period. J20 mice also exhibited decreased non-rapid eye movement (NREM)

delta power but increased NREM sigma power. The mGluR5 inhibitor CTEP rescued the REM sleep deficit and improved NREM delta and sigma
power but did not correct rest-activity rhythms. No statistically significant differences were observed in A levels, rotarod performance, or the
passive avoidance task following chronic mGluRS inhibitor treatment.

Conclusions: J20 mice have disruptions in rest-activity rhythms and reduced homeostatic sleep pressure (reduced NREM delta power).
NREM delta power was increased following treatment with a mGluR5 inhibitor. Drug bioavailability was poor. Further work is necessary to
determine if mGIuRS is a viable target for treating sleep phenotypes in AD.

Statement of Significance

Sleep disruption is emerging as an important risk factor as well as the phenotype of neurological diseases including Alzheimer’s disease.
This study is novel in determining alterations in the rest-activity rhythm and sleep-wake pattern of J20 Alzheimer’s disease mice and wild-
type littermates. Specifically, there is a delay in acrophase with prolonged hyperactivity during the dark cycle and reduced sleep pressure
that was improved by treatment with mGIuRS inhibitor. Critical remaining knowledge gaps and future directions include testing the effects
of Alzheimer’s disease drugs on the rescue of sleep and rest-activity patterns in other Alzheimer’s disease models. These studies are rele-
vant to human Alzheimer’s disease as monitoring sleep phenotypes may predict disease risk, and therapies that normalize sleep patterns
may slow progression.
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Introduction

Alzheimer’s disease (AD) is the sixth most common cause of
death in the United States, afflicting approximately 5.4 million
Americans, and presents a tremendous emotional and financial
hardship on patients and caregivers. AD is a progressive form
of dementia characterized histologically by amyloid-beta (Ap)
plaques, neurofibrillary tangles, and neuronal cell death. In a
small percentage of cases, AD is directly associated with spe-
cific genetic mutations in amyloid-beta protein precursor (APP)
(chromosome 21), presenilin 1 (chromosome 14), or presenilin
2 (chromosome 1); however, in the vast majority of cases, the
cause of the disease is unknown. Patients experience memory
loss, impaired judgment, cognitive dysfunction, the inability to
perform everyday tasks, and behavioral problems. There are cur-
rently no cures for AD, which provides a strong impetus to dis-
cover novel therapeutic strategies for treatment and improved
outcome measures to bridge preclinical and clinical research.

Deterioration of rest-activity cycles is a progressive pheno-
type in patients with AD in whom reported sleep disturbances
include increased nocturnal awakenings, decreased duration
of rapid eye movement (REM) sleep, and diminished slow-wave
sleep [1-5]. There is now evidence that rest-activity rhythm frag-
mentation and sleep disturbances may precede the onset of
AD and drive disease pathology [6, 7]. Restlessness, agitation,
irritability, and/or confusion worsen in the late afternoon and
evening and last into the night with less pronounced symp-
toms earlier in the day. Thus, we asked if an AD mouse model
exhibited altered diurnal rest-activity patterns as determined
by actigraphy. We assessed electroencephalogram (EEG)-based
sleep-wake patterns to examine correlations between actigraphy
and EEG readouts. And, we determined whether any aberration
in AD mice could be rescued by modulation of metabotropic glu-
tamate receptor 5 (mGluR5) signaling.

Two classes of drugs, cholinesterase inhibitors (donepezil,
rivastigmine, and galantamine) and NMDA receptor antagonists
(memantine), are currently approved by the FDA to treat cog-
nitive symptoms of AD. These drugs act on healthy neurons to
compensate for lost acetylcholine activity or modulate NMDA
receptor activity, respectively. They improve the cognitive ability
for a year or less but do not reduce Ap or neurofibrillary tangle
accumulation and subsequent disease progression. Af} immuno-
therapy has proven to be very effective in reducing soluble AB,
amyloid plaque, and soluble tau as well as associated cognitive
decline; however, there are questions about safety and it is only
experimental at this point [8-11].

An alternative, viable therapeutic target for the treatment
of AD may be mGIuR5 inhibitors. There is a strong rationale
for studying mGIuR5 inhibitors in AD models. mGIuR5 is a
glutamate-activated, G-protein-coupled receptor widely ex-
pressed in the central nervous system and clinically investigated
as a drug target for a range of indications including depression,
Parkinson’s disease, and fragile X syndrome (FXS). Amyloid pro-
tein precursor (APP) synthesis is regulated through a mGIluR5-
dependent signaling pathway [12, 13]. The knockout of mGIuR5
in APP_, /PSIAE9 AD mice reduces spatial learning deficits, Ap
oligomer formation, and Af} plaque number [14]. Treatment with
mGluR5 inhibitors reduces APP and A levels and improves
memory and cognitive function in mouse models of AD [15-17].
Herein, we test the effects of mGIuR5 inhibition on rest-activity
rhythms, sleep, locomotor ability, learning and memory, and Ap
levels in J20 mice.

The J20 mouse model is an established rodent model for the
study of AD that expresses the human amyloid protein pre-
cursor (hAPP) gene containing both the Swedish and Indiana
familial mutations. J20 mice exhibit greatly exacerbated ApB
production and cognitive deficits [18]. The inclusion of flanking
sequences in the transgenic construct is expected to affect
posttranscriptional regulation of the APP gene and more closely
mimic normal temporal and spatial expression of APP and me-
tabolites [19]. Herein, we show that J20 mice exhibited a pro-
nounced 4.5-h shift in acrophase (peak activity levels) during
the dark phase of the diurnal cycle and reduced sleep homeo-
static pressure as measured by non-rapid eye movement (NREM)
delta power. Treatment with mGluRS5 inhibitors did not change
rest-activity rhythms but CTEP (2-chloro-4-((2,5-dimethyl-1-(4-
(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine)
improved NREM delta power with the caveat that therapeutic
levels of CTEP were not reached.

Methods
Mouse husbandry

The J20 (B6.Cg-Tg[PDGFB-APPSwInd]20Lms/2Mmjax) mouse
model of AD expresses a mutant version of hAPP carrying both
the Swedish (K670N/M671L) and the Indiana (V717F) mutations
directed by the human PDGFB promoter. Hemizygous male
J20 mice were purchased from Jackson Laboratories (catalog
#006293) and mated with C57BL/6] female mice (Jackson
Laboratories, catalog #000664) to generate J20 and wild-type
(WT) littermates. Mice were group-housed in microisolator
cages on a 06:00 am-06:00 pm light cycle with ad libitum ac-
cess to food (Teklad 2019) and water. Mouse ages and treatments
for specific experiments are defined in the figure legends. The
bedding (Shepherd’s Cob + Plus, % inch cob) contained nesting
material as the only source of environmental enrichment. Drug
dosing and testing were conducted in multiple seasons. All
animal husbandry and euthanasia procedures were performed
in accordance with the National Institutes of Health and an ap-
proved University of Wisconsin-Madison IACUC animal care
protocol. J20 genotypes were determined by PCR analysis of
DNA extracted from tail biopsies with HotStarTagq polymerase
(Qiagen, catalog #203205) and Jackson Laboratories’ primer
sequences oIMR2044 (transgene forward; 5-GGT GAG TTT GTA
AGT GAT GCC-3) and oIMR2045 (transgene reverse; 5-TCT TCT
TCT TCC ACC TCA GC-3) targeted at the APP,, - transgene (360
base pair [bp] PCR product) and oIMR8744 (internal positive con-
trol forward; 5'-CAA ATG TTG CTT GTC TGG TG-3’) and oIMR8745
(internal positive control reverse; 5'-GTC AGT CGA GTG CAC AGT
TT-3’), which produce an internal positive control PCR product
of 200 bp. J20 mice exhibited a premature mortality pheno-
type (Supplementary Figure S1), which is consistent with prior
studies in Tg2576 [20].

Drug preparation and chronic dosing

Method 1, adult mice. The drugs fenobam (gift from FRAXA
Research Foundation), 37.5 mg, and CTEP (2-chloro-4-((2,5-
dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)
ethynyl)pyridine) (MedChem Express, catalog #HY-15445), 5 mg,
were transferred into an IKA Ball-Mill Tube BMT-20-S containing
10 stainless steel balls with 7.5 mL 0.9% NacCl, 0.3% Tween-80.
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Drug and vehicle were mixed on low velocity for 1 min and
high-velocity setting #9 for 5 min. Additional vehicle (7.5 mL)
was added and the drug was mixed on high-velocity setting #9
for 5 min. Fenobam stock was 2.5 mg/mL. CTEP was further di-
luted with 9.75 mL vehicle resulting in final drug concentrations
of 0.2 mg/mL CTEP. Vehicle and drugs were frozen in single-use
aliquots at -20°C. Mice were dosed once daily with fenobam and
once every other day with CTEP at 400 pL per 40 g body weight
by oral gavage with 22g 1.4-inch feeding needles with ball ends
(Kent Scientific, catalog #FNC-22-1.5). Final drug concentrations
were 24 mg/kg fenobam and 2 mg/kg CTEP. Mice were typically
dosed midway through the light cycle (11:00 am-01:00 pm).
Method 2, aged mice. CTEP (10 mg) was dissolved in 200 pL. DMSO
and aliquots at 50 mg/mL were frozen at -20°C. On the day of
use, 40 pL of CTEP was mixed with vehicle (1 wt% Hypromellose
[HPMC], Sigma catalog #H3785 and 1 wt% Tween-80) in an IKA
Ball-Mill Tube BMT-20-S containing 10 stainless steel balls as de-
scribed above to a final concentration of 0.2 mg/mL CTEP. Mice
were dosed at 2 mg/kg by oral gavage.

Neuroassessment

Mice underwent an abbreviated Irwin murine neurobehavioral
screen, including weekly weight measurements, at the begin-
ning and end of the drug dosing regimen (Supplementary Tables
S1and S2) [21-23].

Actigraphy

Rest-activity rhythms were assessed under standard lighting
conditions in home-made Plexiglas chambers containing
passive infrared sensors mounted on the underside of the lids
[24, 25]. The dimensions of the transparent cylindrical Plexiglas
chambers were 6-inch diameter x 10-inch height. Mice were in-
dividually housed during actigraphy with access to food and
water. Each gross movement of the animal was recorded as an
activity count with VitalView acquisition software (Minimitter
Inc., Bend, OR). Activity counts were binned in 60-s epochs and
scored on an activity scale (0-50) over a 3- to 9-day period. Data
were analyzed with ACTIVIEW Biological Rhythm Analysis soft-
ware (Mini Mitter Company, Inc.). A chi-square periodogram
method was used to determine the diurnal rest-activity period.

EEG sleep analysis

Mice (age 11-12 months old) were recorded in sleep-wake pat-
terns using electroencephalographic monitoring. For EEG elec-
trode implantation surgery (day 1), anesthesia was induced with
5% isoflurane and maintained at 1%-2% in oxygen flowing at
0.5-1 L/min. Three stainless steel epidural screws were placed
as electrodes with two screws over the frontal (Bregma +1.5 mm
and +1 mm laterally) and parietal cortex (Bregma -3 mm and
-1 mm laterally) and one occipital reference (lambda -1 mm
at midline). Two stainless steel wire electrodes were placed in
the nuchal muscles for electromyography (EMG) recording. The
EEG and EMG electrodes were connected to a head cap and
secured with dental acrylic. Standard analgesia was adminis-
tered per local IACUC recommendations. Mice were allowed to
recover from the surgery (days 2 and 3, singly housed) prior to
transfer to the individual, tethered EEG acquisition chambers
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and dosing with CTEP (days 4, 6, 8, and 10). EEG recordings and
analyses have been previously described [25, 26]. Recordings
were acquired days 8-12 on an XLTEK machine (Natus, Madison,
WI) with a 512 Hz sampling rate, and the three full days of re-
cordings (days 9-11) were used for the analysis (n = 3-4 mice/
treatment cohort). EEG recordings were manually scored in 4-s
epochs for REM, NREM, and awake vigilance states with Sirenia
Sleep software v.2.0.4 by scorers blinded with respect to treat-
ment group. Waking epochs were identified as those with high
EMG amplitude (Supplementary Figure S2A). Epochs with rela-
tively quiescent EMG were scored as sleep. Specific sleep states
were differentiated based on predominant EEG power such
that NREM was associated with high amplitude delta (1-4 Hz,
Supplementary Figure S2B) and REM was associated with low
amplitude theta (5-7 Hz, Supplementary Figure S2C) activity.

NREM EEG power among the different treatment groups was
analyzed. Power-spectral density was computed for each 4-s seg-
ment of 60 Hz notch-filtered EEG using a Fast-Fourier transform,
from which power was calculated as integrals of frequencies in
delta (0.5-4 Hz), theta (5-9 Hz), sigma (10-14 Hz), and gamma
(25-100 Hz) frequency bands. To account for inter-animal vari-
ability, EEG power values were normalized to the summed
power of delta, theta, sigma, and gamma bands. Records were
divided into 2-h bins and the EEG power of NREM epochs within
each bin was grouped.

Rotarod

The mice were acclimated to the test room for at least 20 min
prior to testing on a Rotarod Treadmill (Med Associates Inc.,
Vermont). The rotarod was set to a speed setting of 9, which ac-
celerates from 4.0 to 40 rpm over 5 min. Mice were placed on
the rotarod and the latency time to when the mouse fell off was
recorded. If a mouse made two complete turns hanging onto
the grip bar without actively walking/running, the mouse was
counted as falling off of the beam. If more than 300 s elapsed,
the mouse was removed from the beam. Experiments entailed
four trials on day 1 and 2 trials on day 2.

Passive avoidance

Mice were acclimated to the experimental room for at least
20 min prior to testing in a footshock passive avoidance para-
digm using an aversive stimulator/scrambler (Med Associates
Inc.). A bench-top lamp was turned on behind the center of a
light/dark shuttle box and aimed toward the back-left corner
away from the dark side of the shuttle box. The power supply on
the shock grid was set at 0.6 mA. On the training day, a mouse
was placed in the light side of the shuttle box toward the back
corner away from the opening to the dark side of the shuttle
box. The trap door in the shuttle box was open. After the mouse
crossed over to the dark side, the trap door was closed and the
latency time for the mouse to move from the light to the dark
side was recorded. The mouse was allowed to equilibrate in the
dark side for 5 s before receiving a 2-s 0.6 mA footshock. After
15 s, the mouse was removed from the shuttle box and returned
to its home cage. The apparatus was cleaned with 70% EtOH be-
tween animals. At test times (6, 24, and 48 h after training), the
mouse was placed in the light side of the shuttle box facing the
left rear corner away from the opening to the dark side with


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa087#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa087#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa087#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa087#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa087#supplementary-data

4 | SLEEPJ, 2020, Vol. 43, No. 11

the trap door open. After the mouse crossed to the dark side,
the trap door was closed and the latency time for the mouse to
move from the light to the dark side was recorded. If the mouse
did not move to the dark side within 300 s, it was gently guided
to the dark side and the trap door was closed. The mouse was
allowed to equilibrate to the dark side for 5 s before return to the
home cage. Mice only received one shock on the training day.
Testing at 24 and 48 h measured extinction.

Tissue collection

Mice were treated with isoflurane for 1 min and blood col-
lected from the abdominal artery with a 21G x % inch x 12 inch
vacutainer blood collection set (Becton Dickinson, catalog
#367296). The blood was immediately mixed with sodium hep-
arin (20 pL of 10 mg/mL; Sigma #H3393). Brain tissues (hippo-
campus, cerebellum, and right and left cortices) were dissected
and quickly frozen on dry ice. Tissue was collected to confirm
genotype analyses. The heparinized blood was spun for 10 min
at 5,000 rpm at room temperature and the upper plasma layer
was transferred to a 1.5 mL Eppendorf tube, frozen on dry ice,
and stored at —80°C.

Pharmacokinetics

Plasma and brain left cortices were shipped to Tandem Labs
(Durham, NC) for the detection of CTEP levels by mass spec-
trometry analysis. Study samples were analyzed using stand-
ards prepared in sodium heparin mouse plasma. The method
calibration range was 0.500-10,000 ng/mL using two different
transitions for CTEP. The C13 peak for CTEP was used for the top
5 calibration points and the C12 peak for CTEP was used for the
bottom 5 points of the curve. CTEP and fenobam stock solutions
for the calibration curve and internal standard, respectively,
were prepared at 1 mg/mL in 50:50 water:acetonitrile.

Brain lysates and A ELISA

Diethylamine (DEA) protein extraction buffer (20 pL DEA [0.2%
final; Fisher catalog #A11716], 0.5 mL 1M NaCl [S0 mM final],
2 mL 10x protease inhibitor cocktail [RPI catalog #P50600] in a
10 mL final volume) was chilled in ice. Tissue to be homogen-
ized (right cortex of the brain) was transferred to a Dounce
glass-glass homogenizer with 5 volumes ice-cold DEA protein
extraction buffer (1 mL per 200 mg tissue) and homogenized

Table 1. Mouse Cohorts for Actigraphy Experiments

with 35 strokes. Lysates were spun at 20,0009 for 30 min at 4°C.
The cleared supernatant was removed and neutralized with
1/10 volume 0.5M Tris, pH 6.8. Aliquots were quick-frozen at
—-80°C and protein concentrations quantitated by the BCA Assay
(Pierce, catalog #23235) per the manufacturer’s instructions.
AR, ,, and AB, ,, levels were quantitated with Wako Human/Rat
AP40 (catalog #294-64701) and Wako Human/Rat Af, ,, high sen-
sitivity (catalog #292-64501) ELISA kits per the manufacturer in-
structions. Plasma samples were diluted fourfold with standard
diluent buffer containing a protease inhibitor cocktail to disrupt
interactions between Af} with masking proteins. Brain samples
were diluted 1:50 (WT) and 1:500 (j20) with standard diluent.
Antibody-coated plates were incubated with standards and
samples overnight at 4°C.

Statistical methods

Statistical significance for peak acrophase comparing two geno-
types by three seasons was determined by two-way ANOVA using
GraphPad Prism v8.3.0 for Mac OS X (GraphPad Software, San
Diego, CA) (Table 1). Statistical significance for peak acrophase
and ELISAs comparing two genotypes by two treatments was
determined by two-way ANOVA using GraphPad Prism v8.3.0
for Mac OS X (GraphPad Software, San Diego, CA) followed by
two-sided t-tests using Excel v16.21 software (Supplementary
Table S4). Statistical analyses for EEG-based experiments util-
ized Matlab software (The MathWorks, Inc., Natick, MA) util-
izing ANOVAN and multcompare with custom parsing scripts
(Supplementary Tables S6-S9). EEG power analysis compared
normalized power of delta, theta, sigma, and gamma frequency
bands of NREM sleep bouts as determined by manual scoring.
As with sleep scoring, all frequency bands were calculated from
4-s epochs of 60 Hz notch-filtered EEG and grouped within 2-h
segments across the light cycle. Sleep efficiency was assessed
as percent-time in each vigilance state (i.e. wake, NREM, and
REM) in four 6-h bins. Both were evaluated using a mixed-model
N-way ANOVA using group (i.e. WT-Vehicle, J20-CTEP, etc.) as
a fixed-effect variable and time as a random-effect variable.
Multiple comparisons were completed with Tukey—Kramer post
hoc tests. Each group included in ANOVA analysis was tested for
skewness as computed with the skew function in Matlab and
satisfied normality with values less than |2|. Statistical analyses
were conducted with an a value of 0.05. Cohort sizes varied from
n = 6-20 for the actigraphy experiments to n = 3—4 for the EEG
and are specified in the figure legends. Means and SEM or 95%
confidence intervals are graphed.

WT J20
Peak acrophase Peak acrophase
Experiment N Age (days) (min) N Age (days) (min) t-test (p)
A: fall 15 231+8 836 + 82 13 232+8 1,081 + 143 <0.000006
B: winter 20 248 + 13 941 + 142 19 244 + 13 1,041 + 121 <0.01
C: spring 12 260 +5 859 + 117 8 2597 1,096 + 104 <0.0003

Three cohorts of wild-type (WT) and J20 littermate mice were tested by actigraphy during various seasons (set A: fall, set B: winter, set C: spring). A minimum of eight
mice were tested per cohort. Average age of the mice was 8 months old (presented in days + SD). Average peak acrophase is the peak activity time in minutes from
Zeitgeber time zero + SD. Two-way ANOVA based on season and genotype: interaction F(2,81) = 3.56, p = 0.033; season F(2,81) = 0.57, p = 0.57; genotype, F(1,81) = 49.8,

p < 0.0001. One-way ANOVA for WT cohorts as a function of season F(2,44) = 3.73, p = 0.032. One-way ANOVA for J20 cohorts as a function of season: F(2,37) = 0.68,

p = 0.51. Post hoc t-tests for WT: fall versus winter p = 0.015, fall versus spring p = 0.55, winter versus spring p = 0.10.
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Results
Rest-activity rhythms are disrupted in J20 mice

Three independent experiments were performed on cohorts of
WT and J20 littermate mice at 8 months of age to assess the
effect of genotype on rest-activity patterns (Figure 1, Table 1).
The experiments were conducted in different seasons (fall,
winter, and spring). There was a highly reproducible delay
in peak acrophase during the dark cycle in the J20 mice irre-
spective of the season. Specifically, WT mice exhibited peak ac-
tivity between 07:00 pm and 08:00 pm, and J20 exhibited peak
activity between 11:00 pm and 12:00 am resulting in an approxi-
mately 4.5-h delay in acrophase in J20 mice. The findings were
consistent in three independent sets of data that compared
testing during the fall, winter, and spring, albeit the differences
were the most pronounced during the spring followed by the
fall and winter. On periodograms, the diurnal period was similar
between WT (24.3 + 0.8; n = 8) and J20 (24.5 = 0.9; n = 11) mice
(p = 0.63). Genotype did not have a significant effect on total day-
time activity levels or habituation to the novel actigraphy cham-
bers (Supplementary Figure S3 and Supplementary Table S3).

mGIuRS5 Inhibitors do not restore rest-activity
rhythms in J20 mice

We then tested whether the mGIuR5 inhibitors fenobam and
CTEP could restore typical rest-activity rhythms. We also
performed a behavioral battery along with the actigraphy
(Supplementary Figure S4). Mice underwent a pretreatment
evaluation of general fitness and grip strength as previously de-
scribed [21] as well as weekly assessments throughout dosing
(Supplementary Table S1 [fenobam] and Supplementary Table S2
[CTEP]). The mGIuRS5 inhibitors were administered by oral gavage
either daily (fenobam) or every other day (CTEP). Neither WT nor
J20 mice exhibited alterations in general fitness resulting from
treatment. No differences were seen in rest-activity patterns
with fenobam (Figure 2). Peak acrophase in the WT and J20 co-
horts was similar to the data for the untreated mice (Table 1;
Supplementary Table S4). Likewise, CTEP did not alter peak
acrophase in WT mice (Figure 3; Supplementary Table S4); how-
ever, the stress of chronic injections likely muted the difference
between WT and J20 mice (Figure 3, C), which was restored with
CTEP (Figure 3, D). We also tested CTEP in aged WT and J20 mice
(16- to 19-month-old mice). Neither genotype nor CTEP statis-
tically altered peak acrophase in aged J20 mice (Supplementary
Figure S5 and Supplementary Table S4). The average total daily
activity counts were not statistically different between WT and
J20 mice irrespective of treatment, albeit there were trends for
increased activity counts in the J20 mice (Supplementary Table
S5). It should be noted that studies in the J20 mice represent the
survivors as there was a premature mortality phenotype in the
animals (Supplementary Figure S1). Overall, chronic dosing with
fenobam and CTEP did not rescue altered rest-activity rhythms
in J20 mice.

Analysis of sleep-wake patterns

To quantify the effects of CTEP administration on sleep patterns,
EEG was assessed in WT and J20 mice (Figure 4; Supplementary
Figure S6). First, 6-h binned mixed-effect ANOVA analyses
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Figure 1. J20 mice exhibit delayed acrophase during the dark cycle. Activity
counts on day 1 in the actigraphy chambers were assessed in three separate
cohorts of wild-type (WT) (blue) and J20 (orange) 8-month-old mice (A = fall,
B = winter, C = spring). Total activity counts (binned in 1 min increments) were
averaged for cohorts and plotted on the y-axis versus a 24-h time period (in min-
utes) on the x-axis. Time zero is “Lights On.” (A) Cohort 1 consists of WT (n = 15)
and J20 (n = 13). (B) Cohort 2 consists of WT (n = 20) and J20 (n = 19). (C) Cohort 3
consists of WT (n =12) and J20 (n = 8).

showed a main effect of time in percent time spent for each
vigilance state (Supplementary Table S6), suggesting signifi-
cant oscillation across the light-dark cycle. There was also a
main effect of treatment/genotype group in percent awake time
(Supplementary Table S6). Multiple comparisons of all inter-
actions (time x group) revealed a significant reduction in an
estimated marginal mean of time spent in REM sleep by vehicle-
treated J20 (5.3% + 0.5%) relative to vehicle-treated WT (9.0% =
0.6%) mice during the second half of the light period, a differ-
ence not seen when J20 were treated with mGIluR5 inhibitor
(Figure 4; Supplementary Table S7).

We then analyzed NREM EEG power among the treatment
groups. The oscillation magnitude of EEG delta power in vehicle-
treated J20 mice was significantly reduced compared to WT ani-
mals treated with vehicle, and there was a delayed dark phase
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Figure 2. Diurnal activity levels in wild-type (WT) and J20 mice in response
to fenobam. Activity counts were assessed in 8-month-old WT and J20 mice
after chronic treatment with vehicle or fenobam. Total activity counts (binned
in 1 min increments) were averaged over 3—4 days of readings for cohorts and
plotted on the y-axis versus a 24-h time period (in minutes). Time zero is “Lights
On.” Cohorts consist of WT mice treated with vehicle (n = 7), J20 treated with
vehicle (n = 7), WT treated with fenobam (n = 8), and J20 treated with fenobam
(n=6). (A) vehicle-treated WT (blue) versus J20 (orange). (B) WT mice treated with
vehicle (blue) versus fenobam (red). (C) J20 mice treated with vehicle (orange)
versus fenobam (green). Mice for these cohorts were tested in fall and winter.

rise, which was similar to the delay in acrophase determined
by actigraphy (Figure 5; Supplementary Tables S8 and S9). Of
note, treatment with CTEP in J20 mice resulted in a significant
increase in delta power, though not to that of WT animals. CTEP
appeared to have the opposite effect in WT mice where the
overall and oscillation of NREM delta power were reduced com-
pared to vehicle-treated WT animals. Conversely, vehicle-treated
J20 mice exhibited consistently increased NREM EEG power in
theta and sigma frequency bands (Figure 5, B and C), which was
moderately reduced in CTEP-treated J20 animals and increased
in CTEP-treated WT animals. Gamma power of NREM sleep
showed less consistent differences between vehicle-treated WT

and J20 animals (Figure 5, B and C; Supplementary Tables S8
and S9). WT animals showed significantly greater oscillation of
NREM gamma power across the day (Figure 5, D; Supplementary
Tables S8 and S9). Treatment with CTEP reduced overall NREM
gamma power for both genotypes, though the effect was more
pronounced in WT animals.

Chronic mGluR5 inhibition does not significantly
reduce A levels

There was decreased (32%) plasma Af,_,, in J20 mice in response
to fenobam that was not statistically significant by two-way
ANOVA and no other differencesin AB, ,, or A, _,, levels observed
in plasma or brain for either strain treated with fenobam or
CTEP (Supplementary Figure S7). Chronic dosing with fenobam
or CTEP did not affect mouse performance in passive avoid-
ance or rotarod testing (Supplementary Figures S8 and S9). Of
note, we achieved low bioavailability of CTEP in the mice using
established oral gavage dosing protocols. Based on published
studies, we expected the dosing regimen to result in a minimal
(trough level) drug exposure of 98 + 14 ng/mL in plasma and
215 + 28 ng/g in the brain [21-27]; however, we achieved at least
a 50-fold lower dose in both blood and brain (Supplementary
Figure S10). Poor bioavailability could be due to a variety of fac-
tors (Supplementary Text S1).

Discussion

Disruption in rest-activity rhythm and sleep may serve as a dis-
ease biomarker in AD [7]. When we examined rest-activity and
sleep phenotypes in J20 and WT littermates under diurnal con-
ditions, we found (1) rest-activity rhythms are disrupted in J20
mice as evidenced by altered peak acrophase; and (2) sleep regu-
lation is disrupted in J20 mice as evidenced by reduced NREM
EEG delta power, which was partially rescued with CTEP. Our
analysis showed that targeting mGIuRS rescued only the sleep
phenotype in part but not the rest-activity rhythm or Ap,/Ap,,
levels. Low levels of CTEP bioavailability limit our ability to
firmly conclude if CTEP has effects on sleep-activity rhythms or
AP levels. Since we did not record sleep EEG with fenobam, we
cannot comment on its effects on sleep.

J20 mice

There are numerous mouse models available for the study of AD
with many exhibiting altered sleep-wake states and diurnal rest-
activity rhythms, albeit, there are variations in outcomes among
the models [28-33]. Our study is the first, to our knowledge, to
directly compare diurnal rest-activity levels to sleep phenotypes
in J20 mice. J20 mice are transgenic for the hAPP gene with the
Swedish 670/671KM-NL and Indiana 717V-F double mutations
under regulation by the PDGFf chain promoter [34]. The trans-
genic construct contains 70 bases of 5’-UTR, the cDNA, and the
3’-UTR up to the Sph1 site (base 3119 of APP,,). The inclusion of
flanking sequences in the transgenic construct is expected to af-
fect posttranscriptional regulation of the APP gene and temporal
and spatial expression of APP and metabolites. J20 mice are de-
void of 3D6-immunoreactive Ap deposits at 2-4 months of age,
but amyloid deposition can be observed in 50% of J20 mice by
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Figure 3. Diurnal activity levels in wild-type (WT) and J20 mice in response to CTEP (2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)
ethynyl)pyridine). Activity counts were assessed in 9-month-old WT and J20 mice after chronic treatment with vehicle or CTEP. Total activity counts (binned in 1 min
increments) were averaged over 24 days of readings for cohorts and plotted on the y-axis versus a 24-h time period (in minutes). Time zero is “Lights On.” Cohorts con-
sist of WT mice treated with vehicle (n = 14, blue), J20 treated with vehicle (n = 9, orange), WT treated with CTEP (n = 12, red), and J20 treated with CTEP (n = 12, green). (A)
WT mice treated with vehicle (blue) versus CTEP (red). (B) J20 mice treated with vehicle (orange) versus CTEP (green). (C) Vehicle-treated WT (blue) versus J20 (orange).
(D) CTEP-treated WT (red) versus J20 (green). Mice for these cohorts were tested in winter and spring.
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Figure 4. Manually scored sleep based on EEG recordings from wild-type (WT) and J20 mice with and without CTEP. Data were separated into four 6-h bins, starting at
Zeitgeber time zero, lights on. The lighting condition is annotated by the bar below the graphs: open: lights on and closed: lights off. Percent time in (A) waking, and (B)
NREM and (C) REM sleep are presented as marginal means + 95% confidence interval (95% CI) for each treatment group: WT treated with vehicle (n = 3 mice for 3 days,
blue), WT treated with CTEP (2-chloro-4-((2,5-dimethyl-1-(4-(triffluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine) (n = 4 mice for 3 days, red), J20 treated with
vehicle (n = 4 mice for 3 days, orange), and J20 treated with CTEP (n = 3 mice for 3 days, green). Nonoverlapping 95% CI bars indicate a significant difference (p < 0.05).
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Figure 5. Power spectra of NREM sleep. Electroencephalographic power spectra of
4-s NREM sleep epochs were determined with a fast-Fourier transform. Resulting
power of delta (1-4 Hz), theta (5-9 Hz), sigma (10-15 Hz), and gamma (25-100
Hz) frequencies was isolated and normalized to the summed power of all fre-
quency bands. Each 24-h recording was divided into 2-h segments, and manually
scored NREM epochs within each bin were grouped. Here, normalized (A) delta,
(B) theta, (C) sigma, and (D) gamma powers are presented as mean + 95% confi-
dence interval (CI) for each treatment group: wild type (WT) treated with vehicle
(n = 3 mice for 3 days, blue); J20 treated with vehicle (n = 4 mice for 3 days, or-
ange); WT treated with CTEP (2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)
phenyl)-1H-imidazol-4-yl)ethynyl)pyridine) (n = 4 mice for 3 days, red); and J20
treated with CTEP (n = 3 mice for 3 days, green). Nonoverlapping CI bars indicate
a significant difference (p < 0.05). Lighting conditions are shown below the graph.
Mixed-model ANOVA statistics are provided in Supplementary Table S7.

5-7 months of age and in 100% of mice by 8-10 months (human
equivalent, 42-50 years old) [34, 35].

J20 mice exhibit an altered rest-activity rhythm character-
ized by a 4-h shift in the acrophase of peak activity, delays in
activity onset and activity offset, and increased total activity
during the dark cycle. Activity onset is a measure of the time of
day in which the animals begin their most active period, and ac-
tivity offset is a measure of when this active period ends. Since
rodents are nocturnal, activity onset should begin at or around
the start of the dark phase [36]. Our findings are consistent with
clinical studies showing later acrophase in patients with AD
[37-39]. J20 mice are hyperactive in the open field and exhibit
reduced anxiety [40, 41]. However, we did not find a significant
increase in total activity or decreased habituation to the novel
actigraphy environment.

The EEG-based analysis showed minimal differences in
time spent in NREM and REM sleep, but a profound decrease
in NREM EEG-delta power in J20 mice. Specifically, with regard
to REM, vehicle-treated J20 mice have a lower marginal mean
(a weighted estimate of population means) of percent time
spent in REM sleep from Zeitgeber time (ZT) 6-12 h compared
to vehicle-treated WT animals, which is rescued by CTEP in J20
mice. According to the two-process model of sleep introduced

by Borbély, sleep is regulated by both circadian and homeostatic
mechanisms [42]. The latter has been described as the pressure
for sleep that grows during periods of wakefulness and is ex-
punged by NREM sleep. Delta power is a commonly employed
correlate of homeostatic sleep pressure, normally decreasing
across the light period when mice are mainly resting and
increasing with activity across the active dark period [43, 44].
This relationship between activity and EEG delta power of NREM
sleep is evidenced by substantial increases in delta (1-4 Hz) EEG
power followingbrief (4 h) total sleep deprivation in mice [43]. Our
findings agree with previous murine AD studies demonstrating
a decrease in delta band EEG power, while the activity of higher
frequencies is increased [45]. This apparent shift may be due to
the large decreases in J20 NREM delta power, which has the lar-
gest influence on the power normalization, but it may also be in-
dicative of hyperexcitability of neurons contributing to activity
outside the typical on-off periods underlying high-amplitude,
slow activity recorded at cortical surfaces during NREM sleep
[46]. Importantly, the increase in delta power occurs later in the
subjective day, and it can be assumed that it increases in pro-
portion to the delayed waking duration and associated intensity
of activity in J20 mice. It appears that CTEP treatment improves
NREM delta power (sleep pressure), although it reduces oscil-
latory amplitude in both WT and J20. Overall, the cyclic decay
and accrual of delta power across the 24-h period fit reasonably
well with actigraphy, suggesting its viability as a substitute diag-
nostic tool for AD in place of invasive EEG-based methods. Taken
together with delayed acrophase in locomotor activity observed
by actigraphy during the dark phase, the phase-shifted NREM
delta power may indicate a perturbed function of the central
pacemaker, affecting typical consolidation of sleep to subject-
ively appropriate times of the day.

mGIuRS5 inhibition

All of the currently approved drugs for the treatment of AD act
on healthy neurons to compensate for lost acetylcholine activity
in the case of cholinesterase inhibitors or to modulate NMDA
receptor activity in the case of memantine. They improve the
cognitive ability for a year or less but do not reduce Ap accumu-
lation or subsequent disease progression. The therapeutic po-
tential of targeting mGluRS5 in AD has been reviewed [47]. App
mRNA is a synaptic target for regulation by FMRP and mGIuR5.
Activation of mGIuRS signaling induces the release of the
translational repressor FMRP from App mRNA and the subse-
quent synthesis of ABPP [12]. Excessive ABPP production favors
amyloidogenic processing and the production of Ap. Ap disrupts
human NREM slow waves and related hippocampus-dependent
memory consolidation [48]. We have observed that treatment
with the mGIuRS5 inhibitor CTEP partly rescued the sleep pheno-
type, which has not been previously reported to our knowledge.
There is evidence that mGluR, may have a modulatory role
in the molecular machinery of sleep homeostasis [49]. Thus,
mGluR, inhibitors may affect sleep-wake patterns but further
study into the mechanism is required. Whether this translates
to improved cognition remains to be determined.

Fenobam and CTEP are potent and highly selective
noncompetitive inhibitors of mGIuR5 [27, 50, 51]. CTEP has a
30- to 100-fold higher in vivo potency compared to MPEP and
fenobam and is 1,000-fold more selective for mGluR5 when
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compared to 103 molecular targets including all known mGluRs
[27]. Thus, if fenobam and/or CTEP are proven effective in redu-
cing Ap accumulation and the cognitive decline associated with
AD, mGlIuR5 inhibitors could provide an alternative, orally ad-
ministered treatment for AD, which lack the problems associ-
ated with antibody-based therapies. The dose of fenobam used
herein (24 mg/kg/day) was calculated based on published rodent
and human pharmacokinetic data. Phase I dose-escalation trials
showed safety and a lack of cognitive dysfunction in humans re-
ceiving up to 8-9 mg/kg/day fenobam for 3 weeks [52]. Thus, the
dose is threefold higher than that safely tested in humans, but
far less than that safely tested in rats [53]. Chronic dosing for 10
weeks at this dose resulted in no adverse side effects on weight
gain or home cage behavior [15]. As there are no reports of tox-
icity with the drug, we proposed to err on the side of overdosing
to ascertain fenobam effects on learning and memory and bio-
marker expression. CTEP is the first reported mGluRS5 inhibitor
with both a long half-life of approximately 18 h and high oral
bioavailability, allowing chronic treatment with continuous re-
ceptor blockade with one dose every 48 h in adult animals [27].
Chronic treatment (2 mg/kg every 48 h) inhibits mGIuRS5 with
a receptor occupancy of 81% and rescues cognitive deficits in
Fmr1¥° mice [21]. For this study, we dosed by oral gavage as pub-
lished pharmacokinetic data by this method are available in
other rodent models [21, 27].

Treatment with mGluR5 inhibitors, fenobam or CTEP, did not
rescue altered rest-activity profiles, affect mouse performance
in rotarod or passive avoidance testing, or decrease Af levels,
although there were modest improvements in NREM delta
power in CTEP-treated J20 mice. Oddly, oral gavage with ve-
hicle shifts peak acrophase in WT mice. Specifically, in Figure 3,
B with oral gavage every 48 h, average peak acrophase occurs
at least 1 h later in the WT mice, thus attenuating differences
observed between WT and J20 in the absence of restraint/oral
gavage (Figure 1). Increased activity in J20 is observed at the end
of the dark phase. This is a finding that we could not explain.
The actigraphy and behavioral analyses involved chronic dosing
with CTEP over 30 days whereas the EEG involved treatment for
1 week. Drug tolerance with mGIuRS5 inhibitors has been raised
as an issue in failed FXS clinical trials [54]. Consistent with
chronic dosing studies of fenobam as a feed supplement in AD
mice (Tg2576 and R1.40""), and with chronic dosing of CTEP by
oral gavage in FXS mice (Fmr1¥°) [15, 21], we observed normal
weight gain, motor activity, grooming, and home-cage behavior
with no adverse side effects. In contrast, genetic reduction of
mGluR5 or chronic oral administration of CTEP rescues spatial
learning deficits in APP, /PS1dE9 mice [14, 17], and BMS-984923
mGIuRS5 inhibitor treatment rescues memory deficits and syn-
aptic depletion in APP_,  /PS1dES mice [55]. We did not find
genotype or drug-dependent effects on learning and memory
by passive avoidance in J20 mice. Prior chronic dosing studies
with fenobam in AD model mice reduced A levels [15]; however,
those mice were dosed with a feed supplement and here we had
poor bioavailability by oral gavage.

Study limitations

Limitations of the study include poor bioavailability and pos-
sibly drug tolerance of the mGIuRS5 inhibitors, the use of one
AD mouse model, mice are nocturnal, and the oral gavage pro-
cedure shifts peak acrophase in WT mice. To begin to address
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these issues, future studies can include the administration of
drugs as feed supplements, testing the effects of drugs that
modulate Af} production such as f3-secretase inhibitors, and de-
termination of diurnal activity and sleep patterns in additional
AD mouse models.

Conclusions

Sleep disturbances and behavioral symptoms are the main
reasons to institutionalize patients with AD [56, 57]. We observed
disruptions in rest-activity rhythms and sleep in J20 mice, and
sleep was partially rescued with one mGIuRS5 inhibitor. Chronic
treatment with mGIuRS5 inhibitors did not rescue rest-activity
rhythms or Ap levels in J20 mice, but altered dosing administra-
tion methods or alternative drugs may be effective and deserve
further investigation. Actigraphy was a reasonable surrogate for
EEG with the noted limitations. Overall, targeting sleep may be
an avenue to delay the development and/or progression of AD.

Supplementary Material

Supplementary material is available at SLEEP online.
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