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Schizophrenia patients exhibit deficits in signaling of the M1 subtype of muscarinic acetylcholine receptor (mAChR) in the prefrontal cortex
(PFC) and also display impaired cortical long-term depression (LTD). We report that selective activation of the M1 mAChR subtype
induces LTD in PFC and that this response is completely lost after repeated administration of phencyclidine (PCP), a mouse model of
schizophrenia. Furthermore, discovery of a novel, systemically active M1 positive allosteric modulator (PAM), VU0453595, allowed us to
evaluate the impact of selective potentiation of M1 on induction of LTD and behavioral deficits in PCP-treated mice. Interestingly,
VU0453595 fully restored impaired LTD as well as deficits in cognitive function and social interaction in these mice. These results provide
critical new insights into synaptic changes that may contribute to behavioral deficits in this mouse model and support a role for selective M1

PAMs as a novel approach for the treatment of schizophrenia.
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INTRODUCTION

Schizophrenia is a chronic debilitating psychiatric disorder
that is characterized by positive (hallucinations, delusions),
negative (affective flattening, social withdrawal), and cogni-
tive symptoms (working memory and attentional deficits)
(Lewis and Lieberman, 2000). A strong body of evidence has
implicated a dysfunction of prefrontal cortex (PFC) as a key
component of the pathophysiology underlying symptomol-
ogy of schizophrenia. These studies have primarily demon-
strated task-related hypofrontality in patients as well as
animal models (for review, see Manoach, 2003). However, a
recent and rapidly emerging body of clinical and preclinical
studies also suggest that excessive activation of the PFC
by subcortical excitatory projections may contribute to the
negative symptoms and cognitive deficits observed in
schizophrenia (Jodo, 2013; Manoach, 2003; Woodward
et al, 2013). It is possible that this excessive activation of
the PFC may be due to an imbalance in the two common
forms of plasticity in PFC, namely, long-term potentiation
(LTP) and long-term depression (LTD). Indeed, recent
clinical literature suggests that there are deficits in LTD in

patients diagnosed with schizophrenia (Hasan et al, 2013;
Strube et al, 2014). Furthermore, a common preclinical
model of schizophrenia involving transient blockade of
N-methyl-D-aspartate receptors (NMDARs) with repeated
administration of NMDAR antagonists during a critical
period of adolescent development induces profound and
lasting deficits in LTD at synapses from the hippocampus
to PFC (Ghoshal and Conn, 2015; Thomases et al, 2014).
This has been postulated to contribute to the increased
activity of PFC neurons observed following phencyclidine
(PCP) treatment in rodents (Katayama et al, 2007; Suzuki
et al, 2002; Thomases et al, 2014; Wang et al, 2007)
as well as the subsequent behavioral changes associated
with negative and cognitive symptoms in the disorder
(Neill et al, 2010, 2014).
Muscarinic acetylcholine receptors (mAChRs) play

important roles in regulating synaptic plasticity in the
PFC and activation of mAChRs induces LTD at the
hippocampo-PFC synapse (Lopes-Aguiar et al, 2013; Parent
et al, 2010; Wang and Yuan, 2009). Interestingly, multiple
studies suggest that cholinergic signaling is disrupted in
schizophrenia patients and in animal models of
schizophrenia (Berman et al, 2007; Dean et al, 2002; Scarr
and Dean, 2009b; Zavitsanou et al, 2004). If these changes
in cholinergic signaling lead to impairments in muscarinic
LTD (mLTD), this could contribute to the underlying
pathophysiology in PFC function. Importantly, mAChR
antagonists exacerbate cognitive deficits and negative symp-
toms in schizophrenia patients (Veselinovic et al, 2014)
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and xanomeline, a mAChR agonist, reduces all symptom
clusters in schizophrenia patients (Shekhar et al, 2008) and
corresponding animal models (Barak and Weiner, 2011;
Stanhope et al, 2001). These data are consistent with
the hypothesis that changes in mAChR signaling could
contribute to the symptoms observed in schizophrenia
patients. Of the five mAChR subtypes (M1–M5), M1 is
the predominant mAChR subtype expressed in the PFC
(Levey et al, 1991) and likely participates in induction of
mLTD (Caruana et al, 2011) and other physiological
responses that are important for PFC-dependent cognitive
functions (Digby et al, 2012; Shirey et al, 2009). We now
report discovery and optimization of VU0453595 as a novel,
highly selective positive allosteric modulator (PAM) for M1

that provides excellent pharmacokinetic properties and
brain exposure in mice after systemic administration. We
used VU0453595, along with M1-knockout (KO) mice and
mice selectively expressing channelrhodopsin in cholinergic
neurons, to show that mLTD in the PFC is mediated
exclusively by the M1 mAChR subtype. Interestingly, daily
administration of the NMDAR antagonist PCP to juvenile
mice led to a complete and lasting loss of M1-mediated
LTD in PFC slices. Incubation of PFC slices with the
M1-selective PAM restored the deficits in mLTD and
systemic administration of VU0453595 reversed deficits
in social interaction and cognitive function observed in this
rodent model of schizophrenia. These data provide new
insights into the functional impact of changes in M1

signaling in a model of schizophrenia and raise the exciting
possibility that highly selective M1 PAMs may provide a
novel approach for reducing cognitive deficits and negative
symptoms associated with changes in cortical plasticity
in schizophrenic patients.

MATERIALS AND METHODS

Animals

All animal studies were approved by the Vanderbilt
University Medical Center Institutional Animal Care and
Use Committee and were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Male C57BL6/J mice (Jackson Labora-
tories, Bar Harbor, ME) were used in electrophysiology and
behavioral studies (8–9 weeks old). The 8–9-week-old male
M1-KO (Hashimoto et al, 2008) and B6.Cg-Tg(Chat-
COP4*H134R/EYFP,Slc18a3)5Gfng/J (Jackson Laboratories;
Santini et al, 2013) mice (both C57BL6 background) were
also utilized for electrophysiology studies.

Phencyclidine Repeat Dosing

The 6–7-week-old male C57Bl/6 mice (Jackson Laboratories)
were used for repeated PCP dosing studies. Mice were
injected subcutaneously (s.c.) with 10 mg/kg of PCP (Sigma,
St Louis, MO) or vehicle (saline) at a volume of 10 ml/kg
once daily for 7 consecutive days. The electrophysiology or
behavioral tasks were performed following a 7-day washout
period. Separate groups of mice were used for each
behavioral task and electrophysiology studies.

Extracellular Field Potential Recordings

Extracellular field potential recordings were performed with
8–9-week-old male C57BL6/J mice (Jackson Laboratories)
mice using coronal slices (400 μm) containing prelimbic
PFC. Paired-pulse field excitatory postsynaptic potentials
(fEPSPs) were recorded from the layer V of the prelimbic
prefrontal cortex and evoked by paired electrical stimulus
pulses (100 μs duration, every 20 s; interpulse interval of
50 ms) of the superficial layers II–III, delivered through a
concentric bipolar stimulating electrode. For studies invol-
ving optical stimulation, blue light (470 nm) was delivered
using a High Power LED (Thorlabs, Newton, NJ). Detailed
methods are described in Supplementary Methods.

Whole-Cell Patch-Clamp Recordings

Whole-cell patch-clamp recordings were performed using
coronal slices (300 μm) prepared from 8–9-week-old male
C57BL6/J mice (Jackson Laboratories) and a K-gluconate-
based intracellular solution as described previously (Shirey
et al, 2009). Spontaneous EPSCs were recorded at a holding
potential of − 70 mV that is close to the reversal potential of
chloride ions; therefore, GABAA receptor-mediated inhibi-
tory currents were undetectable under these conditions. The
interevent intervals of sEPSCs from 2min episodes during
baseline and drug application were used to generate cumu-
lative probability plots. The interevent intervals from each
experiment were then expressed as frequency and the mean
values from the 2 min episodes were grouped and compared.
Inward current data analysis was performed using Clampfit
software where the peak amplitude of the inward current was
measured (v10.2, Molecular Devices, Sunnyvale, CA).
Detailed methods are described in Supplementary Methods.

Social Interaction Assay

Mice were allowed to habituate to a plexiglass arena consisting
of white walls and a clear lid (36× 26×18 cm) for 60min. Mice
were then injected with vehicle (20% β-cyclodextrin (BCD)), 1,
3, or 10mg/kg of VU0453595 (intraperitoneal (i.p.); 10ml/kg)
and placed back into the testing arena. Following a 30-min
pretreatment, an age/weight-matched noncagemate (intruder)
mouse was placed in the testing arena with the test mouse and
their interaction behavior was recorded for 5min. The amount
of time spent in social contact (active contact, social sniffing,
and social follow) initiated by the test mouse was recorded by
an observer blinded to experimental condition.

Novel Object Recognition Task

Mice were habituated in an empty novel object recognition
(NOR) arena (consisting of dark-colored plexiglass box
(32× 32×40 cm) for 10min. Approximately 24 h later, the
mice were injected with vehicle (20% BCD), 1, 3, or 10mg/kg
of VU0453595 (i.p.; 10ml/kg) and placed back into their home
cage for 30min. Mice were then placed back into the NOR
arena containing 2 identical objects for 10min. Following the
exposure period, mice were placed back into their home cages
for 1 h. The mice were then returned to the arena in which one
of the previously exposed (familiar) objects was replaced by a
novel object. The mice were video recorded for 10min while
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they explored the objects. Time spent exploring each object
was scored by an observer blinded to the experimental
conditions and the recognition index was calculated as [(time
spent exploring novel object)− (time spent exploring familiar
object)]/total time exploring objects.

Statistical Analysis

All statistical analyses were performed in GraphPad Prism 5
(GraphPad, San Diego, CA). The effects of various
pharmacological and genetic conditions on LTD and
behavioral effects were compared using one-way analysis of
variance (ANOVA) with Dunnett’s post hoc tests unless
otherwise mentioned. Paired pulse ratios (PPRs) were
compared across groups using paired t-test.

RESULTS

Muscarinic LTD in Prefrontal Cortex Is Solely Mediated
by the M1 mAChR Subtype

The fEPSPs were recorded from layer V neurons while
stimulating the superficial layer II–III neurons of prelimbic
PFC using a bipolar stimulating electrode (Figure 1a). Stimula-
tion with paired pulses led to reliable fEPSPs that exhibited a
PPR ranging from 0.9 to 1.5. Bath application of 50 μM
carbachol (CCh) for 10min led to a robust short-term
depression followed by moderate LTD (67.7± 6.1% baseline
fEPSP) that lasted for at least 60min following CCh application
(Figure 1b and f) and accompanied by a significant increase in
the PPR when compared with the baseline (120.0± 4.8%;
p= 0.0021; Figure 1c and g). This 50 μM CCh-induced LTD
was a saturated form of LTD in mouse PFC as higher concen-
tration of CCh (100 μM) produced an LTD of similar magni-
tude (69.6± 5.0% baseline fEPSP; Figure 1f, white bar). Bath
application of the orthosteric M1-selective antagonist (Sheffler
et al, 2009) VU0255035 (10 μM) 10min before and during CCh
application led to a complete abolition of the CCh-induced
mLTD (99.7± 11.7%), although the short-term depression in
response remained unaffected (Figure 1d and f). Finally,
application of 50 μM CCh in PFC slices prepared from M1-
KOmice led to a short-term depression of baseline response but
did not induce mLTD (96.0±4.0%; Figure 1e and f). There was
a significant difference in the magnitude of mLTD between the
experimental groups (p=0.0077; F= 5.548; R2= 0.4947), with
the magnitude of mLTD observed with 50 μMCCh inWTmice

significantly more from the VU0255035+50 μM CCh condition
(po0.05) or in the M1-KO mice (po0.05) but not different
from the 100 μM CCh condition (p40.05; Figure 1f). No
increase in PPR was observed in conditions where mLTD was
not observed (p40.05; 90.5± 4.4% (VU0255035+50 μM CCh)
and p40.05; 105.9±3.5% (M1-KO); Figure 1g). Taken together,
these data suggest that CCh-induced mLTD in the PFC is
characterized by an increase in PPR and requires activation of
the M1 mAChR subtype.

Novel Selective M1 PAM, VU0453595, Potentiates
M1-Mediated mLTD

We developed a novel and highly selective M1 PAM 6-(2-
Fluoro-4-(1-methyl-H-pyrazol-4-yl)benzyl)-6,7-dihydro-5H-
pyrrolo[3,4-b]pyridin-5-one (VU0453595) that exhibits
excellent in vitro and in vivo properties that are described
in detail in the Supplementary Materials (Supplementary
Figure S1 and Supplementary Tables S1 and S2). VU0453595
belongs to a series of isoindolinone M1-selective PAMs (see
Supplementary Methods for details on chemical synthesis
of VU0453595), has no off-target activity (Supplementary
Table S3), and shows no adverse effect liabilities that
were associated with some previous-generation M1 PAMs
(Supplementary Figure S2 and Supplementary Table S4).
We tested the hypothesis that VU0453595 can potentiate
M1-mediated mLTD. Bath application of 10 μM CCh for
10 min led to a robust acute depression followed by negligible
mLTD (93.9± 2.0%; Figure 2a and d) and no increase in
PPR (p40.05; 99.9± 3.8%; Figure 2e) in WT mice. However,
pretreatment with VU0453595 (10 μM, 10 min) before and
during application of CCh (10 μM, 10 min) led to an induc-
tion of robust mLTD (66.6± 6.5%; Figure 2b and d) with an
increase in PPR (po0.05; 134.1± 14.6%; Figure 2e). When
applied alone, the M1 PAM VU0453595 (10 μM, 20 min)
failed to produce any mLTD measured 60–65 min following
application of the compound (96.3± 4.2%; Supplementary
Figure S3a and c) in WT PFC slices. Finally, VU0453595
potentiation of subthreshold CCh-induced mLTD (95.6±
2.4% baseline fEPSP; Figure 2c and d) and increase in PPR
(p40.05; 101.1± 6.4%; Figure 2e) were absent in PFC slices
from M1-KO mice. There was a significant difference in the
magnitude of mLTD observed between groups (p= 0.0002;
F= 15.29; R2= 0.6709) with a significant difference between
10 μM CCh alone and the VU0453595+10 μM CCh condition
(po0.001) in WT mice. In contrast, there was no significant
difference in mLTD between 10 μM CCh alone in WT mice

Figure 1 Muscarinic LTD (mLTD) in PFC is mediated by the M1 muscarinic receptor subtype. (a) The fEPSPs were recorded from layer V of the mouse
PFC in response to paired stimulus pulses in the superficial layers II–III. The right panel shows an example trace from a single trial showing typical fEPSPs in
response to a paired pulse. (b) The mLTD (shaded gray area) in the PFC of WT drug-naive mice was induced by bath application of 50 μM CCh for 10 min
(solid line). Inset shows sample trace: black trace, baseline; gray trace, 60 min following CCh application. (c) Significant increase in the PPR was observed during
mLTD (late phase: 55–60 min following CCh application) when compared with that during the baseline. (d) The 50 μM CCh-induced mLTD is blocked by
pretreatment of 10 μM M1 orthosteric antagonist VU0255035 (gray shaded area; light gray sample trace) for 10 min followed by coapplication with 50 μM
CCh (dashed line). (e) The 50 μM CCh-induced mLTD is absent in the PFC of M1-KO mice (gray shaded area; dark gray sample trace). (f) Quantification of
mLTD (normalized fEPSP slopes) in the different experimental groups showing that there were significant differences in the magnitude of mLTD observed
with 50 μM CCh (n= 6) in WT mice when compared with the one observed with M1 antagonist VU0255035+50 μM CCh (n= 5) or in the M1-KO mice
(n= 6). The mLTD observed with 100 μM CCh (n= 4) was of similar magnitude to that of 50 μM CCh with no significant differences observed between them
(p40.05). (g) Quantification of PPRs during the late phase (normalized to baseline) from each experimental group showing that there was an overall significant
increase in PPR during the late phase in WT slices with 50 μM CCh treatment that was not observed in the M1 antagonist VU0255035+50 μM CCh condition
(p40.05) or in M1-KO (p40.05) mice. **Po0.01. Error bars denote SEM. CCh, carbachol; PFC, prefrontal cortex; PPR, paired pulse ratio; Rec., recording
pipette; Stim., stimulating electrode. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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and the VU0453595+10 μM CCh condition in M1-KO mice
(po0.05), indicating that VU0453595 can potentiate a
threshold form of mLTD specifically via activation of M1

receptors (Figure 2d).
To investigate whether M1-dependent mLTD can be

induced with physiological concentrations of ACh, we next
determined the effect of VU0453595 on LTD induced by

optical stimulation of endogenous ACh release. Optical
stimulation (15 min at 2 Hz) induced release of endogenous
ACh in ChAT-ChR2-YFP BAC transgenic mice and led to a
small but significant mLTD (87.1± 2.5%; Supplementary
Figure S4; paired t-test; p= 0.0109 when compared with
baseline). However, pretreatment with 10 μMVU0453595 for
5 min before and during optical stimulation (15 min at 2 Hz)
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induced a robust mLTD (67.4± 3.9%; Supplementary Figure
S4). This VU0453595-induced potentiation of optically
induced mLTD was completely blocked by pretreatment
with the M1 antagonist VU0255035 (10 μM; 89.9± 3.8%;
Supplementary Figure S4). There was a significant difference
in the magnitude of optically induced mLTD observed
between groups (p= 0.0026; F= 12.40; R2= 0.7337), where
the group with combined M1 PAM VU0453595 and optical
stimulation displayed significantly more mLTD than optical
stimulation alone or the M1 antagonist VU0255035+optical
stimulation conditions (po0.05; Supplementary Figure S4b).
In addition, similar to the WT mice, application of the M1

PAM VU0453595 (10 μM) alone for 20 min in ChAT-ChR2-
YFP BAC transgenic mouse PFC slices failed to produce any
mLTD (n= 3; 103.6± 9.6%). These results indicate that the
M1 PAM VU0453595 can potentiate both exogenous agonist-
induced mLTD and mLTD induced by endogenous ACh
released from local cholinergic terminals in an M1-depen-
dent manner.

Repeated PCP Treatment Induces a Deficit in mLTD
That Can be Reversed by VU0453595

PCP (10 mg/kg; s.c.) was injected once daily in 6–7-week-old
mice for 7 consecutive days followed by a 7-day washout

period without PCP administration (Figure 3a). Repeated
PCP exposure did not alter the input–output relationship
(two-way ANOVA; p= 0.3772 for interaction; p= 0.06 for
treatment) or the PPR (two-way ANOVA; p= 0.9738 for
interaction; p= 0.4936 for treatment) observed in the PFC
slices (Figure 3b). However, 50 μM CCh failed to induce
mLTD (101.4± 7.6%; Figure 3c and e) or increase in PPR
(p40.05; 103.3± 8.0%; Figure 3f) in the PCP-treated mice.
Similarly, 100 μM CCh also failed to induce any form
of mLTD in these PCP-treated mice (n= 5; 97.1± 6.3%).
In contrast, a previously reported form of mGlu2/3
agonist LY379268-mediated glutamatergic LTD (Walker
et al, 2015) was unaffected in the PCP-treated mice
(Supplementary Figure S5a and b). This indicated that
the deficit in mLTD is specific to deficits in muscarinic
plasticity.
Perfusion of brain slices from PCP-treated mice with

VU0453595 for 10min before and during application of
50 μM CCh completely rescued deficits in mLTD (69.0± 5.3%;
Figure 3d and e) and the accompanying increase in the PPR
(po0.01; 127.0± 8.2%; Figure 3f) in PFC slices from PCP-
treated mice. There was a significant difference in the
magnitude of mLTD observed between groups (p= 0.0027;
F= 8.969; R2= 0.5446). Thus, a significant loss of mLTD
after repeated PCP treatment when compared with the
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Figure 2 The M1 PAM VU0453595 potentiates muscarinic LTD by activating M1 receptors. (a) Time-course graph showing that, unlike 50 μM CCh,
application of 10 μM CCh for 10 min (solid line) led to a negligible mLTD (shaded gray area; gray sample trace). (b) M1 PAM VU0453595 potentiated the
threshold 10 μM CCh-mediated response as pretreatment (dashed line) with VU0453595 led to a robust mLTD (shaded gray area; light gray sample trace).
(c) Under similar conditions, VU0453595 failed to potentiate threshold 10 μM CCh-mediated response in the PFC of M1-KO mice (shaded gray area; dark
gray sample trace). (d) Quantification of mLTD (normalized fEPSP slopes) in the different experimental groups. There was a significant difference in the
magnitude of mLTD observed with 10 μM CCh alone (n= 6) in WT mice when compared with the VU0453595+10 μM CCh condition (n= 6). In contrast,
there was no significant difference in mLTD between 10 μM CCh alone in WT mice and the VU0453595+10 μM CCh condition in M1-KO mice (n= 6).
(e) Quantification of PPRs during the late phase (normalized to baseline) from each experimental group. An increase in PPR during the late phase is observed
in the WT, VU0453595+10 μM CCh condition but is not observed in slices treated with 10 μM CCh alone or the in M1-KO slices. *Po0.05; ***Po0.001.
Error bars denote SEM. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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mLTD magnitude in drug- naive mice (po0.01) was signifi-
cantly reversed by VU0453595 pretreatment in PCP-treated
mouse slices (po0.01). However, application of VU0453595
(10 μM, 20min) by itself failed to produce any mLTD in the

PCP-treated mouse PFC (95.1± 1.8%; Supplementary Figure
S3b and c). Thus, acute potentiation of M1 signaling is
sufficient to rescue deficits in CCh-induced mLTD observed
after repeated NMDAR blockade in juvenile mice.

Figure 3 Muscarinic LTD is compromised following repeated PCP treatment but can be rescued by the M1 PAM VU0453595. (a) Dosing paradigm for
repeated PCP experiments in 6–7-week-old C57Bl6 mice. Slice electrophysiology experiments were performed on day 8 or 9 of wash-out. (b) No significant
differences were observed in the input–output relationship (left) and PPR for different stimulus intensities (right) for fEPSPs recorded from the layer V PFC
between the drug-naive (n= 22) and the PCP-treated animals (n= 14). (c) Unlike in drug-naive animals as seen in Figure 1b, 50 μM CCh application for 10 min
(solid line) in PCP-treated mice failed to induce mLTD in layer V PFC (shaded gray area; gray sample trace). (d) Pretreatment of 10 μM VU0453595 (dashed
line) before and during 50 μM CCh application rescued mLTD in the PCP-treated mice and led to robust depression PFC fEPSP (shaded gray area; black
sample trace). (e) The average magnitude of mLTD observed in the PCP-treated experimental groups was quantified and compared along with that of drug-
naive 50 μM CCh group (from Figure 1f). There was a significant loss of mLTD after repeated PCP treatment (n= 6) when compared with the mLTD
magnitude in drug-naive mice (po0.01). Interestingly, bath application of VU0453595 before 50 μM CCh in PCP-treated mouse slices (n= 6) significantly
increased the magnitude of mLTD compared with 50 μM CCh treatment alone, indicating that the M1-selective PAM can rescue deficits in muscarinic plasticity
after repeated PCP treatment. (f) Quantification of normalized PPR during mLTD from each experimental group. Consistent with the hypothesis, a lack of
mLTD with 50 μM CCh in the PCP-treated mice is correlated with a lack of a significant increase in PPR during the late phase in these mice. On the other
hand, rescuing mLTD by VU0453595 in the PCP-treated mice is paralleled with a significant increase in PPR during the late phase. **Po0.01. Error bars
denote SEM. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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Repeated PCP Treatment Does Not Alter General M1
Function in PFC

CCh-induced increase in sEPSC frequency and inward
currents are known to be mediated by M1 mAChR subtype,
with a maximal increase observed with a 100 μM CCh
concentration (Shirey et al, 2009). Bath application of
100 μM CCh (a concentration that produced mLTD in
drug-naive mice but failed to produce mLTD in PCP-treated
mice) led to a transient increase in the sEPSC frequency of
similar magnitude in pyramidal neurons of both drug-naive
(447.3± 125.0% baseline) and PCP-treated mice (547.6±
71.7%; p= 0.47; Figure 4a) when measured at a holding
potential of − 70 mV. This was near the calculated reversal
potential for chloride ions (−69 mV) where the contribu-
tion of GABA-mediated currents is negligible. We observed
that application of 10 μM CNQX (AMPA receptor antago-
nist) combined with 50 μM AP-V (NMDA receptor antago-
nist) completely abolished all detectable synaptic events,
showing that they were primarily glutamatergic in nature.
Application of 100 μM CCh in the presence of CNQX and
AP-V also failed to increase the frequency of the sEPSCs,
indicating that the spontaneous events were primarily
excitatory in nature.
Furthermore, as previously reported, 100 μM CCh, in the

presence of 0.5–1 μM tetrodotoxin (TTX), induced inward
currents in layer V PFC pyramidal neurons (voltage clamped
at − 70 mV) that were similar in magnitude in drug-naive
(Δ picoAmpere (pA): 34.2± 3.0) and PCP-treated (ΔpA:
43.5± 4.0) mice (p= 0.14). The orthosteric M1 antagonist
VU0255035 for 5 min before and during application of
100 μM CCh blocked the CCh-induced inward current
(ΔpA: 3.7± 4.7) in the PFC slices from PCP-treated mice
(p= 0.0001; Figure 4b). Thus, repeated administration of
PCP in juvenile animals does not lead to generalized deficits
in M1 function in PFC.

Repeated PCP Administration Induces Behavioral
Deficits That Can be Reversed by VU0453595

We tested the performance of the PCP-treated mice in a
social interaction assay (representing a component of the
negative symptom domain) and a NOR task (representing
one aspect of cognitive function) 1 week after the last
administration of PCP (Figure 5a). In the social interaction
task, on average, saline-treated mice spent 78.0± 6.9 s inter-
acting with the intruder mouse, whereas PCP-treated mice

spent significantly less time in social contact (53.5± 4.3 s;
po0.05). An acute dose of VU0453595 (1, 3, and 10 mg/kg,
i.p.; Figure 5b) administered 30 min before the social
interaction test rescued deficits in social interaction observed
in PCP-treated mice, with no significant differences observed
between the VU0453595+PCP-treated and the vehicle-
treated control group (p40.05; Figure 5b). A one-way
ANOVA revealed a significant effect of dose on time spent in
active contact (p= 0.009; F= 3.3; R2= 0.1630).
In the NOR task (Figure 5c), drug-naive mice explored

the novel object more than the familiar objects, with a
recognition index of 0.23± 0.05. However, the recognition
index of PCP-treated mice was significantly decreased and
they displayed no preference for the novel object (recogni-
tion index − 0.03± 0.07), suggesting a profound deficit in
recognition memory. Interestingly, a single injection of
VU0453595 in PCP-treated mice rescued recognition mem-
ory to control levels, with a recognition index of 0.17± 0.05
at the highest dose (Figure 5c). Thus, no significant differ-
ence was observed between 1, 3, and 10 mg/kg VU0453595-
administered PCP-treated mice and the vehicle-treated mice
(p40.05). Control studies demonstrated that 10 mg/kg
VU0453595 had no effect on recognition index in saline-
treated mice (0.22± 0.03) as compared with vehicle-treated
controls. A one-way ANOVA revealed a significant effect of
dose on recognition index (p= 0.04; F= 2.15; R2= 0.1254).
These data demonstrate the ability of the selective M1 PAM
VU0453595 to restore impairments in both cognitive
function and negative symptoms of a preclinical rodent
model of schizophrenia.

DISCUSSION

The results described above show that mLTD induced both
by the exogenous agonist CCh and endogenously released
ACh in the rodent PFC is dependent on M1 activation and
can be potentiated by the M1 PAM VU0453595. Moreover,
this form of plasticity is compromised following transient
blockade of NMDARs during early adolescent development
by repeated PCP exposure in juvenile mice. Interestingly,
these deficits in synaptic plasticity in the PFC can be rescued
by incubation of acute slices with the highly selective
M1 PAM VU0453595. In addition, behavioral deficits in
PCP-treated mice, thought to represent examples of the
negative and cognitive symptoms of schizophrenia, were also
reversed following an acute treatment of a single dose of

Figure 4 The general function of M1 receptors in mouse PFC is intact after repeated PCP treatment. (a) Whole-cell recordings from pyramidal neurons
(regular spiking firing) at − 70 mV were performed in layer V of the prelimbic prefrontal mouse cortex. A sample trace and the cumulative probability of
interevent intervals for a typical cell are shown in the left during baseline, drug-add, and washout. In both drug-naive and PCP-treated mice, application of
100 μM CCh leads to an increased frequency of sEPSCs as seen in a sample trace and the cumulative probability of interevent interval that comes back to
baseline levels after CCh washes out. Quantification of the effect of 100 μM CCh (normalized frequency of sEPSCs) in both experimental groups is shown in
the lower right, showing no significant difference in the magnitude of increase in frequency after 100 μM CCh between them (drug naive: n= 4; PCP treated:
n= 7). (b) To evaluate the effect of 100 μM CCh on postsynaptic M1 receptors in mouse PFC, whole-cell recordings were performed in pyramidal cells in the
presence of 0.5–1 μM TTX at − 70 mV. In both PCP-treated and drug-naive mice, application of 100 μM CCh for 3 min (solid red line) leads to a generation of
an inward current of similar magnitude as quantified on the right (example traces on the left), showing no significant differences (drug naive: n= 4; PCP treated:
n= 7). Pretreatment with the M1 antagonist VU0255035 (10 μM) blocked the generation of inward current in the PCP-treated mice. Thus, the magnitude of
inward current observed in the PCP-treated mice with 100 μM CCh alone is significantly different than what is observed after pretreatment with M1 antagonist
VU0255035 (n= 3). ***Po0.001. Error bars denote SEM. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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the M1 PAM. Taken together with previous clinical studies in
schizophrenia patients and preclinical studies in rodent
models, these data form a strong argument for the func-
tional relevance of muscarinic plasticity in schizophrenia-
related behavioral deficits and support the hypothesis

that highly selective M1 PAMs may provide therapeutic
efficacy in treatment of some aspects of the negative and
cognitive symptoms in schizophrenia patients.
The present findings are especially interesting in

light of multiple previous studies that cholinergic signaling
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is disrupted in the PFC and other cortical and limbic
forebrain regions of schizophrenia patients (Berman et al,
2007; Dean et al, 2002; Raedler et al, 2007; Scarr et al,
2009a; Zavitsanou et al, 2004). Of particular interest is the
recent finding that a defined subset of schizophrenia
patients display decreases in M1 levels in PFC and other
cortical and forebrain regions (Dean et al, 2002; Gibbons
et al, 2013). Interestingly, studies using brain autopsies
from a broad range of schizophrenia patients show
reduced methylation of the promoter for the gene
encoding the M1 mAChR subtype that may contribute to
the reduced M1 expression in their brain (Scarr et al,
2013). However, the subset of schizophrenia patients who
show the most profound loss of cortical M1 protein also
show increases in an identified microRNA (miR-107) that
contributes to the loss of M1 (Scarr et al, 2013). In the
future, it will be important to develop a biomarker
strategy, such as a selective M1 positron emission
tomography (PET) ligand, that could be used to identify
this subset of schizophrenia patients in whom deficits in
M1 expression are most likely to contribute to the
pathophysiology underlying their disease, in the hope that
potentiating signaling of the remaining M1 receptors by M1

PAMs may be especially effective in reducing symptoms of
these patients.
The PFC has long been considered a seat for several

cognitive and emotional functions and is also implicated in
various disorders that are characterized by cognitive and
emotional dysfunction including schizophrenia. In addition,
various studies have implicated M1 in regulating PFC
function (Anagnostaras et al, 2003; Shirey et al, 2009). Our
finding that M1-mediated plasticity in PFC is highly
dysregulated in a rodent model of schizophrenia and that
an M1 PAM can restore mLTD and also reverse behavioral
deficits in this model provides substantial support for a
number of previous preclinical and clinical studies
demonstrating dysfunctional plasticity in the PFC. Moreover,
the deficit in mLTD provides a potential explanation for the
key pathological feature of increased activity of the
PFC pyramidal neurons (Jodo, 2013; Jodo et al, 2005;
Suzuki et al, 2002) in PCP-treated rodent models. This
selective increase in activation of PFC neurons is known
to be mediated primarily by inputs from the hippocampo-
PFC pathway (Jodo, 2013; Jodo et al, 2005; Kamiyama et al,
2011; Thomases et al, 2014) where LTD is reduced
and induction of LTP is enhanced (Kamiyama et al, 2011;
Thomases et al, 2014). Previous studies reveal that mLTD
in PFC is observed when specifically stimulating the
hippocampo-prefrontal pathway (Lopes-Aguiar et al, 2013;
Parent et al, 2010; Wang and Yuan, 2009). Thus, it is possible
that loss of M1-mediated mLTD at the hippocampo-PFC
synapse plays a major role in regulating PFC activation
by hippocampal afferents under normal conditions, and
that loss of this function contributes to the increased
activation of the PFC and resultant behavioral outcomes of
dysfunctional recognition memory and social interaction in
this rodent model. As normal PFC function is essential
for both social interaction (Elliott et al, 2012; Shah and
Treit, 2003; Wall et al, 2012) and recognition memory
(Bekinschtein and Weisstaub, 2014; Watson et al, 2012)
in rodents, this study provides the first direct evidence for

a potential role of impaired M1-mediated mLTD in PFC as
an underlying cause of these behavioral deficits.
It is clear from our studies that the deficit in mLTD

in PCP-treated mice cannot be explained by a general loss of
M1 function in the pyramidal neurons of PFC as repeated
PCP treatment does not affect CCh-induced increases
in sEPSC or generation of inward currents, both of which
are M1 dependent (Shirey et al, 2009). This strongly indicates
that the mechanisms governing mLTD can be entirely
different from the ones that govern M1-dependent changes
in sEPSC frequency or M1-mediated inward currents. It is
possible that downstream signaling pathways governing mLTD
could be different from those governing the M1-mediated
changes in synaptic transmission and inward current in
pyramidal neurons. In addition, these different responses
may be mediated by M1 expressed in different cell
populations. One can also argue that this mLTD deficit is a
general dysfunction in overall plasticity-related mechanisms
in the PFC. However, we found that glutamatergic LTD
mediated by the group II mGlu receptor mGlu3 (Walker
et al, 2015) is intact in the PFC after PCP treatment,
indicating PFC synapses can still undergo plastic changes in
these mice. It is possible that mLTD and group II mGlu
receptor-mediated LTD can reflect plasticity in distinct
synapses in the PFC, thus serving distinct functions, and
repeated PCP treatment leads to selective mLTD deficits and
deficits in functions only related to this form of muscarinic
plasticity.
In addition, it is important to consider these studies in the

context of previous clinical studies with the orthosteric
mAChR agonist, xanomeline, in schizophrenia patients
(Shekhar et al, 2008). Although xanomeline failed to advance
in clinical development because of peripheral adverse effects
mediated by M2 and M3 activation, this compound had
robust efficacy in reducing positive as well as negative
symptoms and cognitive disturbances in schizophrenia
patients. Extensive studies with novel, highly selective M4

PAMs suggest that selective potentiation of M4 has multiple
effects in rodent models that predict efficacy in reducing
positive symptoms (Byun et al, 2014; Chan et al, 2008).
Thus, it is possible that activation of M4 could play a
dominant role in xanomeline’s ability to reduce psychosis in
schizophrenia patients, whereas M1 may be more important
in mediating xanomeline’s efficacy in reducing negative and
cognitive symptoms of schizophrenia.
At present, very few studies have focused on under-

standing the cellular mechanisms underlying mLTD in the
PFC. M1 is a signaling partner for NMDARs and activation
of M1 can potentiate NMDAR currents (Marino et al, 1998).
However, previous studies in rodents have shown that
mLTD in the PFC is NMDAR independent (Caruana et al,
2011; Wang and Yuan, 2009). The mLTD is also independent
of nitric oxide but heavily dependent on activation of protein
kinase C (Caruana et al, 2011). There is contrasting evidence
in the role of postsynaptic Ca2+ in mLTD. Although one
study has shown it to be heavily dependent on voltage-gated
Ca2+ channels and postsynaptic Ca2+ levels (Wang and Yuan,
2009), others have reported that postsynaptic chelation of
calcium by BAPTA does not influence mLTD in the PFC
(Caruana et al, 2011). Of particular interest in the current
studies was the observation of a consistent increase in PPR
during expression of mLTD, with no changes in PPR in
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conditions that failed to produce mLTD. As changes in PPR
are often linked to an involvement of presynaptic mechan-
isms (Schulz et al, 1994), it is possible that this form of M1-
mediated LTD has a significant presynaptic component. This
is in contrast to some previously reported examples of
LTD that are mediated by postsynaptic changes in AMPA
receptor trafficking (Casimiro et al, 2011; Snyder et al, 2001).
A presynaptic component could be mediated by direct M1

activation in presynaptic terminals or via a retrograde
messenger system activated by postsynaptic M1 receptors.
However, it is also possible that M1 activation could induce
changes in cortical network properties, leading to an overall
depression in the PFC output. It is known that M1 activation
can enhance excitability in the GABAergic interneurons of
the PFC (Yi et al, 2014), and it is conceivable that M1

activation by high concentrations of CCh or a combination
of the M1 PAM VU0453595 and CCh leads to a long-term
enhancement of GABAergic interneuron-mediated inhibi-
tory tone in the PFC and thereby leads to sustained
depression of the excitatory output in PFC. Hence, the loss
in mLTD in the PCP-treated mice could be related to a
dysfunction in the muscarinic regulation of GABAergic
neurotransmission in the PFC. This could also help explain
our finding that M1 function in pyramidal neurons remains
intact in the PFC of the PCP-treated mice. Indeed, there is
evidence that shows that both acute and repeated NMDA
receptor antagonism can lead to a marked loss in GABAergic
neurotransmission in the brain including the frontal cortex
(Brigman et al, 2009; Jentsch et al, 1998; Tanibuchi et al,
2009). For instance, loss of LTD at the hippocampo-PFC
synapse has been postulated to be due to a failure in the
recruitment of GABAergic interneurons in the PFC by the
hippocampal inputs following repeated PCP treatment
(Thomases et al, 2014). Finally, it is likely that rescue of
mLTD with the M1 PAM in the PCP-treated mice could be
due to its potentiation of the dysfunctional GABAergic
network in the PFC. However, the exact cellular mechanism
for this form of muscarinic plasticity is yet to be determined
and needs further extensive studies to elucidate the
mechanism.
In conclusion, this study suggests that M1 PAMs may

provide an exciting new therapeutic approach for reducing
the negative and cognitive symptoms of schizophrenia.
These data build on strong clinical studies suggesting that
schizophrenia patients display deficits in cortical LTD
and decreased cortical M1 expression, and suggest that the
established efficacy of less selective mAChR agonists in
reducing cognitive and negative symptoms may be achieved
using selective allosteric modulators of M1. In addition,
the finding that M1 PAMs may reverse deficits in cortical
LTD in a mouse model that parallel deficits in cortical LTD
observed using noninvasive approaches in schizophrenia
patients raises the possibility that this could provide a useful
translational biomarker to evaluate effects of M1 PAMs
in schizophrenia patients. Finally, it is important to note that
Merck recently advanced an M1-selective PAM into clinical
development for testing in patients suffering from Alzhei-
mer’s disease (AD) (Merck Sharp and Dohme, 2014), and
other companies are making similar efforts as an approach
to improving cognition in AD patients. The present data,
combined with previous clinical studies, provide a strong
basis for evaluating these M1 PAMs for potential efficacy in

*

*

Figure 5 Behavioral deficits observed after repeated PCP exposure in
mice can be rescued by an acute treatment of M1 PAM VU0453595. (a)
Dosing paradigm for repeated PCP experiments for behavioral experiments.
Social interaction studies were then performed on day 8 of washout,
whereas novel object recognition (NOR) studies were carried out on day 8
and 9 of washout. (b) Sketch of experimental design for the social
interaction studies. PCP-treated mice (n= 15) spent significantly less of time
in active contact when compared with the vehicle-treated, drug-naive
animals (n= 15). Acute treatment of 10 mg/kg VU0453595 in the vehicle
group (n= 16) did not significantly alter the performance in this task, but 1,
3, and 10 mg/kg (n= 15) dose of VU0453595 (i.p.) in the PCP-treated mice
significantly rescued the behavioral deficits, as no significant difference was
observed compared with the vehicle-treated control group. (c) Schematic
describing the NOR task employed in this study. PCP-treated mice (n= 13)
had a significantly lower recognition index when compared with the vehicle-
treated animals (n= 16). Acute treatment of 10 mg/kg VU0453595 in the
vehicle group (n= 14) did not significantly alter the performance in this task
but acute treatment of VU0453595 (i.p.) in the PCP-treated mice restored
their recognition index to control levels as no significant difference was
observed between the 1 mg/kg (n= 13), 3 mg/kg (n= 14), and 10 mg/kg
(n= 15) VU0453595-administered PCP-treated mice and the vehicle-
treated group. *Po0.05. Error bars denote SEM.
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improving cognitive function and reducing negative symp-
toms in schizophrenia patients.
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