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Modulation of arousal and sleep/wake architecture by M1

PAM VU0453595 across young and aged rodents and
nonhuman primates
Robert W. Gould 1,2,6, Jason K. Russell1,2, Michael T. Nedelcovych1,2, Michael Bubser 1,2, Anna L. Blobaum1,2, Thomas M. Bridges 1,2,
Paul A. Newhouse3,4, Craig W. Lindsley1,2,5, P. Jeffrey Conn1,2, Michael A. Nader6 and Carrie K. Jones1,2

Degeneration of basal forebrain cholinergic circuitry represents an early event in the development of Alzheimer’s disease (AD).
These alterations in central cholinergic function are associated with disruptions in arousal, sleep/wake architecture, and cognition.
Changes in sleep/wake architecture are also present in normal aging and may represent a significant risk factor for AD. M1

muscarinic acetylcholine receptor (mAChR) positive allosteric modulators (PAMs) have been reported to enhance cognition across
preclinical species and may also provide beneficial effects for age- and/or neurodegenerative disease-related changes in arousal
and sleep. In the present study, electroencephalography was conducted in young animals (mice, rats and nonhuman primates
[NHPs]) and in aged mice to examine the effects of the selective M1 PAM VU0453595 in comparison with the acetylcholinesterase
inhibitor donepezil, M1/M4 agonist xanomeline (in NHPs), and M1 PAM BQCA (in rats) on sleep/wake architecture and arousal. In
young wildtype mice, rats, and NHPs, but not in M1 mAChR KO mice, VU0453595 produced dose-related increases in high
frequency gamma power, a correlate of arousal and cognition enhancement, without altering duration of time across all sleep/wake
stages. Effects of VU0453595 in NHPs were observed within a dose range that did not induce cholinergic-mediated adverse effects.
In contrast, donepezil and xanomeline increased time awake in rodents and engendered dose-limiting adverse effects in NHPs.
Finally, VU0453595 attenuated age-related decreases in REM sleep duration in aged wildtype mice. Development of M1 PAMs
represents a viable strategy for attenuating age-related and dementia-related pathological disturbances of sleep and arousal.

Neuropsychopharmacology (2020) 45:2219–2228; https://doi.org/10.1038/s41386-020-00812-7

INTRODUCTION
Declining integrity of the central cholinergic system is associated
with disruptions in sleep/wake architecture, arousal, and cognition
in normal aging and neurodegenerative disease [1, 2]. Alterations
in multiple synaptic markers of basal forebrain cholinergic
integrity and function have been reported in aging and
Alzheimer’s disease (AD) patient populations [3–6]. In addition,
degeneration of the basal forebrain cholinergic projection system
is a robust and reliable predictor of entorhinal and neocortical
neurodegeneration and constitutes an early event in the
development of AD [7]. Specifically, decreases in the cortical
expression of cholinergic markers have been correlated with age-
and/or neurodegenerative disease-related impairments in atten-
tion, memory, and executive functions [5, 8–11]. Similar deteriora-
tions in cortical cholinergic integrity and cognitive performance
have been well documented across aged rodent and nonhuman
primate (NHP) species [12, 13]. The impact of deteriorating central
cholinergic circuitry has also been linked with abnormalities in
sleep/wake architecture and arousal, which are thought to directly
contribute to and exacerbate the cognitive impairments observed
in individuals with advanced age and dementia [1, 2].

Accumulating evidence indicates that disruptions in sleep
represent a significant risk factor for AD, with older dementia
patients exhibiting shorter sleep duration and fragmented sleep,
elevated rates of sleep disordered breathing and altered circadian
rest/activity patterns [14]. Collectively, these findings have led to
therapeutic approaches for the enhancement of central choliner-
gic signaling to ameliorate symptoms associated with pathologic
changes in aging and neurodegenerative diseases such as AD [14].
To date, acetylcholinesterase inhibitors (AChEIs) represent the

only FDA-approved treatment for the cognitive impairments
associated with AD that specifically target the cholinergic system.
AChEIs block the degradation of acetylcholine (ACh) resulting in
increased synaptic levels of ACh [5]. While AChEIs produce modest
therapeutic effects on cognitive impairments during the early
stages of AD, these drugs are associated with dose-limiting
adverse effects due to nonselective activation of central and
peripheral muscarinic acetylcholine receptors (mAChRs) [15]. Of
the five different mAChR subtypes activated by ACh (M1–M5), M1 is
highly expressed postsynaptically in brain regions that regulate
arousal, sleep, and cognition, including the cortex, striatum, and
hippocampus [16–20]. Thus, activation of M1 mAChRs is thought
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to be a promising strategy for the symptomatic treatment of AD-
related cognitive deficits. Early clinical studies with xanomeline, an
M1/M4-mAChR subtype-preferring orthosteric agonist, showed
significant efficacy in ameliorating behavioral disturbances in AD
patients with a trend toward improvements in reaction time and
verbal memory deficits [21]. Xanomeline, as well as M1-preferring
orthosteric agonists, also produced pro-cognitive effects in
rodents and NHPs [22], yet have failed in clinical development
due to off-target activation of peripheral mAChRs similar to those
observed with AChEIs [21].
Using an alternative strategy for the development of subtype-

selective activators of M1, our group and others have focused on
identification of ligands that target less highly conserved regions
of the receptor, termed allosteric sites, which are distinct from the
highly conserved ACh binding site. This approach has resulted in
the discovery of multiple M1 positive allosteric modulators (PAMs),
including VU0453595, with greater than tenfold selectivity for M1

over the other mAChR subtypes and suitable pharmacokinetic
properties for dosing in rodent and NHP species [22–24].
VU0453595 does not directly activate M1, but potentiates the
effects of the endogenous neurotransmitter ACh, thereby main-
taining the spatial and temporal pattern of endogenous
cholinergic signaling [25]. Previous studies have shown that
VU0453595, like other M1 mAChR PAMs, enhances cognitive
performance without dose-limiting adverse effects in rodents [26–
33]. More recently, our group reported that the investigational
drug candidate VU319, a highly optimized M1 PAM, was well
tolerated in a Phase I single ascending dose clinical study with
dose-related changes indicative of target engagement, including
improved reaction times and increased amplitudes of event-
related potentials in an incidental memory task [34, 35].
While accumulating evidence supports the further development

of M1 PAMs for cognitive decline associated with AD, there is
limited information on the impact of selective activation of M1 on
sleep/wake architecture and arousal during normal aging. The
central cholinergic system plays a critical role in the regulation of
normal sleep–wake patterns across species. ACh levels are highest
in the morning during peak wakefulness, then decrease through-
out the day to lowest levels during the early stages of non-rapid
eye movement (NREM) sleep, followed by subsequent increases
with the transition from NREM to the later stages of rapid eye
movement (REM) sleep [36]. Increases in ACh stimulate higher
frequency electroencephalography (EEG) activity consistent with
wakefulness and REM sleep [36–38]. Previous studies in young
adult humans or NHPs have reported that M1 PAMs alter arousal
by decreasing power in low frequency ranges, i.e., shifting power
from low to high frequency ranges [39], or by attenuating the
increase in lower frequency power elicited by the nonselective
mAChR antagonist scopolamine in NHPs [40].
The present study is the first systematic evaluation of the effects

of the M1 mAChR PAM VU0453595 on sleep/wake architecture and
arousal using EEG in young rats, mice, and NHPs and in normally
aged mice. In addition, these studies examined the therapeutic
index between doses that modulate sleep/wake architecture and/
or arousal relative to dose-limiting adverse effects in comparison
with the AChEI donepezil and xanomeline. These data provide a
critical foundation for future studies of M1 PAMs in preclinical
dementia models and AD patients.

METHODS AND MATERIALS
Subjects
Young adult male Sprague-Dawley rats (n= 12, 250–275 g; Envigo,
Indianapolis, IN), young (4–6 month; n= 13), or aged
(22–26 month; n= 10) adult male wildtype mice or young adult
male M1 KO mice (4–6 months; n= 6) with the same genetic
background (C57BL/6NTac; Taconic) and drug-naïve (n= 8) young
adult (4–8 year old at start of study) male cynomolgus macaques

(Macaca fascicularis) served as subjects. All animals were socially
housed prior to surgery.
Animals lived in a temperature and humidity controlled

environment under a 12/12 h light-dark cycle with water available
ad libitum. Rodents had ad libitum access to food in their home
cages. NHPs were weighed weekly and fed enough food daily
(Purina LabDiet 5045, St. Louis, MO, USA and fresh fruit and
vegetables) to maintain healthy body weights and appearance as
determined by daily inspection and periodic veterinary examina-
tions. All animals were individually housed following implantation
of EEG devices. All experiments were approved by the Vanderbilt
University (mice/rats) or Wake Forest School of Medicine (NHPs)
Animal Care and Use Committees, and experimental procedures
conformed to guidelines established by the National Research
Council Guide for the Care and Use of Laboratory Animals.
Environmental enrichment was provided as outlined in the Animal
Care and Use Committee of Wake Forest University Non-Human
Primate Environmental Enrichment Plan.

Compounds
VU0453595, BQCA, and xanomeline L-tartrate were synthesized in-
house [30, 41]; donepezil was obtained from Sigma Aldrich (St.
Louis, MO). VU0453595 and BQCA were formulated as a
microsuspension in 5% and 20% beta-cyclodextrin, respectively,
in sterile water. Donepezil and xanomeline were formulated in
sterile saline and water, respectively, as aqueous solutions. All
compounds’ formulations were adjusted to pH 6–7. Compounds
were administered at 10mL/kg (mice) intraperitoneally (i.p.) and 2
mL/kg (rats) i.p. except for BQCA (administered subcutaneously
[s.c.]). For NHPs, VU0453595 was administered orally (i.g.) via a
nasogastric tube at 5 mg/mL (3.0 and 10mg/kg) or 10 mg/mL
(30mg/kg). Xanomeline (1.0, 3.0 mg/kg) was administered s.c. at
0.1 mL/kg. Donepezil (3.0, 10 mg/kg) was administered orally as a
powder mixed in a palatable treat and hand-fed to each NHP
(EEG) or via nasogastric tube in saline (pharmacokinetic studies).
The dose ranges tested have previously been shown to increase
cognitive performance in rodents [26, 27, 29] or reverse
pharmacological disruptions in rodent or NHPs [30, 42]. Admin-
istration of each compound followed a within-subject, counter-
balanced design such that each animal received all doses with a
minimum of 5 days (washout) between doses; separate vehicle
determinations were conducted for each compound.

Electroencephalography
Surgery. All animals used in telemetry studies were surgically
implanted under isoflurane anesthesia with a telemetric transmit-
ter (Data Sciences International [DSI], Minneapolis, MN) for the
wireless recording of EEG, electromyographic (EMG), and motor
activity as previously described [43–46] (for detailed procedures
see Supplementary methods). Following surgery, animals were
individually housed.

Examining sleep/wake architecture and qEEG. For all studies, EEG
and EMG were recorded from the home cage of each animal
continuously for 24 h beginning at the onset of the light cycle on
the day of each study. This study design allowed us to assess
wake-promoting and sleep altering effects in rodents during the
time period they predominately sleep, and to assess effects on
arousal in NHPs (since NHPs rarely sleep during the light period,
effects on sleep were not directly examined).

Sleep staging and analysis: Trained observers blinded to
condition (age, genotype, or pharmacological challenge) scored
each 10-s epoch (rats, NHPs) or 5-s epochs (mice) using Neuro-
score 3.0 software (DSI) to determine sleep/wake stages, including
wake, NREM, or REM sleep based on accepted characteristic
oscillatory patterns as previously published by our group [43–45].
The amount of time in each stage (wake, NREM, REM) in 1-h (rat,
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NHPs) or 2-h (mice) bins across a 24-h period served as primary
dependent measures to determine effects of age, genotype, or
acute pharmacological challenge.

qEEG spectral power analysis: Following sleep staging, quanti-
tative EEG (qEEG) relative power spectra were computed in 1 Hz
bins from 0.5 to 100 Hz (rat) or 50 Hz (mouse, NHP) using a Fast
Fourier transform with a Hamming window and overlap ratio of
0.5. Relative power within each 1-Hz increment was subsequently
binned by stage (wake, NREM, or REM), then averaged across a
select time period to yield the state-dependent relative power
spectrum for each animal and condition. Differences in spectral
power between genotypes or dose-effect determinations were
examined in 1-h bins (mouse, rat) or 4-h bins (NHPs) in a state-
dependent (Wake, NREM, REM) manner (see Supplementary
methods for further description). For NHP studies, the spectral
power was averaged for the three vehicle-treatment conditions,
and doses of each compound and their respective vehicle
treatment were normalized to this 3-day mean.

Assessing effects of M1 mAChR PAM VU0453595, BQCA, and
donepezil on sleep/wake duration and qEEG in young rats. To
examine selective versus nonselective effects of enhancing
cholinergic function, VU0453595 (3.0–30mg/kg, i.p.), BQCA
(3.0–30mg/kg, s.c.), and donepezil (1.0–10mg/kg, i.p.) or their
respective vehicle were administered 2 h after light onset
(quiescent period) in young rats. EEG, EMG, and activity were
monitored continuously for 24 h.

Assessing effects of VU0453595, donepezil, and xanomeline on sleep/
wake and qEEG in young cynomolgus NHPs. As a proof-of concept
study to examine translatability of EEG as a biomarker of CNS
function in higher order, gyrencephalic species, VU0453595
(3.0–30mg/kg, i.g.), donepezil (3.0–10mg/kg, p.o.), and xanome-
line (1.0–3.0 mg/kg, s.c.) were tested in five young adult
cynomolgus macaques. Test compounds were administered 30
min after light onset (when arousal levels were presumably low).

Assessing unconditioned behavioral effects and plasma concentra-
tions of VU0453595, xanomeline, and donepezil in young cynomol-
gus NHPs. To establish dose-effect relationships and a relative
therapeutic index, we determined plasma concentrations of each
compound. To test the hypothesis that M1 mAChR PAMs elicit less
severe adverse effects than nonselective agonists or AChEIs, we
implemented a qualitative rating scale to compare the effects of
VU0453595, donepezil, and xanomeline in cynomolgus macaques
on cholinergic-mediated changes in somatomotor and autonomic
function (see Supplementary Table S1).
Vehicle, VU0453595 (3.0–30mg/kg, i.g.), donepezil (3.0–10mg/

kg, i.g.), and xanomeline (1.0, 3.0 mg/kg, s.c.) were administered
30min after light onset. Blood samples were collected from 4
NHPs at 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h post dosing to determine
plasma concentrations (see Supplementary methods for blood
collection and analysis methods). Prior to compound administra-
tion and just prior to blood collection at each time point, a brief
(<5min) assessment of general health and autonomic/somato-
motor function was conducted to assess potential cholinergic-
mediated adverse effects. This assessment incorporated aspects of
prior batteries examining adverse or off-target effects across
species [30, 42, 43, 47–49]. Briefly, trained observers examined
each NHP for changes in 18 measures of autonomic function
(including functions known to be sensitive to cholinergic
stimulation such as salivation, lacrimation, urination, and defeca-
tion, body temperature), as well as 13 measures of somatomotor
function. Ratings were assigned on a scale of 0, 1, or 2; where 0=
normal or no change from baseline, 1= a slight effect, and 2= a
marked effect. Scores at each time point were averaged across all
NHPs that received each dose of each compound.

Assessing effects of M1 mAChR PAM VU0453595 on sleep/wake
duration and qEEG in young and aged mice. VU0453595 (3.0–30
mg/kg, i.p.) or vehicle were administered 2 h after light onset
(quiescent period, when rodents predominantely sleep) to young
(4–6 months) or aged (22–26 months) wildtype mice or to young
(4–6 months) M1 KO mice (30 mg/kg VU0453595 and vehicle only)
to confirm M1 PAM selectivity.

Statistics. Sleep/wake architecture and qEEG data are presented
as means ± S.E.M. and plasma concentrations are shown as means
± S.D. When possible, a repeated measures two-way analysis of
variance (matching both factors) was applied. When group sizes
were uneven, a repeated measures, mixed effects model (REML)
was applied (see Supplementary methods and Supplementary
statistics Table S2 for complete details of tests, factors and results).
In all cases, main effects were followed by Dunnett’s or Bonferroni’s
multiple comparison test (see Table S2). GraphPad Prism version
8.0 was used for all graphing and statistical applications.

RESULTS
M1 mAChR PAM VU0453595, BQCA, and donepezil produced
differential effects on sleep/wake architecture in young rats when
dosed 2 h into the inactive period
The M1 mAChR PAM VU0453595 did not alter sleep/wake
architecture in young adult rats. There was a main effect of time
for all three stages (Wake, NREM, REM; all p < 0.001); and a main
effect of VU0453595 dose on REM sleep only (p < 0.05), but no
interaction for any stage (Fig. 1a–c; see Supplementary statistics
Table S2 for details). There was a main effect of time and time ×
dose interaction for BQCA on awake duration and NREM sleep
(Fig. 1d, e; all p < 0.001). There was a main effect of time (p < 0.001)
on REM sleep duration (Fig. 1f). BQCA increased time awake and
decreased NREM and REM sleep.
In contrast, there was a main effect of donepezil dose, time, and

dose × time interaction on duration of time awake (Fig. 1g; all p <
0.001), NREM sleep (Fig. 1h; p < 0.001), and REM sleep time (effect
of dose (p < 0.05), time, and dose × time interaction (both p <
0.001)) (Fig. 1l). Donepezil increased time awake and decreased
NREM and REM sleep.

M1 mAChR PAM VU0453595, BQCA, and donepezil produced
differential effects on relative spectral power in awake epochs 1–2
h post dosing in young rats
There was a main effect of frequency and dose × frequency
interaction (both p < 0.001) of VU0453595 on spectral power. In
total, 3.0 mg/kg VU0453595 decreased power in the delta band
(red horizontal line), while 30 mg/kg VU0453595 (green horizontal
line) decreased power in alpha band and increased power in the
high gamma band in the frontal cortex (Fig. 2a). There was a main
effect of frequency and dose × frequency interaction (both p <
0.001) of BQCA on spectral power. BQCA decreased power in
alpha and low-beta ranges and increased power in the gamma
band in the frontal cortex (Fig. 2b). There was a main effect of
dose (p= 0.001), frequency and dose × frequency interaction
(both p < 0.001) of donepezil on spectral power (Fig. 2c).
Specifically, 3.0 and 10mg/kg donepezil (blue and green lines,
respectively) increased low frequency delta power, and decreased
power in theta, alpha, and low-beta ranges. 3.0 mg/kg donepezil
increased, whereas 10 mg/kg donepezil decreased power in the
gamma band range.
In NREM sleep epochs, 1–2 h following dosing, donepezil

decreased delta power (p < 0.01), a measure of sleep quality,
whereas BQCA and VU0453595 did not significantly affect delta
power (p > 0.05; see Supplementary Fig. S1).
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M1 mAChR PAM VU0453595 increased high frequency beta and
gamma power in young adult male NHPs
Neither VU0453595, xanomeline, nor donepezil altered the
duration of time awake, in NREM, or in REM sleep (since dosing
occurred during early active period, long lasting effects on sleep
were not seen nor expected; hence, data not shown). For
VU0453595, qEEG analysis revealed a dose × frequency interaction
(p < 0.01; Fig. 3a). In total, 10 and 30mg/kg increased power in the
gamma frequency and 30mg/kg increased power in the beta
frequency range (see Supplementary Fig. S2 for individual data).
Xanomeline treatment caused a significant main effect of
frequency band (p < 0.01) and dose × frequency interaction (p <
0.05; Fig. 3b), with 3.0 mg/kg xanomeline decreasing power in the
delta, theta, and alpha bands (see Supplementary Fig. S3 for

individual data). In donepezil-treated NHPs, there were no
significant main effects of dose, frequency band, nor a dose ×
frequency interaction (all p > 0.05), despite qualitative increases in
beta (3.0 mg/kg) and gamma bands (3.0 and 10mg/kg) (Fig. 3c;
see Supplementary Fig. S4 for individual data).

M1 mAChR PAM VU0453595 displayed a reduced adverse side
effect profile compared to xanomeline and donepezil in young
adult male NHPs
All three compounds demonstrated dose-proportional increases in
plasma concentrations; VU0453595 demonstrated a relatively long
rate of elimination following oral administration (Supplementary
Fig. S5). VU0454595 (3.0–30mg/kg) appeared to cause a slight
increase in urination, and a qualitatively assessed decrease in

Fig. 1 The M1 mAChR PAM VU0453595 did not alter sleep/wake architecture in young adult rats. Shown is the duration of time awake (a,
d, g), in non-REM (NREM) sleep (b, e, h), or in REM sleep (c, f, i). Following compound administration 2 h into the light (inactive) phase (see
arrowhead), VU0453595 did not change time awake (a), in non-REM (NREM) sleep (b), or in REM sleep (c). 3 mg/kg BQCA decreased time awake
at ZT 13; 10mg/kg BQCA increased time awake at ZT 4 and 6, and 30mg/kg BQCA increased time awake at ZT 4 and 5, and decreased time
awake at 13, 14, and 22 (d). 10 mg/kg BQCA decreased NREM sleep at ZT 4 and 6; 30mg/kg BQCA decreased NREM sleep at ZT 4–6, and
increased NREM sleep duration at ZT 13, 14, and 22 (e). 30 mg/kg BQCA decreased REM sleep time at ZT 4, and increased REM sleep at 13–14
(f). 1.0 mg/kg donepezil increased duration of time awake at the ZT 3, 4, and decreased time awake at ZT 24. 3.0 mg/kg donepezil increased
time awake at ZT 3–7, and decreased time awake at ZT 16, 20, 23, 24. 10mg/kg donepezil increased time awake at ZT 3–11, and decreased
time awake ZT 16, 17, 20, 23, and 24 (g). 1.0 mg/kg donepezil decreased duration of NREM sleep at ZT 3 and 4 time points with an increase at
ZT 24; 3.0 mg/kg donepezil decreased duration of NREM sleep at ZT 3–7 and increased NREM sleep duration at ZT 16, 20, and 23.10 mg/kg
donepezil decreased NREM duration at ZT 3–10 with an increase at ZT 16, 17, 20 23, and 24 (h). 3.0 mg/kg donepezil decreased duration of
REM sleep at ZT 4–6 and increased REM sleep duration at ZT 9 and 20, while 10mg/kg donepezil decreased REM sleep duration at ZT 4–11,
and increased REM sleep duration at ZT 16, 17, 20, 21, 23 and 24 (i). Gray shading represents 12-h dark period. Data are means ± S.E.M of 1-h
bins; n= 8–12/group; open symbols, p < 0.05 compared to vehicle (Dunnett’s test).
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respiration rate at the 30 mg/kg dose (Supplementary Table S3).
Occasional changes in posture, motor coordination, and leg
weakness were noted in one NHP following 30mg/kg VU0453595
(Supplementary Table S3). To confirm sensitivity of this scale,
donepezil and xanomeline were also examined. Xanomeline (1.0
and 3.0 mg/kg) induced miosis, vasoconstriction, increased
arousal, irritability, and salivation. In addition, in some NHPs

3.0 mg/kg xanomeline induced oral dyskinesias (Supplementary
Table S4). Donepezil (10 mg/kg) induced urination, defecation,
emesis, ptosis, vasoconstriction, irritability, and in some cases
tremors (Supplementary Table S5).

M1 mAChR PAM VU0453595 attenuated reductions in REM sleep in
aged wildtype mice when dosed 2 h into the inactive period
In aged wildtype mice treated with VU0453595, there was a
significant effect of time (p < 0.001; Fig. 4a) and dose × time
interaction (p < 0.01), on duration of time awake in 2-h bins across
the 24-h period. There was a significant effect of time (p < 0.001;

Fig. 2 M1 mAChR PAMs VU0453595 and BQCA, but not donepezil
increased high frequency gamma power during wake in young
adult rats. Shown are changes in relative spectral power in the
frontal cortex, during waking epochs only, in the 1- to 2-h period
following administration of VU0453595 (a), BQCA (b), and donepezil
(c). 3 mg /kg VU0453595 decreased frequencies 0.5 and 1. 10 mg/kg
VU0453595 increased frequency 9. 30mg/kg VU0453595 decreased
frequencies 11–13 and increased frequencies 60 and 62–99 (a). 3
mg/kg BQCA decreased frequencies 9–11, 13, 14, 17 and increased
frequencies 60–62 and 67–99. 10 mg/kg BQCA decreased frequen-
cies 12 and 13 and increased frequencies 60 and 61. 30mg/kg BQCA
decreased frequencies 9–17 and increased frequencies 57–99 (b). 3
mg/kg donepezil decreased frequencies 0.5, 5–17 and increased
frequencies 31–79, 83–85, and 90. 10mg/kg donepezil decreased
frequencies 0.5–2, 4–20, 83–99 and increased frequencies 28, 29, 44
(c). Gray/tan shading represents frequency bands (Δ, delta 0.5–4 Hz;
θ theta 4–8 Hz; α alpha, 8–13 Hz; β beta, 13–30 Hz; γ gamma 30–100
Hz). Data are means ± S.E.M.; n= 7–12/group; corresponding colored
horizontal dots/lines represent frequencies at which each dose
group was statistically different from vehicle-treated rats, p < 0.05,
Dunnett’s post hoc test.

Fig. 3 M1 mAChR PAM VU0453595 increased high frequency
gamma power in young adult male cynomolgus macaques. Shown
are changes in relative spectral power collapsed into spectral bands
(to minimize variability) following administration of VU0453595 (a),
xanomeline (b), and donepezil (c) immediately after light onset;
power bands are defined as delta (0.5–4 Hz), theta (4–8 Hz), alpha
(8–13 Hz), sigma (13–18 Hz), beta (18–30 Hz), gamma (30–50 Hz). All
10-s epochs during the first 4 h post dosing were combined and
expressed as a percent change from spectral power within the same
frequency band and time period from a mean of three vehicle-
treated conditions. Data are presented as mean ± S.E.M.; n= 5
(VU0453595), n= 4 (xanomeline, donepezil); *p < 0.05 compared to
vehicle (Dunnett’s test).
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Fig. 4b) and dose × time interaction (p < 0.05), on duration of
NREM sleep time. There was a significant effect of time and
dose × time interaction (both p < 0.001; Fig. 4c), on duration of
REM sleep. VU0453595 transiently increased wake and decreased
NREM sleep followed by sustained increases in REM sleep duration
(Fig. 4a–c) in aged wildtype mice.
In young wildtype mice treated with VU0453595, there was a

significant effect of time (p < 0.001; Fig. 4d) and dose (p < 0.05) on
duration of time awake in 2-h bins across the 24-h period. There
was a significant effect of time (p < 0.001; Fig. 4e) and dose × time
interaction (p < 0.05) on duration of NREM sleep time. There was a
significant effect of time (p < 0.001; Fig. 4f) on duration of REM
sleep time. In young wildtype mice, similar to aged mice, transient
effects of VU0453595 were present on wake and NREM but there
were no effects on REM sleep (Fig. 4d–f).
When comparing vehicle-treated aged wildtype mice to vehicle-

treated young wildtype mice there was a significant effect of time
(Fig. 4g) and time × age interaction (both p < 0.001) on duration of
time awake in 2-h bins across the 24-h period. There was a

significant effect of time (p < 0.001; Fig. 4h) and time × age
interaction (p < 0.01) on duration of NREM sleep in 2-h bins across
the 24-h period. There was a significant effect of age (Fig. 4i), time
and time × age interaction (all p < 0.001) on duration of REM sleep
in 2-h bins across the 24-h period. Aged wildtype mice showed
greater time awake and less time in REM sleep compared to young
mice (Fig. 4g, i).

M1 mAChR PAM VU0453595 increased high frequency gamma
power in awake epochs 1–2 h post dosing in young and aged
mice
In young wildtype mice treated with VU453595, there was a main
effect of dose, frequency, and dose × frequency interaction (all p <
0.001) on spectral power in the frontal cortex (Fig. 5a). In aged
wildtype mice (Fig. 5b), there was a significant effect of frequency
and dose × frequency interaction (both p < 0.001). In both young
and aged mice, VU0453595 increased high frequency gamma
power and 30mg/kg VU0453595 decreased power in the low
frequency range. The effects of 30 mg/kg VU0453595 on

Fig. 4 M1 mAChR PAM VU0453595 attenuated age-related deficits in REM sleep in aged wildtype mice. Shown is the duration of time
awake (a, d, g), in non-REM (NREM) sleep (b, e, h), or in REM sleep (c, f, i) in aged (22–26 month old (a–c)) and young adult (4–6 month old)
mice (d–f). Following compound administration 2 h into the light (quiescent) phase (see arrowhead), VU453595 increased REM sleep duration
in aged (22–26 month old) mice (c) without affecting REM sleep in young (4–6 month old) mice (f). Specifically, 30 mg/kg VU0453595
produced a significant increase in duration of time awake at ZT 4 (a) and a decrease in NREM sleep from ZT 4 and 6 in aged mice (b). 3 mg/kg
VU0453595 increased REM sleep at ZT 6, 8 and decreased REM sleep at ZT 20, 10mg/kg VU0453595 increased REM sleep at ZT 6 and 8 and 30
mg/kg VU0453595 increased REM sleep duration from ZT 8 and 10 in aged wildtype mice (c). In young wildtype mice, 30mg/kg VU0453595
produced significant increases in duration of time awake at ZT 4 (d). 10 mg/kg VU0453595 produced a significant decrease in duration of
NREM sleep at ZT 6 and increase at ZT 24 and 30mg/kg VU0453595 produced a significant decrease in NREM sleep from ZT 4 (e); but no
significant effects on REM sleep duration (f). For comparison, vehicle-treated groups were replotted in (g–i) to better illustrate the age-related
decreases in REM sleep duration. Aged mice showed significantly higher durations of time awake at ZT 8 and 22 (g) and significantly lower
durations of REM sleep at the ZT 6–10 and 22 compared to young mice (i). Grey shading represents 12-h dark period. Data are means ± S.E.M.
of 2-h bins; n= 10–13/group; Open symbols, p < 0.05 compared to vehicle (Dunnett’s test (a–f); Bonferroni (g–i)).
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sleep–wake architecture and qEEG were absent in young M1

knockout mice (Supplementary Fig. S6).
Comparison of vehicle-treated aged and young mice revealed a

significant effect of frequency (p < 0.0001) and frequency × age
interaction (p < 0.0001; Fig. 5c).

DISCUSSION
Disruptions in normal sleep/wake architecture and arousal are
commonly observed symptoms in normal aging and neurode-
generative disorders and may be a significant prodromal risk
factor for the development of AD [14, 50]. Accumulating evidence
suggests selective activation of M1 mAChRs may represent an
alternative therapeutic strategy for the normalization of cognitive
deficits and potentially the sleep/wake abnormalities associated
with neurodegenerative diseases. In the present study, the M1

PAM VU0453595 produced dose-related increases in high
frequency gamma power in young mice, rats, and NHPs, a well-
characterized correlate of arousal and cognitive enhancement
[51], without changing the duration of time spent in the different
sleep/wake stages. These effects were absent in young M1 mAChR
KO mice, confirming an M1 mAChR-selective effect. Importantly,
doses of VU0453595 that increased gamma power in monkeys did
not induce cholinergic-mediated adverse effects that were present
following administration of donepezil and xanomeline. This qEEG
signature of selective M1 mAChR engagement was recapitulated
by the M1 ago-PAM BQCA. In contrast, the AChEI donepezil
produced a distinct qEEG signature, dose-dependently increased
time awake, nonselectively decreased sleep duration in young
rats, and decreased delta power in NREM sleep indicative of
decreased sleep quality [52–55]. In aged mice, VU0453595
produced a robust attenuation of age-related changes in sleep,
specifically enhancement of REM duration, which is shown to be
significantly decreased with normal aging. In combination, these
findings in young and aged animals produce an important
baseline for the future evaluation of M1 PAM effects on sleep
wake/architecture and EEG in preclinical species and clinical
populations.
Interestingly, in aged mice, the magnitude of VU0453595-

dependent increases in high frequency gamma power was
lower in comparison with effects observed in young mice. Since
an M1 PAM enhances effects of endogenous ACh, these data
suggest possible differences in endogenous ACh signaling, which
can vary with circadian rhythm, age, and disease state. Under
normal conditions, stimulation of cholinergic projections from
midpontine cholinergic nuclei increases the transition from NREM
selectively to REM sleep [56]. In contrast, stimulation of the
cholinergic basal forebrain neurons during NREM promotes the
transition to either REM sleep or wakefulness [57] and is directly
responsible for the increased gamma and theta oscillations during
waking states [58]. The basal forebrain cholinergic system
degenerates in AD [59], whereas the midpontine projection
neurons are spared [60]. As similar, though less severe, cholinergic
changes are present in normal aging, M1 mAChR PAMs may
enhance ACh-mediated functions through intact midpontine
projections resulting in increased REM sleep. However, once
age-related basal forebrain cholinergic degeneration becomes
severe, insufficient endogenous ACh signaling may preclude an
M1 PAM from having the same magnitude of effect on arousal
during wakefulness.
In this study, animals were dosed during the inactive period

(when cholinergic tone is presumed to be low) to enable maximal
possible dynamic range to observe increases in arousal. However,
in aged animals with declining integrity of the central cholinergic
system, dosing during the active period may be the optimal time
to observe enhancements in arousal. In young animals, enhancing

Fig. 5 M1 mAChR PAM VU0453595 produced changes in high
frequency gamma power in young and aged wildtype mice.
Shown are changes in relative spectral power in the frontal cortex,
during waking epochs only, in the 1- to 2-h period following
administration of VU0453595 in young adult (4–6 month old (a)) and
aged (22–26 month old) wildtype mice (b). In young wildtype mice,
30mg/kg VU0453595 decreased power distribution in 0.5–2 range
and increased power at 30–50 Hz (a). In aged wildtype mice, 10mg/
kg VU0453595 decreased power distribution at 3 Hz, and increased
power at 40 and 43–50 Hz; 30mg/kg VU0453595 decreased power
distribution at 0.5–2 Hz and increased power at 5–6, 44, and 46–50
Hz (b). Comparison of spectral power in vehicle-treated young and
aged mice shown as percent difference from young mice (c). Aged
mice showed a decrease at 0.5 Hz and an increase at 3 Hz compared
to young wildtype mice. Gray/tan shading represents frequency
bands (Δ, delta 0.5–4 Hz; θ theta 4–8 Hz; α alpha, 8–13 Hz; β beta,
13–30 Hz; γ gamma 30–100 Hz). Data are means ± S.E.M.; in (c), error
bars on the young mice group represent SEM following calculations
of individual percent differences from the group mean. n= 11–12/
group; corresponding colored horizontal dots/lines represent
frequencies at each dose that were statistically different from
vehicle-treated mice. p < 0.05 (Dunnett’s post hoc test).
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arousal during the inactive period is possible, yet increasing REM
sleep above optimal levels may be difficult. Ongoing studies are
focused on understanding circadian rhythm fluctuations and age-
related decline in cholinergic synaptic integrity in preclinical
species, to determine whether there is sufficient endogenous ACh
to observe efficacy with VU0453595 alone, or if cholinergic tone
needs to be boosted in combination with a subthreshold dose of
an AChEI. This information may be critical in determining the
design of future clinical trials with regard to patient demographics,
time of drug administration, and whether effects of an M1 PAM
may be sufficient as a stand-alone treatment or required to be
administered as an adjunct treatment to maximize clinical efficacy.
Several promising M1 mAChR allosteric modulators have

progressed into clinical trials as potential treatments for cognitive
impairments associated with AD or neuropsychiatric disorders,
including a proof-of-concept study examining efficacy of MK-7622
as an adjunct treatment to AChEIs in AD patients [61].
Unfortunately, these programs were halted due to a lack of true
subtype-selectivity and off-target adverse side effect liability
[39, 62, 63] (Merck, ClinicalTrial ID: NCT01852110). Interestingly,
while VU0453595 increased power in high frequency ranges in
young NHPs similar to young mice and rats, the M1 PAM MK-7622
dose-dependently decreased power in delta to sigma power
bands in young NHPs [39], similar to our present finding with
xanomeline. Differences between MK-7622 effects and VU0453595
in NHPs may be attributed to methodology (e.g., electrode
placement, data collection, analytical techniques). An alternative
interpretation is that an increase in high frequency gamma power
was achieved by dose escalation that is precluded by dose-
limiting adverse effects of less selective M1 PAMs, direct agonists,
or indirect agonists (e.g., MK-7622, xanomeline, donepezil).
Indeed, MK-7622 displays robust agonist activity at the M1 mAChR
in cell-based assays, seizure activity [27] and cholinergic-mediated
adverse effects within dose ranges that improve cognition in
rodents [64]; all effects not seen with the pure M1 PAM VU0453595
[27]. While quantitatively different from the actions of VU0453595,
qualitatively, both compounds shifted power distribution from
lower to higher frequency ranges, which likely corresponds with
modest increases in arousal and behavioral effects. Importantly,
prior studies with MK-7622 were promising in that dose ranges
predicted from preclinical studies produced reliable changes on
qEEG in healthy humans, notably increased power in sigma and
beta power bands [39]. Specific to VU0453595, it remains to be
seen whether this increase in gamma power will correlate with
greater efficacy for cognitive enhancement. Recently, the Warren
Center for Neuroscience Drug Discovery, in collaboration with the
Vanderbilt Center for Cognitive Medicine, completed a Phase I
study in healthy volunteers with the M1 PAM VU319 and appeared
to show dose-related changes in both cognitive and EEG
measures of central M1-mediated target engagement [34, 35];
future studies will assess whether this translates to efficacy in
clinical populations.
In summary, the present findings suggest selective M1 PAMs

may be beneficial in enhancing not only cognition and/or arousal,
but also in normalizing REM sleep deficits observed in pathologic
aging and neurodegenerative diseases with minimal adverse
effects and support the utility of EEG as a highly translational
marker of central M1 target engagement for future clinical M1 PAM
development.
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