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ABSTRACT: Hypofunction of cholinergic circuits and diminished
cholinergic tone have been associated with the neurodevelopmen-
tal disorder Rett syndrome (RTT). Specifically, deletion of Mecp2
in cholinergic neurons evokes the same social and cognitive
phenotypes in mice seen with global Mecp2 knockout, and
decreased choline acetyltransferase activity and vesamicol binding
have been reported in RTT autopsy samples. Further, we recently
identified significant decreases in muscarinic acetylcholine receptor
subtype 4 (M4) expression in both the motor cortex and
cerebellum of RTT patient autopsies and established proof of
concept that an acute dose of the positive allosteric modulator
(PAM) VU0467154 (VU154) rescued phenotypes in Mecp2+/− mice. Here, we expand the assessment of M4 PAMs in RTT to
address clinically relevant questions of tolerance, scope of benefit, dose response, chronic treatment, and mechanism. We show that
VU154 has efficacy on anxiety, social preference, cognitive, and respiratory phenotypes in Mecp2+/− mice; however, the therapeutic
range is narrow, with benefits seen at 3 mg/kg concentrations, but not 1 or 10 mg/kg. Further, sociability was diminished in VU154-
treated Mecp2+/− mice, suggestive of a potential adverse effect. Compound efficacy on social, cognitive, and respiratory phenotypes
was conserved with a 44-day treatment paradigm, with the caveat that breath rate was moderately decreased with chronic treatment
in Mecp2+/+ and Mecp2+/− mice. VU154 effects on respiratory function correlated with an increase in Gsk3β inhibition in the
brainstem. These results identify the core symptom domains where efficacy and adverse effects may present with M4 administration
in RTT model mice and advocate for the continued evaluation as potential RTT therapeutics.
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■ INTRODUCTION

Rett syndrome (RTT) is a neurodevelopmental disorder that is
characterized by a myriad of symptoms that include
developmental regression, loss of communicative ability,
stereotyped hand movements, gross motor impairment, and
apneas.1,2 The overwhelming majority of RTT cases are caused
by loss-of-function mutations in the methyl CpG binding protein
2 (MECP2) gene,3 which encodes a methyl-reader protein that
modifies chromatin structure to regulate transcription both
locally and globally.4,5 There are currently only limited
treatment options for individuals with RTT; however, recent
discovery efforts have led to optimism that effective strategies
may emerge in the near future.6,7

Historically, therapeutic development for RTT has followed
the same path as other neurodevelopmental disorders, where
targets are identified and optimized in mouse models. While
not invaluable, given the high failure rate of promising
compounds to translate into effective therapeutics,8 we
recently adopted a reverse-translational approach to RTT

target identification.9,10 Differential RNA-sequencing (seq)
analysis of nine motor cortex and six cerebellar samples from
RTT patient autopsies compared relative to matched controls
identified disruption of muscarinic acetylcholine receptors
(mAChRs) as a conserved aspect of the disease.9 Further, we
demonstrated that selective targeting of the mAChR subtype 4
(M4) with the positive allosteric modulator VU0467154
(VU154) improved social and cognitive phenotypes in
Mecp2+/− model mice. The finding of decreased mAChR
levels aligns with well-established literature showing hypo-
cholenergic tone in RTT patients and rodent models,11−13 as
well as experiments demonstrating that methods of increasing
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cholinergic tone (dietary choline, donepezil, etc.) rescue social
and cognitive phenotypes in mice.14−18

mAChRs are a class of G-protein coupled receptors
(GPCRs) that are enriched in brain regions commonly
associated with neurological disorders.19 The M4 receptor is
located at both pre- and post-synaptic sites, where it negatively
regulates adenyl cyclase activity via coupling to Gi/o signaling.
M4 expression is enriched in forebrain structures and the
striatum; however, broad expression is also observed in other
brain regions relevant to RTT that include the hippocampus,
cerebellar cortex, and brainstem.20−23 In support of its critical
role in neurological function, M4 knockout mice show
impaired social interactions, disruptions in sensory-motor
gating, and hyperlocomotion,24 and pharmaceutical targeting
of the M4 receptor rescues analogous symptom domains in
mouse models of schizophrenia, Alzheimer’s disease, and
Huntington’s disease.25−27

While encouraging, our proof-of-concept studies showing
M4 PAM efficacy in Mecp2+/− mice did not address several
questions central to its value as a therapeutic candidate for
RTT.9 Specifically, the use of a single concentration and an
acute dose sheds little light on the effective therapeutic range
of the compound, the potential for the development of
tolerance in RTT model mice, the adverse effect profile, or the
full scope of phenotypes impacted by this approach. Since
RTT is a lifelong condition with a broad spectrum of

phenotypes, these represent salient questions to determining
the value of M4 potentiation as a therapeutic strategy. Here, we
perform dose−response and chronic administration experi-
ments, coupled with comprehensive phenotypic profiling and
molecular analysis to fill these critical knowledge gaps. Our
data demonstrate that repeat administration of VU154 does
not evoke a tolerance response, but that the range of effective
concentrations is narrow. Repeat administration experiments
showed efficacy in symptom domains involving social
preference, spatial memory, and respiratory phenotypes while
identifying hypolocomotion and diminished sociability as
potential adverse effects in Mecp2+/− mice. Our data support
the potential of M4 PAMs as RTT therapeutics but advocate
for the continued development of compounds with a broader
therapeutic range, as well as the careful monitoring for adverse
effects.

■ RESULTS AND DISCUSSION

Repeated M4 PAM Administration Does Not Impact
M4 Expression. Several studies suggest that repeated
potentiation does not desensitize the M4 receptor;27,28

however, it remains unknown whether additive changes in
expression-based tolerance will present with sustained use.29,30

To determine whether M4-potentiation activates feedback
mechanisms to regulate its own expression, we administered 10
mg/kg of VU154 (i.p) to wild-type mice either in an acute or 1

Figure 1. Repeat administration of the M4 PAM VU0467154 (VU154) does not impactM4 expression or evoke tolerance to behavioral effects. N =
5 wild-type C57B6 female mice/treatment group. Comparisons are relative to acute vehicle treatment. (A−D) qRT-PCR. Test mice were
administered vehicle or 10 mg/kg VU154, either once (acute) or once daily (qd) for 5 consecutive days, with tissue harvest at Tmax (30 min) or 24
h following the final dose. qRT-PCR of M4 mRNA shows no significant change in expression following M4 potentiation, with the exception of the
cerebellum, where a transient increase was quantified following an acute dose. (E) Open Field. VU154’s ability to decrease spontaneous locomotion
was not impacted by repeat dosing. (F, G) Fear conditioning. M4 potentiation with VU154 significantly increased contextual fear freezing behavior
in both acute and repeat administration paradigms while having no impact on cued fear conditioning. One-way ANOVA with Tukey post hoc
analysis. *p < 0.05, **p < 0.01, ****p < 0.0001. Data are expressed as mean ± SEM.
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× 5 days paradigm. We then harvested the hippocampus,
cortex, cerebellum, and striatum, isolated cDNA, and
quantified M4 mRNA levels at Tmax (30 min),31 as well as
after the compound had been cleared (24 h post-dose). As
shown in Figure 1A−D, we observed no significant decrease in
M4 expression with either treatment paradigm as would be
predicted with a tolerance response, independent of the time
point examined. A significant increase in M4 expression was
observed in the cerebellum with a single dose of VU154;
however, this finding was not sustained with repeat
administration (Figure 1C). Before sacrifice (48 h), we also
explored the functional consequences of repeat administration
using two assays in which M4 PAMs consistently show efficacy:

open field and fear conditioning. Consistent with previous
data,28,32 acute treatment with VU154 significantly decreased
spontaneous locomotion in the open field, and the results of
daily administration of VU154 paralleled this finding (Figure
1E). Similar results were obtained in contextual fear (CF)
conditioning, an assay of associative learning where time spent
freezing in a previously aversive environment or in response to
an associated-audio cue is a measure of cognition. In this assay,
both acute and repeat administration of VU154 significantly
increased freezing behavior, while having no impact on cued
conditioning (Figure 1F,G). With the caveat that behavioral
assays can alter gene expression in some contexts, these data
confirm previous reports suggesting that daily administration

Figure 2. VU154 administration corrects multiple RTT phenotypes with a narrow therapeutic range. N = 10−12 mice/treatment/genotype;
*denotes comparison to vehicle-treated Mecp2+/+ mice, # denotes comparison to vehicle-treated Mecp2+/− mice (A) Elevated Zero Maze. Relative
to vehicle-treated Mecp2+/+ mice, vehicle-treated Mecp2+/− mice spent significantly more time in the open areas of the maze. Administration of 3
mg/kg VU154 reversed this phenotype; however, efficacy was not observed at 10 mg/kg. (B−E) Social Interaction Assay. (B, C) Sociability was
not impacted by treatment or genotype, with the notable exception of 3 mg/kg VU154, which diminished sociability in Mecp2+/− mice. (D)
Mecp2+/+ control mice showed a preference for the novel stranger (stranger 2) with the administration of vehicle, 1, and 10 mg/kg VU154;
however, social preference was disrupted by the 3 mg/kg dose of VU154. (E) Mecp2+/− mice treated with vehicle, 1, or 10 mg/kg VU154 do not
show a preference for the familiar (stranger 1) or novel stranger mouse. Administration of the 3 mg/kg dose of VU154 before the start of the assay
significantly restored social preference in Mecp2+/− mice. (F, G) Contextual fear conditioning. When administered prior to the assay (day 1),
VU154 significantly increased freezing behavior during the training phase. This finding did not impact efficacy on cognitive phenotypes on test day
(day 2), where 3 mg/kg VU154 rescued impaired freezing behavior. (H, I) Whole-body plethysmography. No significant effect of genotype or
treatment was observed on breath frequency. Conversely, vehicle-treated Mecp2+/− presented with a significant number of apneas, which was
diminished to baseline in a dose-dependent manner with 3 and 10 mg/kg VU154 administration. Two-way ANOVA with Tukey post hoc. *p <
0.05, **p < 0.01, ****p < 0.0001. Data are expressed as mean ± SEM.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.2c00113
ACS Chem. Neurosci. 2022, 13, 1891−1901

1893

https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig2&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.2c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of a single dose of VU154 does not evoke changes in M4

expression or functional tolerance responses.28

Dose Response of VU154 in Mecp2+/− Mice. Our initial
study examining VU154 efficacy in RTT model mice used a
single 3 mg/kg concentration to show efficacy in social and
cognitive phenotypes.9 To optimize dose in a model RTT with
face and construct validity,7 we treated groups of Mecp2+/+ and
Mecp2+/− mice (20w, N = 10−12/group) with either vehicle
(10% tween 80) or a 1, 3, or 10 mg/kg dose of VU154. We
then progressed mice through a phenotypic battery encom-
passing the major symptom domains of RTT, including
elevated zero maze (anxiety), three-chamber social interaction
(sociability, social preference), contextual fear conditioning
(associative memory), and whole-body plethysmography

(respiratory function). A minimum of a 5-day drug washout
period was provided between assays.
In the elevated zero maze (EZM), vehicle-treated Mecp2+/−

mice spent significantly more time in the open regions relative
to Mecp2+/+ controls (Figure 2A). VU154 administration
significantly normalized this phenotype a 3 mg/kg; however,
no efficacy was observed at the 1 or 10 mg/kg doses, suggestive
of a potentially narrow U-shaped range of effective
concentrations.
We next performed the three-chamber social interaction

assay, which tests sociability (phase I) as a function of
preference for a stranger 1 mouse over an empty cup, and
social preference (phase II) by assessing the time spent with a
novel mouse (stranger 2) relative to a familiar one (stranger 1).
In phase I, Mecp2+/+ controls spent significantly more time

Figure 3. Chronic VU154 dosing reverses RTT-like neurological phenotypes in female Mecp2+/− mice. N = 14−16/genotype/treatment. 44-day
chronic administration (3 mg/kg or vehicle, qd); * denotes comparison to vehicle-treated Mecp2+/+ mice, # denotes comparison to vehicle-treated
Mecp2+/− mice. (A) Increased weight gain was observed in Mecp2+/− mice compared to Mecp2+/+ mice but was not significantly affected by repeat
dosing of VU154. (B) Latency to fall from an accelerating rotarod over 3 days was decreased in Mecp2+/− mice but was not impacted by treatment.
(C) Vehicle-treated Mecp2+/+ mice explored significantly more than vehicle-treated Mecp2+/− mice and chronic VU154 treatment significantly
decreased spontaneous locomotion in both Mecp2+/+ and Mecp2+/− animals. (D) Time spent in the open area of the zero-maze assay was not
impacted by treatment or genotype. (E) Discrimination for a novel object was significantly reduced in vehicle-treated Mecp2+/− mice relative to
control Mecp2+/+ animals. Chronic VU154 administration restored discrimination for the novel object in Mecp2+/− mice. (F) Similar to acute
studies, chronic VU154 treatment in Mecp2+/− mice diminished sociability in the social interaction assay. (G) Unlike Mecp2+/+ animals, preference
for the novel stranger is not observed in vehicle-treatedMecp2+/− mice, but chronic VU154 treatment restored social preference. Data are expressed
as mean ± SEM. Two-way ANOVA with Tukey post hoc analysis *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.2c00113
ACS Chem. Neurosci. 2022, 13, 1891−1901

1894

https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113?fig=fig3&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.2c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with the mouse relative to the cup, and this was also true for
Mecp2+/− mice treated with vehicle, 1, and 10 mg/kg VU154
(Figure 2B,C). Conversely, Mecp2+/− mice treated with 3 mg/
kg did not show preference, indicative of diminished sociability
(Figure 2C). As we previously reported, a 3 mg/kg dose of
VU154 disrupted social preference (phase II) in Mecp2+/+

controls; however, this was not observed with the 1 or 10 mg/
kg dose (Figure 2D). Similar to EZM, the 3 mg/kg dose of
VU154 rescued social preference in Mecp2+/− mice, while the 1
and 10 mg/kg concentrations did not show efficacy (Figure
2E).
The contextual fear conditioning assay uses a freezing

response following re-exposure to an aversive environment as
an outcome measure for associative memory. Consistent with
VU154’s well-characterized effects on spontaneous locomo-
tion,28 we quantified significant increases in stagnant/freezing
behavior during the preshock habituation phase of training day
in Mecp2+/+ at 10 mg/kg, and in Mecp2+/− mice at 3 and 10
mg/kg (Figure 2F). Hypolocomotion following M4 potentia-
tion is believed to be an exclusively motor phenotype linked to
its role in the striatum33 and it does not appear to alter the pro-
cognitive effects of M4 PAMs.28 Since the compound is not
administered on test day in contextual fear conditioning, motor
effects also do not impact the use of freezing in the assessment
of fear memory. In this assay, no effect of dose was observed
on freezing behavior in Mecp2+/+ control mice (Figure 2G).
Consistent with previous reports, vehicle-treated Mecp2+/−

mice showed reduced freezing behavior relative to controls,
and this was significantly increased by 3 mg/kg VU154
administration (Figure 2G). As was true with EZM and SI, no
efficacy was observed at the 1 and 10 mg/kg doses.
The final phenotypic assay we tested was whole-body

plethysmography (WBP), which measures respiratory function
in awake, freely moving mice. In the RTT field, WBP is used to
quantify apneas, which represent a significant health concern
for patients that is faithfully replicated in model mice.
Following VU154 treatment, we observed a dose-dependent
trend toward decreased breath frequency in both Mecp2+/+ and
Mecp2+/− mice (Figure 2H). While this failed to reach
statistical significance, a decrease in the number of breaths
equates to a decrease in opportunities for apneas to present.
To account for this variable, the number of quantified apneas
was assessed per 10k breaths over the 30 min testing period.
Following normalization, we quantified a substantial number of
apneas in vehicle-treated Mecp2+/− mice, which showed a
significant and dose-dependent reversal following VU154
administration (Figure 2I).
In summary, VU154 treatment rescues anxiety, social

preference, associative memory, and respiratory phenotypes
in Mecp2+/− mice. However, there appears to be a narrow bell
curve response pattern where efficacy is observed at 3 mg/kg,
but not 1 or 10 mg/kg.

Chronic VU154 Treatment in Mecp2+/− Mice. With
advancements in diagnosis and disease management, RTT

Figure 4. M4 potentiation with VU154 significantly decreases apneas in Mecp2+/− mice. Whole-body plethysmography. N = 13−15/genotype/
treatment; * denotes comparison to vehicle-treated Mecp2+/+ mice, # denotes comparison to vehicle-treated Mecp2+/− mice. (A) Sample
plethysmography traces highlighting apneas in vehicle-treated Mecp2+/− mice. (B) Vehicle-treated Mecp2+/− mice had significantly more apneas
relative to vehicle-treated Mecp2+/+ controls, and this was significantly reversed by chronic VU154 administration. (C) Average breaths per minute
over 30 min was significantly decreased in both Mecp2+/+ and Mecp2+/− mice by chronic VU154 administration. (D, E) Reduced breath rate and
tidal volume (in Mecp2+/+ mice) combined to result in significantly decreased minute volume in both genotypes (bpm × mL) following chronic
VU154 administration. (F, G) The decrease in breaths-per-minute quantified with chronic VU154 treatment was associated with a significant
increase in inspiration time in both genotypes, as well as an increase in expiratory time in Mecp2+/+ controls. Two-way ANOVA with Tukey post
hoc analysis *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are expressed as mean ± SEM.
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patients often survive for many decades, and thus potential
treatments must remain safe and effective over long periods of
time. To assess VU154’s efficacy in a chronic treatment
paradigm in RTT mice, 20-week-old Mecp2+/+ and Mecp2+/−

mice were treated 1× daily (i.p., 3 mg/kg) for 44 days and
progressed through a similar phenotypic battery as described
above. Treatment began 21 days before phenotyping to
determine whether additive effects of repeat administration
would present, and relevant brain regions were harvested 48 h
following the final assay and 30 min following the final dose of
VU154. Phenotypic assays were selected to mirror and expand
upon the motor (rotarod, open field), anxiety (open field,
EZM), cognitive (novel object recognition, contextual fear
conditioning), social (social interaction assay), and respiratory
(WBP) symptom domains that were sensitive to M4
potentiation in dose−response experiments. Weights were
taken weekly. As shown in Figure 3A, Mecp2+/− mice weighed
significantly more than Mecp2+/+ mice throughout the
experiment, and VU154 treatment did not affect the weight
or general appearance (not shown).
To quantify motor phenotypes, we used both the accelerated

rotarod and open field assays. Rotarod was conducted over
three days, with three trials on each day. Throughout the test,
Mecp2+/+ controls consistently performed better than Mecp2+/−

mice, independent of treatment (Figure 3B). Additionally,
Mecp2+/+ mice demonstrated motor learning and stayed on the
rod longer with successive days while chronic vehicle- and
VU154-treated Mecp2+/− mice did not. In the open field,
spontaneous locomotion was significantly decreased in
Mecp2+/− mice relative to Mecp2+/+ controls and was further
reduced in both genotypes by repeated VU154 administration
(Figure 3C).
Based on the results of our dose−response studies, we again

performed EZM as a measure of anxiety. However, unlike what
was observed in acute studies, we observed no change in the
time spent by Mecp2+/− mice in the open areas of the EZM.
This finding also stands in contrast to numerous published

reports, where untreated or vehicle-treated Mecp2+/− mice
routinely show decreased anxiety.10,34 While speculative, the
changes in anxiety phenotypes observed here may be linked to
the daily handling and injection associated with repeat dosing.
To assess cognitive phenotypes, we subjected mice to both

the novel object recognition and contextual fear conditioning
assays. Novel object recognition assesses spatial memory by
exposing mice to two identical objects and then replacing one
with a novel object and re-exposing test mice after a 1 h
interval. In this assay, Mecp2+/+ mice showed recognition and
preference for the novel object, while vehicle-treated Mecp2+/−

mice failed to distinguish (Figure 3E). Repeated VU154
administration in Mecp2+/− mice rescued this phenotype,
indicative of significantly improved spatial memory. Contextual
fear conditioning was performed as described above; however,
both chronic vehicle- and VU154-treated control Mecp2+/+

mice showed a marked reduction in freezing relative to acute
studies (30 vs 80%) under identical assay conditions, rendering
the results difficult to interpret (Figure S1).
In the social interaction assay, Mecp2+/+ mice demonstrated

a preference for the stranger 1 mouse over the object
independent of treatment, as did vehicle-treated Mecp2+/−

mice (Figure 3F). Similar to acute studies using the 3 mg/kg
dose, we again observed disruption of sociability in Mecp2+/−

mice treated chronically with VU154. Also in agreement with
acute studies, vehicle-treated Mecp2+/− mice showed no bias
for the stranger 1 or stranger 2 mouse, and repeated VU154
administration rescued social preference phenotype (Figure
3G).
VU154 administration reduced apneas inMecp2+/− mice in a

dose-dependent manner in acute studies. Consistent with this
finding, when we performed WBP on mice chronically treated
with VU154, we again observed a significant reduction in
apneas per 10k breaths in Mecp2+/− mice (Figure 4A,B).
Paradoxically, we also quantified a significant reduction in
breath frequency with VU154 treatment in both Mecp2+/+

control and Mecp2+/− RTT mice (Figure 4C). A significant

Figure 5. Chronic VU154 administration does not alter mAChR expression. Western blot. N = 3−5/genotype/treatment. (A−D) Relative to
Mecp2+/+ controls, mAChR expression is significantly decreased in the brainstem and hippocampus of vehicle-treated Mecp2+/− mice. Once daily
administration of VU154 for 44 days does not significantly alter mAChR expression in either brain region. Two-way ANOVA with Tukey post hoc
analysis *p < 0.05. Data are expressed as mean ± SEM.
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reduction in individual breath volume (tidal volume) was also
recorded in control mice (Figure 4D). When combined with
decreased breath rate, this equated to a reduction in the total
volume of air exchanged per minute (minute volume) in both
genotypes (Figure 4E). When each breath was divided into
inspiratory and expiratory phases, decreased breath rate in
Mecp2+/+ controls was associated with significant increases in
both inspiration and expiration time, while Mecp2+/− mice
showed only significant increases in the inspiratory phase
(Figure 4F,G). As distinct levels of the respiratory circuit
control inspiration and expiration,35 these data point to a
potential region-specific loss of M4 expression in Mecp2+/−

mice and thereby, diminished response to VU154 in those that
govern expiration time.
Chronic M4 Potentiation Does Not Impact mAChR

Expression in Mecp2+/− Mice. Our previous work has shown
a decrease in mAChR expression in patient autopsy samples
and in Mecp2+/− mice,9 and it is believed that VU154’s
mechanism of action is to normalize cholinergic tone by
potentiating a fewer number of receptors. However, an
alternative hypothesis is that chronic treatment evokes
compensatory mAChR expression changes in Mecp2+/− mice
that normalize receptor number. To address this possibility, we
isolated total protein from Mecp2+/+ and Mecp2+/− mice
chronically treated with VU154 and ran Western blots for
mAChR expression. As shown in Figure 5A−D, mAChR
expression was significantly decreased in both the hippo-
campus and the brainstem of Mecp2+/− mice, brain regions
associated with contextual fear conditioning and respiratory
phenotypes, respectively. Further, VU154 treatment did not
alter mAChR levels in either brain region when compared
relative to vehicle-treated Mecp2+/− mice. These data suggest
that VU154 is acting by potentiating M4 signaling and not by
altering mAChR expression.

VU154 Administration Increases S9 Gsk3β Phosphoryla-
tion. VU154’s efficacy on respiratory phenotypes aligns with
data from targeting one of its well-studied signaling partners,36

glycogen synthase kinase 3β (Gsk3β), where pharmacological
inhibition also rescues apneas in RTT model mice.37 To
determine whether the two findings are linked, we harvested
brainstem samples from mice treated chronically with VU154,
isolated protein, and ran Western blots that probed for total
Gsk3β, phospho-S9 (inhibitory site), and phospho-Y216
(activation site). As shown in Figure 6A−D, we observed a
significant increase in the ratio of S9 to total Gsk3β, with no
impact on the Y219 sites. These data point to a mechanism by
which M4 potentiation improves apneas in Mecp2+/− mice via
pathways that increase Gsk3β inhibition in the brainstem.

Summary and Discussion. M4 PAMs represent an exciting
class of potential treatments for the neurodevelopmental
disorder Rett syndrome (RTT). The evidence supporting
their utility is rooted in clinical data showing a decrease in M4
expression in the motor cortex and cerebellum of clinical RTT
samples, as well as the efficacy of the M4 PAM VU154 on
social and respiratory phenotypes in an acute study using
Mecp2+/− mice.9 Here, we fill critical knowledge gaps regarding
the potential for expression-induced tolerance, the scope of
phenotypic benefits observed with M4 potentiation in
Mecp2+/− mice in both acute and chronic dosing paradigms,
and the potential for adverse effects associated with this
strategy in RTT.
Proof-of-concept studies showing the efficacy of M4 PAMs

in neurological disorders span indications that include
schizophrenia, Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease.25−27 While the majority of these studies
involved acute M4 PAM treatment, several examined the effects
of repeat administration.27,28 Most notably, a comprehensive
assessment of repeat administration in both wild-type mice and
an MK-801-induced model of schizophrenia demonstrated that

Figure 6. S9 inhibitory site on Gsk3β is hyperphosphorylated in the brainstem of Mecp2+/− mice following chronic M4 PAM administration.
Western Blot. N = 8−10/genotype/treatment. (A) Representative blot of the S9 inhibitory site and total Gsk3β. (B) The ratio of S9 to total Gsk3β
phosphorylation is significantly increased in Mecp2+/− mice following chronic VU154 treatment. (C) Representative blot of the Y216 excitatory site
and total Gsk3β. (D) Ratio of Y216 to total Gsk3β phosphorylation is not impacted by treatment or genotype. Two-way ANOVA with Tukey post
hoc analysis *p < 0.05. Data are expressed as mean ± SEM.
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phenotypic efficacy was not impacted by daily M4 PAM
administration.28 Our phenotypic data in wild-type mice
parallels these findings and further suggests that repeat M4
PAM treatment does not impact M4 expression. As the
majority of M4 PAM indications are lifelong conditions, these
data provide optimism that chronic treatment is viable with
this therapeutic mechanism.
In general, our dose−response and chronic VU154 treat-

ment experiments yielded positive results in Mecp2+/− mice.
We chose to employ a full battery of phenotypic assays to
account for the breadth of symptom domains associated with
RTT and the potential for M4 potentiation to impact them in
both positive and negative directions. The capacity of VU154
to rescue preference for social novelty and reduce apneas were
the most conserved findings across dose−response and chronic
administration experiments. Efficacy was also observed in
anxiety phenotypes in the elevated zero maze and associative
memory in the contextual fear assay in acute dose−response
studies, but these failed to translate to chronic administration
experiments. It is unknown whether the loss in efficacy was
linked to repeat administration over 44 days, or whether it was
associated with the daily injections and handling. The dramatic
decrease in contextual freezing response observed in control
mice treated with either vehicle or VU154 argues for the latter
point; however, further work will be required to determine
whether this stressor was the sole factor.
Despite the positive phenotypic results, several negative

findings were also observed. One cause for concern was the
seemingly narrow U-shaped response of Mecp2+/− mice to
VU154, where efficacy was limited to 3 mg/kg concentrations
in most cases. This finding was not unique to our studies, as a
similarly narrow U-shaped response was previously reported
with VU154 in a pair-wise discrimination assay.28 Another
potential concern was that the sociability phase of the social
interaction assay was disrupted in Mecp2+/− mice by the 3 mg/
kg dose of VU154 in both acute and chronic treatment
paradigms. The potential clinical impact of reduced sociability
in RTT is unknown, as are the mechanisms responsible for its
presentation; however, it is clear that this represents a potential
adverse effect that should be monitored throughout the
development process.
Perhaps our most robust finding was that VU154 rescued

apneas in Mecp2+/− mice in a manner that was both dose-
dependent and conserved with chronic treatment. M4
expression is enriched in the frontal cortex and the striatum;
however, it is also expressed in the cholinergic interneurons of
the upper brainstem reticular core.22 The cholinergic reticular
core is a signaling hub that integrates a complex network of
circuits that mediate biological processes spanning cardiovas-
cular control, consciousness, nociception, and motor func-
tion.38 Of relevance to this study are its descending pathways,
whose damage results in loss of respiratory drive, among other
phenotypes.39 With repeat dosing of 3 mg/kg VU154, we
quantified a 50% decrease in apneas per 10k breaths. Apnea
number had to be normalized to a defined number of breaths
because we also observed a significant drop in breath rate in
both Mecp2+/+ control and Mecp2+/− mice with chronic
treatment. As the general health of all mice treated chronically
with VU154 and vehicle was indistinguishable, it remains to be
seen whether this statistically significant finding is also
biologically significant. Further testing of structurally distinct
M4 PAMs is required to determine whether the effects on
apneas and respiratory rate are target-mediated, or if they can

be uncoupled with chemical optimization, potentially via
signaling bias. Given the diverse therapeutic requirements of
their proposed indications, M4 PAM development would also
merit employing a similar strategy to determine whether M4’s
well-characterized effects on motor function can also be
uncoupled from its robust efficacy on cognitive and social
functions.
While approaches designed to fix or replace the mutant

MECP2 gene are theoretically the optimal strategy to treat
RTT, there remain significant hurdles in their therapeutic
development. Further, it is unlikely that any single approach
will cure every aspect of a disease as complex as RTT. As such,
we contend that adjunct or symptomatic treatments will
remain important tools in disease management for the
foreseeable future. Our studies offer optimism that M4
potentiation is a viable approach to symptom management in
RTT; however, they also highlight that continued development
is required to improve the therapeutic range of M4-targeted
compounds and to minimize the potential for adverse effects.

■ METHODS
Study Design. The use of the Mecp2+/tm1.1 bird mouse model and

selection of sample size was based on the standards established by the
National Institute of Mental Health and RTT research community.7

Only female mice were used in this study to reflect the fact that RTT
patients are overwhelmingly female. The mice were assigned to dosing
groups at random and phenotyping or molecular quantitation was
either performed by a blinded researcher or by automated software.
Statistics were carried out using Prism 6.0 (GraphPad) and Excel
(Microsoft), employing two-tailed unpaired or paired Student’s t-tests
and one- or two-way analysis of variance (ANOVA), with
Bonferroni’s or individual Student’s t-test post hoc analysis, as
specified in each figure legend.

mRNA and Protein Analysis. Total RNA and cDNA were
prepared from 20-week-old Mecp2+/− and 6-week-old WT C57B6
mice using standard trizol−chloroform, RNeasy DNase treatment,
and Superscript VILO synthesis methodologies. Quantitative Real-
Time (qRT)-PCR was performed on BioRad CFX96 instrumentation
using a Thermo Fisher Assay on Demand primer-probe kit for
CHRM4/M4 (Mm00432514_s1). G6pd was used as the internal
control (Mm00656735_g1). qRT-PCR data were analyzed using the
delta−delta Ct method.

Total protein was isolated from 200 mg of mouse tissue and
Western blots were run as previously described.10 Primary antibodies
were used at the following concentrations: Gsk3β Y216, (1:500,
Fisher 44604G), Gsk3β (1:500, Abcam ab93926), Gsk3 β S9 (1:500,
CST9323), Gapdh (1:5000, CST5174). The fluorescent secondary
antibodies used were: Goat Anti-Mouse 680 (1:5000, LiCor #925-
68070) and Goat Anti-Rabbit 800 (1:5000, LiCor #925-68071).
Images were acquired, and fluorescence was quantified on a Li-Cor
Odyssey Infrared Imaging System.

Compound Administration and Phenotyping. 20-week-old
Mecp2+/− and Mecp2+/+ females were used in the studies described
herein, which represents an age where consistent phenotypes are
observed in our colony. In all cases, either vehicle (10% Tween 80) or
1, 3, or 10 mg/kg of VU0467154 (VU154) was administered via
intraperitoneal (i.p.) injection 30 min before the start of the
phenotypic assay and/or tissue harvest. The order of phenotyping
assays performed for dose−response experiments was elevated zero
maze (EZM), social interaction, whole-body plethysmography
(WBP), and contextual fear conditioning, with a minimum of 5
days washout between assays. For chronic dosing experiments, 3 mg/
kg VU154 treatment began 21 days prior to phenotyping, and assays
proceeded in the following order: rotarod, open field, EZM, novel
object recognition, social interaction, contextual fear conditioning,
and WBP.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.2c00113
ACS Chem. Neurosci. 2022, 13, 1891−1901

1898

pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.2c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Behavioral Assays. Open Field. To monitor spontaneous
locomotion, test mice were injected with either VU154 or vehicle
and placed in an activity monitoring chamber 30 min post-dose.
Locomotor behavior in the open field was then monitored using
Activity software to quantify beam breaks in the X, Y, and Z planes.
Accelerated Rotarod. Accelerated rotarod was used as a measure

of motor function and motor learning. In this assay, mice were placed
on a rotating rod that increased in speed from 4 to 40 rpm over 300 s.
The duration of time the mouse was able to remain on the rod served
as the outcome measure. VU154 was administered 30 min before the
first trial, and the test was repeated three times per day for three days,
with an hour spacing between trials. The difference in performance
between day 1 and day 3 was used as a measure of motor learning.
Social Interaction and Preference Assay. Control and test mice

were placed in a testing apparatus and allowed to habituate for 7 min.
A novel mouse (stranger 1, 6-week-old C57B6, female) was restrained
in a wire cage on one end of the apparatus and an empty cup was
placed in the opposing end, with empty space in the center. The test
mouse was then allowed to choose between the stranger 1 mouse and
the empty cup for 7 min. The empty cup was then replaced with a
novel stranger (stranger 2, 6-week-old C57B6, female) and social
preference was quantified over 7 min using both AnyMaze and
Noldus analysis software.
Novel Object Recognition Assay. Novel object recognition was

conducted as described in.40 Briefly, test mice were placed inside a
chamber with two identical objects (slide box or a beaker) and
allowed to explore for 10 min. The animals were then returned to
their home cage. After 1 h, test mice were returned to the chamber a
final time for 5 min, and 1 of the 2 objects was replaced with a novel
object. The familiar and novel objects were randomized in each test
group. The test was video recorded and the seconds spent directly
sniffing each object were scored by Noldus Software. The
discrimination index was defined as (Timenovel − Timefamiliar)/
(Timenovel + Timefamiliar).
Contextual Fear Conditioning. For contextual fear conditioning,

VU154 was administered on day 1 of the assay and the percent of
time spent freezing was assessed 24 h later. On training day, mice
were placed into an operant chamber in the presence of a 10% vanilla
odor cue with a shock grid (Med Associates Inc.). Following a 3 min
habituation period, the mice were exposed to two 1 s, 0.7 mA foot
shocks separated by 30 s. Test mice were placed back into the same
shock chamber 24 h later with a 10% vanilla odor cue, and the percent
of time spent freezing during a 3 min testing period was assessed by
Med Associates software.
Whole-Body Plethysmography (WBP). Mecp2+/− and Mecp2+/+

mice were placed in a WBP recording chamber (Buxco, 2-site system)
with a continuous in-flow of air (1 liter/min). Following a habituation
period (30 min), baseline recording was established for 30 min. Test
mice were then injected with VU154 or vehicle, reacclimated (30
min), and respiratory measurements were made for an additional 30
min. FinePointe Research Suite (v2.3.1.9) was used for analysis, and
apneas were defined as pauses spanning 2× the average expiratory
time of the previous 2 min. Apneas were identified by the software
and confirmed by random manual spot-checking of the larger data set.
Only points of motion-free recording were analyzed. All filters were
applied while the researchers were blinded to the genotype and
treatment group.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00113.

Chronic vehicle and VU154 administration decrease
freezing responses in Mecp2+/+ control mice (Figure S1);
repeat administration of both drug and vehicle resulted
in a diminished fear response in controls, which was
measured at 80% in acute studies was quantified as 30%
in chronic studies; and the shift in control baseline

freezing compromised the signal window relative to
Mecp2+/− mutant mice and precluded the use of
contextual fear as a reliable outcome measure for
cognition in chronic administration studies (PDF)
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