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The M1/M4 preferring muscarinic agonist xanomeline
modulates functional connectivity and NMDAR antagonist-
induced changes in the mouse brain
Caterina Montani 1,5, Carola Canella1, Adam J. Schwarz2,4, Jennifer Li3, Gary Gilmour3, Alberto Galbusera 1, Keith Wafford3,
Daniel Gutierrez-Barragan1, Andrew McCarthy3, David Shaw2, Karen Knitowski2, David McKinzie2,5, Alessandro Gozzi1 and
Christian Felder2,6

Cholinergic drugs acting at M1/M4 muscarinic receptors hold promise for the treatment of symptoms associated with brain
disorders characterized by cognitive impairment, mood disturbances, or psychosis, such as Alzheimer’s disease or schizophrenia.
However, the brain-wide functional substrates engaged by muscarinic agonists remain poorly understood. Here we used a
combination of pharmacological fMRI (phMRI), resting-state fMRI (rsfMRI), and resting-state quantitative EEG (qEEG) to investigate
the effects of a behaviorally active dose of the M1/M4-preferring muscarinic agonist xanomeline on brain functional activity in the
rodent brain. We investigated both the effects of xanomeline per se and its modulatory effects on signals elicited by the NMDA-
receptor antagonists phencyclidine (PCP) and ketamine. We found that xanomeline induces robust and widespread BOLD signal
phMRI amplitude increases and decreased high-frequency qEEG spectral activity. rsfMRI mapping in the mouse revealed that
xanomeline robustly decreased neocortical and striatal connectivity but induces focal increases in functional connectivity within the
nucleus accumbens and basal forebrain. Notably, xanomeline pre-administration robustly attenuated both the cortico-limbic phMRI
response and the fronto-hippocampal hyper-connectivity induced by PCP, enhanced PCP-modulated functional connectivity locally
within the nucleus accumbens and basal forebrain, and reversed the gamma and high-frequency qEEG power increases induced by
ketamine. Collectively, these results show that xanomeline robustly induces both cholinergic-like neocortical activation and
desynchronization of functional networks in the mammalian brain. These effects could serve as a translatable biomarker for future
clinical investigations of muscarinic agents, and bear mechanistic relevance for the putative therapeutic effect of these class of
compounds in brain disorders.
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INTRODUCTION
Xanomeline is a muscarinic-receptor agonist derived from a
natural muscarinic agonist, arecoline, an active ingredient of betel
nut, chewing of which is common in Asian and Pacific
cultures. Xanomeline exhibits partial selectivity for M1 and M4
muscarinic receptors, and lower, yet non-negligible, affinity for
M2, M3, and M5 receptor subtypes [1–5]. The cholinergic system
has been described as a widely distributed neuromodulatory
system [6] whose sources include local interneurons that are
present in multiple brain regions, and cholinergic
projection neurons that produce and release acetylcholine from
two distinct clusters: basal forebrain nuclei which innervate
cortical, hippocampal, and thalamic areas; and the brainstem
nuclei which innervate midbrain, hindbrain, thalamic, and
cerebellar areas [7].

An increasing body of evidence has highlighted a potential
beneficial effect of cholinergic stimulation on brain disorders
characterized by cognitive dysfunction or psychosis, including
neurodegenerative conditions such as Alzheimer’s disease (AD) or
neuropsychiatric diseases such as schizophrenia [8–10]. These
properties have prompted clinical investigations into the use of
this drug to improve cognitive function and behavioral distur-
bance in AD patients, with encouraging results, but dose-limiting
peripheral cholinergic side effects [11–16]. Interestingly, a parallel
set of clinical observations have linked recreational use of betel
nut with fewer positive and negative symptoms in schizophrenia
[17], a finding that has been linked to the observation of
decreased M1/M4 mAChR density in the brains of schizophrenia
patients (reviewed by [18]). These anecdotal findings have been
corroborated by subsequent research demonstrating putative
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antipsychotic properties of xanomeline in preclinical and clinical
studies. Specifically, treatment with xanomeline has been reported
to inhibit the behavioral and motor effects of amphetamine and
apomorphine in monkeys [2] and to produce behavioral responses
in rodents similar to those seen after treatment with traditional
antipsychotics [1, 19, 20]. In keeping with this, recent clinical
studies have demonstrated that monotherapy with xanomeline
can improve positive and negative symptoms as well as cognitive
function in human subjects with schizophrenia [21].
While previous studies have addressed neurochemical and

behavioral consequences of muscarinic modulation [3, 22, 23] the
macroscopic brain circuits and functional substrates engaged by
M1/M4 agonism, and xanomeline in particular, remain poorly
investigated. One previous study reported that xanomeline dose-
dependently reversed the ketamine-evoked pharmacological fMRI
(phMRI) signal increases in the rat brain, demonstrating a
modulating effect of muscarinic agonism on an aberrant
glutamatergic state considered of mechanistic relevance to
schizophrenia [24]. Since ketamine-challenge phMRI has been
successfully translated into healthy humans and modulated by
both clinically approved drugs and novel glutamatergic agents
[25–29], this observation indicates a potential translational
biomarker opportunity. Complementary to this approach, a
deeper understanding of the central effects of xanomeline could
be obtained by profiling its effect on interregional fMRI
synchronization, or “functional connectivity”, in distributed brain
circuits via resting-state fMRI (rsfMRI) [30, 31]. In addition, oxygen
(O2) amperometry provides a complementary method to measure
the local hemodynamic response in conscious mobile animals
[32, 33], and quantitative electro-encephalography (qEEG) pro-
vides a means of monitoring the power-frequency profile of the
brain’s electrical rhythms more directly, unfiltered by the
hemodynamic response underlying the fMRI signals [34, 35].
Given the established role of cholinergic systems in arousal and
neocortical excitation, cholinergic modulation could conceivably
affect large-scale cortical coupling and electrical activity of the
brain, resulting in rsfMRI- and qEEG-detectable effects. A
characterization of such effects could provide a robust, multi-
modal description of the pharmacological properties of this class
of compounds of high mechanistic and translational relevance.
Here, we used fMRI, O2 amperometry, and qEEG to characterize

the brain-wide functional substrates modulated by the M1/M4-
preferring muscarinic agonist xanomeline in mice and rats. To
mechanistically relate xanomeline-induced functional changes to
the putative antipsychotic properties of this compound, we also
assessed the drug’s ability to modulate or prevent brain signals
elicited by the noncompetitive NMDA-receptor (NMDAR) antago-
nists phencyclidine (PCP) and ketamine, compounds that produce
robust schizophrenia-like syndromes and stereotypical fMRI, O2

amperometric and qEEG responses in rodents [36–42]. Together,
these multimodal experiments provide a comprehensive picture
of the effects of xanomeline on brain-wide functional activity,
desynchronization of neocortical networks, and its modulatory
effects on specific NMDAR antagonist-induced network
aberrancies.

MATERIALS AND METHODS
A complete description of the experimental procedures can be
found in the “Extended Methods” in the Supplementary Informa-
tion section.

Ethical statement
fMRI studies were conducted in accordance with the Italian law
(DL 116, 1992 Ministero della Sanità, Roma), the recommendations
in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Healthand and consented to by the animal
care committee of the Istituto Italiano di Tecnologia. O2

amperometry and EEG experiments were conducted in accor-
dance with the Animals (Scientific Procedures) Act 1986 (UK)
following approval from the local Animal Welfare and Ethics
Review Body.

Conditioned avoidance responding (CAR)
Conditioned avoidance responding (CAR) was conducted in
standard shuttle boxes as previously described [43]. Mice were
first trained to avoid shock at criterion-level performance (≥90%
avoidance responding) and then saline and xanomeline tartrate (1,
3, 10, and 30mg/kg) were administered via intraperitoneal (i.p.)
injection 30min prior to behavioral testing.

Spontaneous and PCP-induced locomotor activity (LMA)
Locomotor activity (LMA) was conducted in an open field
apparatus which recorded horizontal photobeam breaks. On the
test day, mice received a dose of saline or xanomeline tartrate (1,
3, 10, or 30mg/kg s.c.) and were placed into the open field for a
30-min period to measure the effects of xanomeline alone upon
LMA. Then, 5 mg/kg PCP HCl was administered (s.c.) to all mice,
which were then returned to the open field for the 60-min PCP-
induced activity phase. Total horizontal activity counts were
analyzed.

fMRI
The animal preparation protocol for fMRI was described in detail
[44–46]. fMRI data were acquired with a 7.0 Tesla MRI scanner
(Bruker Biospin, Milan) using intrapulmonary halothane anesthesia
(0.75%). Two consecutive 30-min BOLD fMRI time series were
acquired; during the first, either vehicle (saline) or xanomeline (30
mg/kg) was administered (s.c.) after 10 min; during the second,
either PCP (1 mg/kg) or vehicle (saline) was administered
intravenously (i.v.) after 10 min.

Plasma xanomeline/PCP quantification
Plasma quantification was performed as previously described [47].
Blood samples were taken from the cannulated femoral artery at
the end of fMRI experiments. Plasma was obtained and stored
at −20 °C until quantification, which was performed by Eli Lilly Inc.,
Indianapolis.

In vivo O2 amperometry
Changes in extracellular tissue [O2] were measured using constant
potential amperometry [32]. Animals were cabled for 30 min pre-
injection to establish a stable baseline and then treated with
either vehicle or the relevant dose of xanomeline (1, 3, or 10 mg/
kg i.p.) and oxygen signals recorded for 90min.

EEG
Chronic measurement of EEG and electromyogram was conducted
as previously described by [48, 49]. Baseline wake, NREM sleep,
and REM sleep were calculated for 24 h prior to dosing. Drug
treatments occurred 4.5–5 h after lights. Xanomeline was dosed
(s.c.) at 1, 3, and 10mg/kg and ketamine (s.c.) at 10 mg/kg 30min
later. The effects of the compounds were evaluated over the first
7-h light phase following treatment.

RESULTS
Dose selection
To ensure behavioral relevance of the effects mapped with fMRI,
we selected the xanomeline dose based on two independent
behavioral assays performed in C57Bl/6NTac and naive, ICR
outbred mice. In the first of these assays (Fig. S1A), we measured
the ability of xanomeline administration to disrupt conditioned
avoidance response. In the second assay (Fig. S1B), we measured
the effect of xanomeline administration on both spontaneous and
PCP-induced LMA. In both assays, a dose of 30mg/kg xanomeline

The M1/M4 preferring muscarinic agonist xanomeline modulates functional. . .
C Montani et al.

1195

Neuropsychopharmacology (2021) 46:1194 – 1206



(i.p. or s.c., respectively) produced maximal efficacy, as demon-
strated by complete inhibition of avoidance responses (p < 0.0125,
Bonferroni-corrected) and reversal of PCP-induced LMA (F4,35=
17.17, p < 0.0001; Dunnett test, p < 0.05 vs. vehicle). While escape
failures during conditioned avoidance testing were not signifi-
cantly induced by administration of xanomeline tartrate (F4,36=
1.00, p > 0.42), spontaneous LMA was reduced (F4, 35= 21.34, p <
0.0001, Dunnett test, p < 0.05 vs. vehicle). Based on these results, a
dose of 30 mg/kg was selected for testing in imaging studies.

Xanomeline produces robust brain-wide functional activation
Acute administration of xanomeline in C57Bl6/J mice produced
robust BOLD phMRI responses in widespread brain regions,

including retrosplenial, cingulate, medial prefrontal and orbito-
frontal cortices, the thalamus, dorsal hippocampal areas, basal
ganglia and nucleus accumbens (Fig. 1A–D, volume of interest
location, Fig. S2). The temporal BOLD profile following xanome-
line administration revealed a gradual increase in BOLD signal,
reaching a maximum in cortical regions ~15 min after the
injection. Importantly, the peripheral blood pressure recordings
(Fig. S3) showed that xanomeline-induced increases remained
within autoregulation range under halothane anesthesia for
almost all of the time window imaged [50], arguing against a
nonspecific peripheral hemodynamic contribution to the
observed functional changes. To corroborate these findings
in non-anesthetized animals, we measured the oxygen

Fig. 1 Xanomeline increases functional brain activity as measured with BOLD fMRI and O2 amperometry in the mouse. A Maps of BOLD
fMRI response elicited by a xanomeline challenge (30mg/kg s.c.) with respect to the vehicle-treated control group. Orange/yellow indicate
increases in BOLD signal (Z > 4, p < 0.05, cluster corrected). B BOLD response to xanomeline in representative ROIs. The effect was plotted as
mean BOLD ± SEM. (t-test, *p < 0.05, **p < 0.01, ***p < 0.001, FDR corrected). Time course of BOLD signal in cingulate cortex (C), thalamus (D)
caudate putamen (E), and ventral hippocampus (F), respectively. Xanomeline was injected at time 0. Vehicle n= 19, xanomeline n= 18. O2
amperometry changes showing dose-dependent increases measured by probes positioned in the dorsal striatum (G) and dorsal hippocampus
(H). Effects are plotted as mean amperometric current ± SEM. (Fishers LSD, *p < 0.05, **p < 0.01, ***p < 0.001, versus vehicle group). Amy
amygdala, Au auditory cortex, Cg cingulate cortex, Cpu caudate putamen, M1 primary motor cortex, mPFC medial prefrontal cortex, Acb
accumbens, pDG posterior dentate gyrus, SS somatosensory cortex, Th thalamus, V1 primary visual cortex, vHC ventral hippocampus, VTA
ventral tegmental area, Hpc hippocampus, Rs retrosplenial cortex, OFC orbitofrontal cortex.
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amperometric response produced by xanomeline in the dorsal
striatum and dorsal hippocampus of freely behaving C57BLJ/
6NTac mice (Fig. 1G, H). Dose-dependent increases in tissue O2

levels were observed in both regions (Region × Dose interaction:
F3, 15= 4.86, p= 0.0147). In dorsal striatum, both the 3 and 10
mg/kg doses of xanomeline significantly increased tissue O2

(Fishers LSD: p= 0.0143 and p > 0.0001, respectively) relative to
vehicle, while the 10 mg/kg dose was significant for the
dorsal hippocampus (Fishers LSD: p= 0.0253). Plasma drug
level measurements at the end of the fMRI experiments are
reported in Fig. S4. These measurements confirmed successful
compound exposure in all animals analyzed in this study, and
did not reveal statistical significant differences across cohorts (p
> 0.22, all groups). We also report in Table S1 the potency of
xanomeline at different receptor subtypes for reference
(modified from [4]).

Xanomeline decreases local and long-range brain functional
connectivity
To map local and long-range functional connectivity changes
produced by xanomeline in the mouse brain, we used recently
developed summary metrics described in detail elsewhere [51].
Xanomeline administration revealed a robust and widespread
reduction in both local and long-range connectivity (t > 3, p < 0.05,
cluster corrected, Fig. 2A). The effect was especially prominent in
cortical regions such as the anterior cingulate, primary motor,
auditory, somatosensory, and retrosplenial cortices. Interestingly,
foci of increased local (but not long range) connectivity were
observed in basal forebrain areas and in the nucleus accumbens
(Fig. 2A). Quantification in areas of interest (Fig. 2B, C)
corroborated these findings.

Xanomeline reduces connectivity of interhemispheric and antero-
posterior networks
To better identify the specific networks underlying local and long-
range connectivity deficits, we used seed-based mapping to probe
xanomeline modulatory effects in known mouse brain rsfMRI
connectivity networks (Fig. 2D–F). These analyses revealed the
presence of reduced interhemispheric cortico-cortical connectivity
in several motor sensory cortical districts (i.e., visual, motor,
auditory) and in the dorsal hippocampus. Similarly, functional
probing of the anterior cingulate cortex revealed reduced antero-
posterior functional connectivity across areas of the mouse default
mode network (DMN). Interestingly, the nucleus accumbens
appeared to be locally hyper-connected, consistent with the
increase in the local connectivity parameter described above. A
quantification of these effects in the region of interests
corroborated these effects (Fig. 2E, F).

Xanomeline increases wakefulness and decreases EEG power
To complement the fMRI and amperometric O2 measures in the
mouse and learn more about the neural effects of the drug,
xanomeline was also dosed to Wistar rats implanted with EEG
electrodes to measure sleep/wake and EEG spectral activity
parameters. Drug was administered subcutaneously 5 h after
lights on. At 1, 3, and 10mg/kg xanomeline elicited dose-
dependent, robust increases in wakefulness with 37 ± 13 (p=
0.038), 110 ± 13 (p < 0.001), and 225 ± 13 (p < 0.001) minutes of
additional wake over the first 7 h relative to baseline (Fig. 3A). At
10mg/kg the increased wake extended into the subsequent dark
period, and no rebound sleep occurred as a consequence of the
extended wakefulness. Spectral activity occurring during this
induced waking was significantly affected with reduction in the
alpha and beta range (p < 0.001), as well as reduction in the high-
frequency range (above 80 Hz) (p < 0.01 at 3 mg/kg and p < 0.001
at 10 mg/kg) (Fig. 3B, C). Any periods of sleep that were identified
in the 7 h post dosing were significantly depleted in delta power
(data not shown).

Xanomeline attenuates the locomotor and BOLD fMRI response to
the NMDAR antagonist PCP
In a subsequent set of mouse studies we assessed the modulatory
effect of xanomeline on the functional response elicited by
subanesthetic dosing of PCP, an NMDAR antagonist with
psychotomimetic properties. Acute administration of PCP (1 mg/
kg, n= 10) induced robust BOLD fMRI activation of a set of
cortico–limbo–thalamic regions previously reported to be acti-
vated by NMDAR antagonists in rodents (Fig. 4A) [30, 41]. The
temporal profile of PCP-induced activation (Fig. 4B) was similar
across activated brain structures with a rapid signal increase
followed by a sustained activation lasting throughout the imaging
window.
As reported above, preliminary behavioral assessments revealed

that the dose of xanomeline employed in fMRI studies (30 mg/kg)
was able to robustly inhibit the locomotor response produced by
acute administration of PCP (Fig. S1B), an effect that however at
the highest doses could be partly reflect a reduction in baseline
LMA produced by xanomeline treatment per se. In our subsequent
phMRI study we found that pretreatment with xanomeline
robustly attenuated the BOLD response to PCP in across much
of the activated areas (anterior cingulate cortex, retrosplenial
cortex, primary motor cortex, ventral hippocampus, primary visual
cortex, Z > 2, cluster corrected) (Fig. 4A). When quantified in
regions of interest the effect of xanomeline reached statistical
significance in most of the examined regions (Fig. 4C). Although
the response reduction appeared to be rather widespread,
complete response blockade was apparent only in selected brain
areas, such as cingulate cortex, striatum, ventral hippocampus, and
sensorimotor regions.

Xanomeline decreases ketamine-induced changes in gamma and
high-frequency EEG activity
NMDAR antagonists such as ketamine and PCP have been shown
to boost high-frequency EEG oscillations with increases in the
gamma and high-frequency oscillation (HFO) range [52] and
decreases in the beta frequency range [53]. To probe whether
xanomeline pretreatment could prevent this EEG response, we
pretreated Wistar rats with 10 mg/kg xanomeline s.c. followed 30
min later by a dose of 10 mg/kg (S+ )ketamine s.c. at CT-5. Both
drugs promoted wakefulness and this was unchanged in the dual-
dosed rats (data not shown). The decrease in alpha/beta power
was not significantly different with xanomeline, or xanomeline
and ketamine, however the ketamine-induced increase in gamma
power and particularly the HFO (130–160 Hz) were reduced by
pretreatment with xanomeline (Fig. 4D–H).

PCP increases brain functional connectivity in thalamic and fronto-
hippocampal networks
We next mapped foci of local and long-range (global) rsfMRI
functional connectivity after PCP administration. Voxel-wise
mapping revealed focally increased local connectivity in mid-
brain/collicular regions of PCP-administered mice (Fig. 5A, C). A
more widespread involvement of subcortical areas was apparent
in long-range (global) connectivity maps, with prominent
increases in thalamic and midbrain regions (T > 3, cluster
corrected, Fig. 5A, D).
To elucidate the brain-wide network substrates affected by PCP,

we used seed-based mapping to probe rsfMRI networks previously
shown to be modulated by NMDAR antagonism in rodent studies
[38]. Seed-based probing of polymodal cortical areas, the
thalamus and ventral hippocampal highlighted widespread
increases in functional connectivity in PCP-treated mice (t > 2,
p < 0.05, cluster corrected, Fig. 5B). The most prominent effects
were associated with the retrosplenial cortex and the thalamus,
with PCP increasing connectivity between these substrates
and extended cortical and subcortical networks. Notably, we
also observed increased connectivity between the ventral
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Fig. 2 Effect of xanomeline on functional connectivity in the mouse brain. A Contrast maps showing the difference in local (left) and long-
range (right) connectivity between vehicle- and xanomeline-treated animals (one sample t-test, (t > ±3, cluster corrected, Veh N= 19, Xan, N=
18). Blue reflects decreased connectivity, red reflects increased connectivity. B, C Quantification of local and long-range connectivity in
selected brain volumes (mean ± SEM, student t test, *p < 0.05, **p < 0.01, ***p < 0.001, FDR corrected). D–F Xanomeline reduces long-range
functional connectivity. D Seed-based mapping of selected rsfMRI networks. Network distribution in vehicle-treated controls is shown for
reference (vehicle, N= 19). The effect of xanomeline (N= 18) is expressed as voxel-wise difference map with respect to vehicle group. Red/
yellow indicates correlation with the seed regions (t > ±3, p= 0.05, cluster corrected). Blue indicates foci of reduced connectivity in the
xanomeline group with respect to control group (t > ±3, p= 0.05, cluster corrected). Seed placements are indicated by dots and red lettering.
E Pairwise functional connectivity between interhemispheric volumes of interest. F Pairwise functional connectivity between antero-posterior
regions of interest. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Student t test, FDR corrected. Au auditory cortex, pCtx parietal cortex, M1
primary motor cortex, NAcc nucleus accumbens, Ins insula, mPFC medial prefrontal cortex, Cg cingulate cortex, Rs retrosplenial cortex, Th
thalamus, vHC ventral hippocampus, pHC posterior hippocampus, SS primary somatosensory cortex, CPu striatum, dHC dorsal hippocampus,
V1 primary visual cortex, Pt posterior parietal association cortex, Tea temporal association cortex, Mid midbrain.
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hippocampus and the prefrontal cortex, recapitulating similar
findings produced by ketamine in the rat [38].

Xanomeline attenuates PCP-induced long-range connectivity
alterations
We next mapped the modulatory effect of xanomeline on PCP-
induced local and long-range connectivity alterations by contrast-
ing xanomeline-PCP with vehicle-PCP groups (Fig. 5E–I). Consis-
tent with our prior mapping (cf. Fig. 2), xanomeline pretreatment
in PCP challenged mice resulted in reduced local connectivity in
cortical regions, but focally increased local connectivity in
mesolimbic terminals like the nucleus accumbens. Interestingly,
contrast maps for global connectivity showed evidence of
reduced long-range connectivity in thalamic areas in
xanomeline-pretreated animals, revealing the ability of the drug
to prevent PCP-induced increases in thalamic global connectivity.
Quantifications of these effect in regions of interest supported this
interpretation, showing a reduction in PCP-induced thalamic long-
range connectivity (Fig. 5G) in animals pretreated with xanomeline
(p < 0.05, uncorrected), an effect that however did not survive FDR
correction for multiple comparisons. A similar trend was observed
in sensorimotor areas and in the retrosplenial cortex.
As above, we next interrogated these functional connectivity

effects in specific functional networks using a seed-based
approach (Fig. 5H, I). This analysis revealed that xanomeline
pretreatment mitigated PCP-induced hyper-connectivity in several
brain networks. Specifically, prominent foci of reduced connectiv-
ity in xanomeline-pretreated subjects were observed in thalamic
and antero-posterior components of the mouse DMN, including
fronto-hippocampal circuits. When quantified over large volumes
of interest, a normalization of interhemispheric somatosensory
connectivity was apparent in somatosensory areas, together with
an increase in nucleus accumbens coupling in xanomeline-treated
animals (Fig. 5I). Reduced antero-posterior cingulate-retrosplenial
and fronto-hippocampal connectivity was also observed in
xanomeline-pretreated animals (Fig. S5), with the former effect
surviving FDR correction (q < 0.05).

DISCUSSION
Here we show that xanomeline acutely reduces functional
connectivity in a widespread set of mouse brain networks and
reverses the hyper-connectivity induced by PCP, but focally
increasing connectivity in terminals of the mesolimbic pathway
in both conditions. Moreover, our findings that xanomeline
increases the BOLD signal across several neocortical regions
(consistent with a cholinergic-stimulant action) and robustly
suppresses PCP-induced phMRI-response, generalize previous
findings with xanomeline, NMDAR antagonists and their interac-
tion to the mouse. The corroboration of fMRI-derived hemody-
namic measurements with EEG recordings of brain activity and
amperometric measurements of brain oxygenation in non-
sedated animals, underscores the robustness and substantiates a
likely neural origin of the fMRI findings.
Agents that enhance cholinergic transmission have shown

potential in improving cognitive function in individuals with AD
and other memory disorders [54, 55]. The widespread BOLD signal
increase observed with xanomeline in this study is consistent with
a robust cholinergic-stimulant effect of the drug in mice, with
similarly widespread increased phMRI signal reported in mice
undergoing indirect stimulation of basal forebrain cholinergic
pathways [56]. Our data also highlighted a significant widespread
decrease in functional connectivity in xanomeline-treated animals.
While the electrophysiological correlates of decreased rsfMRI
synchronization are unknown, this effect is consistent with an
increased cholinergic tone, which increases arousal and leads to
neocortical disinhibition at timescales ranging from tens of
milliseconds to many seconds [57]. It is therefore conceivable
that the reduced neocortical rsfMRI connectivity may reflect a
transition between slow, synchronized oscillations, to desynchro-
nized, stochastic discharge that characterizes the awake/aroused
state [58]. This finding adds to the weight of evidence regarding a
possible beneficial action of this drug as a pro-cognitive agent in
dementia or neurodegenerative disorders. Interestingly, in the
ventro-medial prefrontal cortex and nucleus accumbens, xanome-
line produced a local increase in functional connectivity. While the

Fig. 3 Effect of xanomeline on sleep/wake and EEG spectral activity during wakefulness in the rat. Xanomeline increased wakefulness in a
dose-dependent manner after s.c. administration. (A, top) Increased wakefulness (percent time awake per hour) was primarily over the first 7 h
after dosing, returned to normal during the next dark period, and was significant at 3 and 10mg/kg (A, bottom). Data are displayed as means
± SEM (***p < 0.001, one-way ANOVA followed by Dunnett’s test). B, CWaking spectral power during this 7 h period exhibited decreased alpha
and beta power (B, top, 0–50 Hz range), unchanged gamma power (B, bottom, full frequency range) and decreased high-frequency
oscillations (HFO) (B, bottom, full frequency range). Band-specific quantifications in (C) are expressed as percent change to vehicle control (**p
< 0.01, ***p < 0.001, Dunnett’s test).
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origin and significance of this effect is unclear, it is interesting to
note that the drug increases extracellular levels of dopamine and
functional activation in the same regions [59].
A possible interpretational caveat that should be considered

when pharmacological manipulations of the cholinergic systems
are measured through hemodynamic readouts is a possible direct
vascular effect of these drugs. Cholinergic modulators can affect
the vasculature directly, with cholinergic agonists causing

vasodilatation and cholinergic antagonists vasoconstriction [60].
The administration of acetylcholine in muscarinic M5 knockout
mice however did not produce any vasodilatation in the cerebral
vasculature, suggesting that the M5 receptor subtype is respon-
sible for vasoactive functions of acetylcholine in the brain [61, 62].
As xanomeline acts also as a partial agonist at the M5 receptor, a
contribution of direct perivascular effects to the readouts mapped
in our study cannot be entirely ruled out [63], although evidence
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of the efficacy of xanomeline in counteracting the behavioral and
neural effects of NMDAR antagonism strongly argue against a
purely vascular effect of the mapped changes [64].
Xanomeline dosed 5 h into the light period of rats produced a

pronounced increase in waking state, and a corresponding
decrease in NREM and REM sleep as has been observed previously
[65]. Similarly, EEG spectral activity during the waking vigilance
state exhibited decreases in the alpha/beta range and while no
change in gamma frequency was seen, a dose-dependent
decrease in HFO (i.e., events recorded at frequencies higher than
80 Hz) was observed, recapitulating previous EEG findings in rats
[65]. Importantly, HFO rhythms have been proposed as biomarker
for pathological network activity [66, 67] and the ability of drugs to
reduce these stimulations is considered as a putative biomarker of
potential antipsychotic-like activity [65, 68, 69]. Preliminary
investigations in AD patients suggest that the wake-promoting
effects observed in rats might not appear to translate as
potentially disruptive, as no significant change in normal sleep
patterns were observed [13]. Further testing in healthy volunteers
and other patient populations is warranted to assess the exact
translational relevance of these findings. Prior investigations of
xanomeline effects on sleep patterns have also examined
interactions of this drug with noncompetitive NMDAR antagonists,
revealing that xanomeline increased time awake and arousal
during wake, but reduced slow wave activity during NREM sleep in
rats [65]. This effect is of interest in the light of the emerging role
of cholinergic activity in REM sleep (reviewed by [70]).
Human research has shown that subanesthetic doses of

noncompetitive antagonists of NMDAR in healthy subjects [71],
recapitulate cognitive impairments, negative symptoms, and brain
functional abnormalities reminiscent of those mapped in schizo-
phrenia [37, 72–75]. Both the univariate phMRI response and
multivariate rsfMRI network activity mapped upon PCP adminis-
tration are consistent with the result of previous rodent and
human mapping of NMDAR antagonism, most of which have been
carried out with ketamine. Specifically, an increased in
cortico–limbo–thalamic fMRI activity was previously shown in rats
with PCP, and in humans with ketamine [26, 69, 75–77]. Moreover,
reversal of the ketamine-evoked phMRI response by pretreatment
with two marketed compounds [26] and with novel glutamatergic
agents [29] in humans indicates the potential utility of this
approach as a translational CNS biomarker. Similarly, a thalamic
increase in global (long-range) connectivity, as well as augmented
fronto-hippocampal pairwise rsfMRI connectivity have been
recently described in rodents and humans [38, 78–81]. Neural
recordings corroborate these findings, providing evidence of
increased interregional neural coherence after administration of
NMDAR antagonists at different frequency ranges and between
different brain areas, including the prefrontal-hippocampal axis
[82–84]. It should however be noted that decreased cross-spectral
density between PFC and dorsal hippocampus after
ketamine administration has also been reported in freely behaving
rats [85]. These results suggest that NMDAR modulation of

PFC-hippocampal coupling may exhibit subregional specificity,
entailing increased coupling between directly innervated regions
(i.e., PFC-ventral hippocampus), and nonlinear interactions in
polymodally connected dorsal areas [86, 87].
Our observation that xanomeline can inhibit PCP-induced

phMRI response in anesthetized mice recapitulates the result of
a previous fMRI characterization in awake rats [24], where the drug
dose-dependently suppressed the effect of BOLD response to
ketamine in widespread cortical areas [24]. This result corroborate
the notion that light and controlled anesthesia only marginally
affects the direction and qualitative patterns of spontaneous or
evoked functional activity (see ref. [31] for a recent review). These
findings also highlight consistent effects of xanomeline across
rodent species, corroborating the translational robustness of the
phMRI. Establishing these responses in the mouse opens the way
to interrogating brain functional changes in muscarinic-receptor
knockout models with the aim to probe the functional role of
specific muscarinic-receptor subtypes [88]. Moreover, knock-in of
humanized muscarinic receptors could avoid dose-response bias
due to the different characteristics of rodent and human
muscarinic receptors [89].
Prior investigations using EEG recordings did not reveal any

modulatory effect of xanomeline on the increased gamma activity
produced by the selective NMDAR agonist MK-801 [65]. Here we
report instead that xanomeline can effectively reduce the increase
in high-frequency EEG activity produced by ketamine while having
no effect on the reduction in lower frequency α/β activity.
Interestingly the effects recorded were strongest in the HFO
range. NMDAR antagonist evoked increases in HFO activity in
nucleus accumbens have previously be shown to be reduced by
clozapine [68]. The ketamine-induced power changes in β -power
and γ-power observed here and in other preclinical studies [52]
have been recapitulated in humans [53] and correlated with fMRI
connectivity changes [34]. However, HFO activity has not yet been
reported in humans. The ability of xanomeline to decrease the
functional effects of PCP and ketamine is therefore consistent with
a putative antipsychotic action of this compound.
A number of other recent studies have shown the ability of

various acetylcholinergic modulators to modulate brain imaging
and electrophysiology signals. The muscarinic acetylcholine
receptor antagonist scopolamine caused functional connectivity
disruption in cingulate and prefrontal regions of the mouse brain,
an effect recovered by the muscarinic agonist milameline [90].
These rsfMRI results data are directionally consistent with the
functional desynchronization we observed with xanomeline,
despite the seemingly divergent pharmacological profile (antago-
nist vs. agonist) of these two compounds. Given the complex pre-
and post-synaptic distribution of muscarinic receptors, it is
however unclear whether scopolamine functionally silences or
increases cortical cholinergic tone. In rats, the M4-selective PAM
VU0152100 blocked both the phMRI response and striatal
dopamine release induced by amphetamine alone [91]. In
contrast, VU0152100 per se had no significant effect on either

Fig. 4 Xanomeline effects on NMDAR antagonists in the mouse brain. A Left: Maps of BOLD response to PCP challenge (1 mg/Kg). Orange/
yellow indicate increases in BOLD signal (veh-PCP vs. veh-veh, Z > 4, p < 0.05, cluster correction). Right: Contrast maps showing the
xanomeline attenuation of PCP-induced fMRI activity (xan-PCP - veh-PCP, Z > 3.1, p < 0.05, cluster corrected). B Time course of BOLD signal in
cingulate cortex (top) and ventral hippocampus (bottom). C BOLD response as quantified in volumes of interest, veh-PCP n= 10, xan-PCP=
10, mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Student t test, FDR corrected (D–H). Xanomeline effects on ketamine-evoked EEG rat brain
spectral activity. Power change in the EEG spectrum averaged over 6 h post dosing with drug or vehicle relative to an equivalent time-period
24 h earlier. D, G Effects in the 0–50 Hz range with similar drug evoked decreases in the alpha/beta range. E, F, H Effects across the full
frequency range revealed increased gamma power and HFO with ketamine, and decreases in this range following pretreatment with
Xanomeline. Veh (n= 13), Ket (n= 10), Xan (n= 12) Ket+ Xan (n= 15). Data are displayed as means ± SEM, *p < 0.05; **p < 0.01, ***p < 0.001,
one-way ANOVA followed by Dunnett’s test. Significance in (D) is relative to veh, while in (E) and (F) significance is relative to ketamine alone.
Hc hippocampus, Cg cingulate cortex, mPFC medial prefrontal cortex, Th thalamus, V1 primary visual cortex, vHC ventral hippocampus, Rs
retrosplenial cortex, pCtx parietal cortex, CPu striatum, Amy amygdala, Au auditory cortex, M1 primary motor cortex, SS somatosensory
cortex, SN substantia nigra, VTA ventral tegmental area, Nacc nucleus accumbens, pHC posterior hippocampus.
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measure. The M1-selective PAM TAK-071 was shown to attenuate
alpha and theta power increases on qEEG elicited by scopolamine
in cynomolgous monkeys. The same study also examined
xanomeline and the acetylcholinesterase inhibitor donepezil as
comparators [92]. In that study, 1 mg/kg xanomeline did not
significantly modulate the qEEG signals whereas 3 mg/kg

donepezil attenuated only the delta band power increase. The
selective M1 antagonist biperiden was studied using rsfMRI in
healthy human volunteers as well as medication-free individuals
with psychotic disorders, showing a trend to increased functional
connectivity in the frontal cortex [93]. These effects with more
selective molecules are broadly and directionally consistent with
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those reported in the current study, showing that activation of M1
and M4 receptors can partially normalize aberrant brain activity—
using hemodynamic, electrophysiological, or pharmacological
readouts—induced by amphetamine [91], scopolamine [92] and
PCP or ketamine (this study). In contrast, the human data with the
M1 antagonist showed a trend toward increased functional
connectivity, directionally opposed to the decreased functional
connectivity elicited by xanomeline in the present study.
A recent study has described a pharmacokinetic assessment of

xanomeline in the mouse brain, allowing the in vivo engagement
of the drug at different receptor subtypes to be estimated [5]. This
investigation revealed that the highest xanomeline dose tested
here (30 mg/kg) would result in an unbound drug fraction that is
almost 10-fold and 40-fold higher than the M1 and M4 EC50
values, respectively, and on the same order of magnitude of
human M2, M3, and M5 EC50. While these values corroborate the
notion that M4 and M1 receptors are the most plausible drivers of
the behavioral and functional changes mapped in our work, a
non-negligible contribution from M2, M3, and M5 muscarinic
receptors cannot be entirely ruled out at the highest dose tested
here. Further investigations with more selective new-generation
muscarinic drugs [91–93] are warranted to dissect the relative
functional and pharmacological contribution of each receptor
subtypes.
A few additional technical limitations in our study deserve to be

mentioned. First, some of the studies reported here were carried
out at different times and different institutions, and only
retrospectively assembled. As a result of this, inconsistencies in
the rodent species and strain used (e.g., rat vs. mouse), NMDAR
antagonists tested (e.g., PCPC vs. ketamine), xanomeline doses
and routes of administration employed, and availability of plasma
exposure data were present, providing an important caveat to
directly comparing the efficacy of the drug across assays.
Moreover, while our results can enhance clinical translation and
the identification of reliable biomarkers sensitive to cholinergic
modulations, the exact clinical relevance of our imaging results
remains unclear, and their clinical extrapolation should be
exercised with great caution owing to our poor understanding
of the causal or epiphenomenal nature of functional connectivity
in brain disorders [94], and our limited knowledge of the neural
basis of brain-wide coupling [95].
In conclusion, our data document that the M1/M4 preferring

muscarinic agonist xanomeline induces a widespread phMRI
response and decreases functional connectivity in the mouse
brain. Moreover, xanomeline also reverses the functional and
connectivity effects induced by NMDAR antagonists ketamine
and PCP. These results are consistent with a putative anti-
psychotic profile of this drug, and suggest EEG, phMRI, and/or
rsfMRI as potentially useful pharmacodynamic biomarkers for

the determination of central biological activity in human clinical
studies.
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