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M1-positive allosteric modulators lacking agonist activity
provide the optimal profile for enhancing cognition
Sean P. Moran1,2,3, Jonathan W. Dickerson2,3, Hyekyung P. Cho2,3, Zixiu Xiang 2,3, James Maksymetz2,3, Daniel H. Remke2,3,
Xiaohui Lv2,3, Catherine A. Doyle2,3, Deepa H. Rajan2,3, Colleen M. Niswender2,4,5, Darren W. Engers2,3, Craig W. Lindsley2,4,
Jerri M. Rook2,3 and P. Jeffrey Conn1,2,3,5

Highly selective positive allosteric modulators (PAMs) of the M1 subtype of muscarinic acetylcholine receptor have emerged as an
exciting new approach for improving cognitive function in patients suffering from Alzheimer’s disease and schizophrenia. However,
excessive activation of M1 is known to induce seizure activity and have actions in the prefrontal cortex (PFC) that could impair
cognitive function. We now report a series of pharmacological, electrophysiological, and behavioral studies in which we find that
recently reported M1 PAMs, PF-06764427 and MK-7622, have robust agonist activity in cell lines and agonist effects in the mouse
PFC, and have the potential to overactivate the M1 receptor and disrupt PFC function. In contrast, structurally distinct M1 PAMs
(VU0453595 and VU0550164) are devoid of agonist activity in cell lines and maintain activity dependence of M1 activation in the
PFC. Consistent with the previously reported effect of PF-06764427, the ago-PAM MK-7622 induces severe behavioral convulsions in
mice. In contrast, VU0453595 does not induce behavioral convulsions at doses well above those required for maximal efficacy in
enhancing cognitive function. Furthermore, in contrast to the robust efficacy of VU0453595, the ago-PAM MK-7622 failed to
improve novel object recognition, a rodent assay of cognitive function. These findings suggest that in vivo cognition-enhancing
efficacy of M1 PAMs can be observed with PAMs lacking intrinsic agonist activity and that intrinsic agonist activity of M1 PAMs may
contribute to adverse effects and reduced efficacy in improving cognitive function.

Neuropsychopharmacology (2018) 43:1763–1771; https://doi.org/10.1038/s41386-018-0033-9

INTRODUCTION
The M1 muscarinic acetylcholine receptor (mAChR) has garnered
intense interest as a promising therapeutic target for the
treatment of the cognitive disruptions in schizophrenia and
Alzheimer’s disease (AD). Cholinergic signaling is disrupted in both
schizophrenia and AD [1, 2], and a subset of schizophrenia
patients display profound decreases in M1 expression in brain
regions critical for cognition [3, 4]. Several compounds targeting
the M1 receptor have entered clinical trials [5, 6] including a
multicenter phase III clinical trial examining the effects of the M1/
M4-preferring mAChR partial agonist xanomeline in patients
suffering from AD [7] and a subsequent small clinical trial in
patients with schizophrenia [8]. Unfortunately, xanomeline and
other mAChR partial agonists exhibited dose-limiting adverse
effects that are thought to be mediated by nonselective agonist
activity and activation of peripheral M2 and M3 receptors [9]. While
efforts are underway to reduce peripheral side effects of
xanomeline by co-administration of a peripheral muscarinic
receptor antagonist (ClinicalTrials.gov; identifier NCT02831231), it
may also be possible to develop more selective activators of the
M1 receptor.
Despite major investments in medicinal chemistry, previous

efforts to develop highly selective orthosteric agonists of the M1

receptor have failed due to the highly conserved orthosteric

acetylcholine binding site. To circumvent this problem, multiple
research efforts shifted to developing compounds that act via
allosteric sites on mAChRs, which are structurally distinct from the
orthosteric binding site and may be less highly conserved among
receptor subtypes. By targeting allosteric sites on mAChRs, we and
others have identified highly subtype-selective positive allosteric
modulators (PAMs) of the M1 receptor that avoid activation of
other mAChR subtypes [10–13]. These M1 PAMs induce robust
potentiation of M1-mediated responses in animal models and in
brain tissue from schizophrenia patients in which the M1 receptor
is down regulated [3]. Based on these exciting advances, three
highly selective M1 PAMs, MK-7622, VU-319, and TAK-071, have
been advanced to clinical testing for potential efficacy in
enhancing cognitive function in patients with central nervous
system (CNS) disorders (see ClinicalTrials.gov Identifiers
NCT01852110, NCT03220295, and NCT02769065).
M1 PAM discovery programs have produced a structurally

diverse range of M1 PAMs with distinct pharmacological proper-
ties, including differences in stimulus bias [14], and different levels
of intrinsic agonist activity [10, 15, 16]. However, little is known
about the impact of different modes of efficacy of M1 PAMs on
in vivo activity. While M1 activation plays an integral role in
regulation of cognitive function [17], overactivation of M1 can
have effects that could impair cognition and induce severe
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adverse effects. For instance, while modest activation of M1

enhances synaptic plasticity in the hippocampus and prefrontal
cortex (PFC) [18, 19], excessive M1 activation induces a disordered
increase in pyramidal neuron activity [18, 20], and this may impair
cognitive function [21, 22]. Additionally, strong activation of M1

may contribute to peripheral cholinergic adverse effects [15, 23] as
well as induction of generalized behavioral convulsions [16, 24].
These studies raise the possibility that M1 PAMs that possess direct
agonist activity could lead to overactivation of the receptor and
have different in vivo effects than M1 PAMs devoid of agonist
activity. However, for other receptors, PAMs have been identified
that exert allosteric agonist activity in cell lines but not in native
systems [25] and it is not known whether M1 PAMs will display
allosteric agonist activity in CNS preparations. Lastly, the
differences in in vivo effects of compounds lacking M1 agonist
vs. possessing intrinsic agonist activity have not been evaluated.
We now report a series of studies in which we characterize two

M1 PAMs that exhibit robust M1 agonist activity (MK-7622 and PF-
06764427) and two structurally distinct M1 PAMs, VU0453595 [19]
and VU0550164, that are devoid of agonist activity in cell lines. We
then evaluate the physiological effects of these ago-PAMs and
non ago-PAMs in the medial PFC (mPFC), a brain region important
in cognition, and the potential cognitive and pro-convulsive
effects in awake healthy rodents.

MATERIALS AND METHODS
Cell line and calcium mobilization assay
Chinese hamster ovary (CHO) cells stably expressing rat M1 were
used in the calcium mobilization assay to examine the agonist and
PAM activities of the M1-positive allosteric modulators. Cell culture
and calcium flux assay conditions have been previously described
[16]. Detailed methods are described in the Supplementary
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 laboratories) and M1 receptor knockout
(KO) mice (with permission from J. Wess, National Institutes of
Health–National Institute of Diabetes and Digestive and Kidney
Diseases, Bethesda, MD) were used in electrophysiology and
behavioral studies (6–10 weeks old). Mice were group housed 4–5
per cage, maintained on a 12 h light/dark cycle, and food and
water were provided ad libitum. Adult male Sprague-Dawley rats
weighing between 280 and 350 g (Envigo, Indianapolis, IN) were
used in the behavioral studies. Rats were group housed 3 per cage
and were maintained on a 12 h light/dark cycle with food and
water ad libitum.

Behavioral manifestations of seizure activity
To evaluate induction of behavioral manifestation of seizure
activity, C57Bl/6J mice received administration of vehicle or 1, 3,
10, 30, or 100 mg/kg M1 PAM. Compounds were formulated in
10% Tween 80 (pH 7.0) and injected intraperitoneally (n= 3).
Animals were monitored continuously and scored for behavioral
manifestations of seizure activity at 5, 10, 15, and 30min, and 1
and 3 h. Behavioral manifestations of seizures were scored using a
modified Racine scoring system [16, 26]. Detailed methods are
described in the Supplementary Methods.

Extracellular field electrophysiology
Extracellular field potential recordings were performed with 6–10-
week-old male C57BL6/J mice (Jackson Laboratories) using 400
µm coronal slices containing the prelimbic prefrontal cortex
recorded from layer V and evoked electrically by a concentric

bipolar stimulating electrode (200 µs duration, 0.05 Hz; inter-pulse
interval of 50 ms) in the superficial layers II–III. Input–output curves
were generated to determine the stimulus intensity that produced
approximately 70% of the maximum field excitatory postsynaptic
potential (fEPSP) slope before each experiment, which was then
used as the baseline stimulation. All test compounds, with the
exception of carbachol (CCh; Tocris Bioscience, Bristol, UK) which
was diluted in H2O, were diluted to the appropriate concentra-
tions in dimethyl sulfoxide (DMSO; <0.1% final) in artificial
cerebrospinal fluid (ACSF) and applied to the bath for 20 min.
Detailed methods are described in the Supplementary Methods.

Whole-cell electrophysiology
Whole-cell patch-clamp recordings were performed using coronal
mPFC slices (300 µm) prepared from 6–10-week-old male C57BL6/
J mice (Jackson Laboratories) according to the methods above
using pipettes filled with an intracellular solution consisting of the
following (in mM): 125 K-gluconate, 4 NaCl, 10 HEPES, 4 MgATP,
0.3 NaGTP, and 10 Tris-phosphocreatine, and had resistances
ranging from 3 to 5 MΩ. Pyramidal neurons were visualized based
on morphology and were further identified by their regular
spiking pattern following depolarizing current injections induced
by a series of 500ms current steps (−150 pA to +100 pA)
incremented in +25 pA performed in current clamp mode.
Spontaneous EPSCs (sEPSC) were recorded at a holding potential
of −70mV (the reversal potential for GABAA channels). After a
stable baseline was recorded for 5–10min, test compounds were
diluted to the appropriate concentrations in DMSO (<0.1% final) in
ACSF and applied to the bath for 5 min using a peristaltic pump
perfusion system. Cumulative probability plots were constructed
using 2min episodes of baseline and peak affect during drug add
interevent interval values. Detailed methods are described in
the Supplementary Methods.

Novel object recognition task
Rats were habituated for 10min for 2 consecutive days in an
empty novel object recognition arena consisting of dark-colored
plexiglass box (40 × 64 × 33 cm3). On day 3, rats were administered
vehicle (0.5% methylcellulose for MK-7622 and 20% b-cyclodextrin
for VU0453595) or M1 PAM (0.3−10mg/kg, per os (p.o.), 3 mL/kg,
n= 11–12) and returned to their home cage for 90min. Rats were
then placed in the novel object recognition arena containing two
identical objects for 10 min. Following the exposure period, rats
were placed back into their home cages for 24 h. The rats were
then returned to the arena in which one of the previously exposed
(familiar) objects was replaced by a novel object and were video
recorded for 5 min while they explored the two 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 analyses
For the novel object recognition task, groups were compared
using a one-way analysis of variance (ANOVA), followed by
Dunnett’s multiple comparison tests with the vehicle-treated rats
as the control group. Changes in sEPSC frequency before and
during drug add (peak effect) was compared using a paired t-test
after data passed the Kohmogrov–Sminov normality test. For long-
term depression (LTD) experiments where only two experimental
conditions were compared, a paired t-test was performed to
calculate statistical significance after data passed the
Kohmogrov–Sminov normality test. For electrophysiological com-
parisons with more than one group, a one-way ANOVA was
performed followed by Dunnett’s multiple comparison test. For all
statistical comparisons, the critical p-value was considered to be
0.05. The numbers of animals to be used for each experiment
outlined within the study were determined using a power
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calculation statistical analysis using the Power and Sample Size
Calculation software program available at Vanderbilt University
(Dupont and Plummer, PS Controlled Clinical Trials. 18:274 1997).
Animal numbers are based on a power calculation using standard
errors from published studies and previous experience to detect
>20% difference for each outlined experiment with an 80% power
(alpha= 0.05, power= 80%, delta= 0.2, sigma= 0.18).

RESULTS
MK-7622 and PF-06764427 display robust agonist activity in an
in vitro calcium mobilization assay
To assess the in vitro activity of the M1 PAMs used in this study,
compounds were tested using CHO cells stably expressing the M1

receptor. The previously published M1 PAM PF-06764427 [10, 16]
(Fig. 1a, left) and Merck’s MK-7622 [27] (Fig.1a, right) were
evaluated for their ability to mobilize intracellular calcium (Ca2+) in
the M1-CHO cells. The raw calcium traces (Fig. 1b) indicate that
both PF-06764427 and MK-7622 induce robust increases in Ca2+

mobilization in the absence of an orthosteric mAChR agonist. PF-
06764427 alone causes a concentration-dependent increase in the
mobilization of intracellular Ca2+ (Ago half-maximal effective
concentration (EC50) 610 nM ± 14, Fig. 1c). Interestingly, we report

a similar degree of intracellular Ca2+ mobilization with MK-7622
alone (Ago EC50 2930 nM ± 95, Fig. 1d). Both PF-06764427 (PAM
EC50 30 nM ± 3, Fig. 1e) and MK-7622 (PAM EC50 16 nM ± 4, Fig. 1f)
act as potent and selective [10] (Supplemental Fig. 1) M1 PAMs in
the presence of the orthosteric agonist ACh. Therefore, in addition
to their PAM activity, both PF-06764427 and MK-7622 have
significant intrinsic agonist activity in this cell-based Ca2+

mobilization assay.

VU0453595 and VU0550164 act as highly selective PAMs lacking
agonist activity in the M1 in vitro calcium mobilization assay
Previous studies suggest that overactivation of the M1 mAChR can
induce cholinergic adverse effects [16, 23]. Based on these studies,
we initiated an effort to optimize M1 PAMs that lack intrinsic
agonist activity. We have previously reported characterization
VU0453595 [19, 28] (Fig. 2a, left) and now disclose the novel M1

PAM VU0550164 (Fig. 2a, right). The raw Ca2+ traces (Fig. 2b)
illustrate the lack of agonist activity of both VU0453595 and
VU0550164 in the calcium mobilization assay even at high
concentrations (>10 µM). As expected, VU0453595 had little to
no effect on intracellular Ca2+ mobilization when applied alone
(Fig. 2c). Similarly, the optimized M1 PAM VU0550164 lacks agonist
activity (Fig. 2d). However, both VU0453595 (PAM EC50 2140 nM ±

Fig. 1 PF-06764427 and MK-7622 display robust intrinsic agonist activity in M1-expressing CHO cells. a Structures of the M1 PAMs PF-06764427
(left) and MK-7622 (right). b Representative raw calcium traces following the addition of 10 μM PF-06764427 (black), MK-7622 (light gray), and
the subsequent additions of EC20 and EC80 concentrations of acetylcholine (ACh) (dotted line). c Agonist concentration-response curves of
rM1-CHO calcium mobilization assay for PF-06764427 and d MK-7622 in the absence of ACh. e PAM concentration-response curves of rM1-
CHO calcium mobilization assay for PF-06764427 and f MK-7622 in the presence of an EC20 of ACh. Data represent mean ± S.E.M. from three
independent experiments performed in triplicate
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436, Fig. 2e) and VU0550164 (PAM EC50 330 nM ± 44, Fig. 2f) can
strongly potentiate an EC20 concentration of ACh in a
concentration-dependent manner. These data reveal that at
concentrations significantly above the PAM EC50, VU0453595
and VU0550164 lack agonist activity in this assay, thereby
demonstrating that these compounds are highly selective [19]
(Supplemental Fig. 1) PAMs devoid of agonist activity with respect
to in vitro Ca2+ mobilization.

Ago-PAMs but not PAMs lacking agonist activity increase sEPSC in
layer V mPFC pyramidal neurons
To test whether PAMs displaying agonist activity in cell-based
assays would have agonist activity in a native system, we
evaluated the various M1 PAMs in a series of whole-cell
electrophysiology experiments in native brain tissue. Previously,
we reported that activation of M1 can dramatically increase the
activity of excitatory synaptic inputs onto layer V pyramidal cells in
acute mPFC-containing brain slices [20]. We now report that bath
application of M1 ago-PAM PF-06764427 (1 µM) induces a marked
increase in frequency of spontaneous excitatory postsynaptic
currents (sEPSCs) in mPFC layer V pyramidal cells (Fig. 3a, paired t-
test, p < 0.05). In addition, the second M1 ago-PAM, MK-7622 (1
µM), also increased sEPSC frequency (Fig. 3b, paired t-test, p <

0.05). However, neither 10 µM VU0453595 (Fig. 3c) nor 10 µM
VU0550164 (Fig. 3d) caused any significant change in sEPSC
frequency (paired t-test, p > 0.05) at concentrations well above
those required for maximal PAM activity. These results show that
MK-7622 and PF-06764427 but not VU0453595 or VU0550164
have agonist activity in this native cortical preparation.

Ago-PAMs but not PAMs lacking agonist activity induce robust
depression of fEPSP slopes in the mPFC
We next tested the various M1 PAMs in a more circuit-level brain
slice electrophysiology assay by measuring changes in layer V
fEPSPs evoked by electrical stimulation of afferents in layer II/III of
the mPFC. Previously, we and others found that cholinergic
agonists can induce an M1-dependent long-term depression (LTD)
of fEPSP slope at this synapse [19, 29, 30]. Consistent with the
effects on sEPSCs, bath application of 1 µM PF-06764427 (Fig. 4a)
induces a significant LTD of fEPSP slope 46–50min (shaded area)
after drug washout compared to baseline (paired t-test, p < 0.05,
Fig. 4b); this effect was absent in the presence of the selective M1

antagonist VU0255035 [31] (Supplemental Fig. 2A) as well as in
M1-KO mice (Supplemental Fig. 2B). Quantification of LTD
measured at 46–50min after drug washout (shaded area)
indicates a significant difference in the magnitude of LTD

Fig. 2 VU0453595 and VU0550164 lack significant agonist activity and are potent PAMs in M1-expressing CHO cells. a Structure of M1 PAM
VU0453595 (left) and VU0550164 (right). b Representative raw calcium traces following the addition of 10 μM VU0453595 (black) and
VU0550164 (light gray) and the subsequent additions of EC20 and EC80 concentrations of acetylcholine (ACh) (dotted line). c Agonist
concentration-response curves of rM1-CHO calcium mobilization assay for VU0453595 and d VU0550164 in the absence of ACh. e PAM
concentration-response curves of rM1-CHO calcium mobilization assay for VU0453595 and f VU0550164 in the presence of an EC20 of ACh. e
Data represent mean ± S.E.M. from three independent experiments performed in triplicate

M1-positive allosteric modulators lacking agonist activity provide
SP Moran et al.

1766

Neuropsychopharmacology (2018) 43:1763 – 1771



observed with application of 1 µM PF-06764427+10 µM
VU0255035 as well as 1 µM PF-06764427 in M1-KO mice compared
to 1 µM PF-06764427 alone (Supplemental Fig. 2C) (one-way
ANOVA, p < 0.05).
Similarly, bath application of 1 µM MK-7622 for 20min (Fig. 4c)

induces a robust and statistically significant LTD measured at
46–50min following drug washout (paired t-test, p < 0.001)
(Fig. 4d). This LTD was absent in the presence of VU0255035
(Supplemental Fig. 2D) as well as in brain slices obtained from M1-
KO mice (Supplemental Fig. 2E). Quantification of LTD (normalized
fEPSP slopes) 46–50min after drug washout (shaded area)
indicates a significant difference in the magnitude of LTD
observed with application of 1 µM MK-7622 + 10 µM
VU0255035 as well as 1 µM MK-7622 in M1-KO mice compared
to 1 µM MK-7622 alone (one-way ANOVA, p < 0.01) (Supplemental
Fig. 1F).
In contrast to the effects of MK-7622 and PF-06764427, high

concentrations of M1 PAMs VU0453595 and VU0550164 induce no
change in fEPSP slope. As illustrated in Fig. 4e, f, bath application
of 10 µM VU0453595, a concentration known to potentiate the
LTD induced by a submaximal concentration of CCh [19], for 20
min did not significantly change fEPSP slope compared to
baseline (p > 0.05). Furthermore, the second M1 PAM devoid of
agonist activity in vitro, VU0550164 (10 µM), did not significantly
change fEPSP slope compared to baseline when bath applied
alone (p > 0.05) (Fig. 4g, h), but potentiated the response to 10 μM

CCh (Supplemental Fig. 3A) and induced a robust LTD only in the
presence of an orthosteric agonist (Supplemental Fig. 3B).
Quantification of LTD indicates a significant difference in the
magnitude of LTD observed with co-application of 10 µM
VU0550164 + 10 µM CCh compared to 10 µM alone (p < 0.05)
(Supplemental Fig. 3C). Taken together, these data demonstrate
that MK-7622 and PF-06764427 display strong intrinsic M1 agonist
activity in this cortical brain slice electrophysiological assay, in
contrast to VU0453595 and VU0550164 which lack agonist activity
and maintain activity dependence of M1 activation in these native
brain tissue assays.

MK-7622, but not VU0453595, induces behavioral convulsions in
rodents
In light of our finding that both PF-06764427 and MK-7622 have
robust allosteric agonist activity in both cell line and native tissue
assays, we hypothesized that MK-7622 would induce behavioral
convulsions in a manner similar to those observed with PF-
06764427 [16]. Therefore, we performed a dose-escalation study in
mice to assess seizure liability of the M1 ago-PAM MK-7622.
Consistent with our previous study with PF-06764427, 30 and 100
mg/kg MK-7622 induces robust convulsions that reached stage 5
on the modified Racine scale [16, 26, 32] in wild-type but not M1

KO mice (Fig. 5a). While the M1 PAM VU0550164 does not have
suitable pharmacokinetic properties for systemic administration,
VU0453595 has excellent properties for use in in vivo studies [19].

Fig. 3 Ago-PAMs but not PAMs devoid of agonist activity increase sEPSC frequency in layer V mPFC neurons. a Whole-cell recordings from
pyramidal neurons (regular spiking firing) clamped at −70mV were performed in layer V of the prelimbic prefrontal mouse cortex. A sample
trace of baseline (upper-trace) and during drug add (bottom-trace) and the cumulative probability of interevent intervals for a typical cell are
shown (middle) during baseline and drug-add. Histogram summarizing the change in frequency of baseline to the drug peak effect (lower).
Similar to 1 µM PF-06764427, bath application of b 1 µM MK-7622 produced a statistically significant increase in sEPSC frequency, in contrast
to bath application of c 10 µM VU0453595 and d 10 µM VU0550164 which induced no significant change in sEPSC frequency. Scale bars
denote 50 pA and 10 s. *p < 0.05, paired t-test
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Interestingly, VU0453595 induces no gross changes in behavior
even at doses up to 100 mg/kg (Fig. 5a), well above doses that
enhance cognition in rodents [19]. Collectively, these findings
suggest that M1 ago-PAMs, such as MK-7622 and PF-06764427,
induce behavioral convulsions that are not observed with PAMs
lacking agonist activity such as VU0453595.

VU0453595 but not MK-7622 can enhance rodent object
recognition
While M1 ago-PAMs such as MK-7622 and PF-06764427 do not
induce overt seizures at lower doses, it is possible that over-
activation of M1 with ago-PAMs such as MK-7622 and PF-
06764427 could disrupt cortical function and reduce efficacy of
these compounds in enhancing cognitive function. Therefore, we
performed a series of studies to evaluate the effects of the M1 ago-
PAM MK-7622 and the PAM VU0453595 in an established model
of recognition memory in healthy adult rats (Fig. 5b). Rats were
chosen for these studies because they do not display overt
behavioral convulsions in response to administration of M1 ago-
PAMs and, for these studies, we used doses below those shown to
induce behavioral convulsions in mice.
Interestingly, MK-7622 (1, 3, and 10mg/kg) did not significantly

improve performance in the novel object recognition task (p=
0.9110, one-way ANOVA) (Fig. 5c). In contrast, VU0453595, which
lacks agonist activity, induces a robust improvement in

recognition memory in healthy adult rats assessed using the
novel object recognition task. At 1, 3, and 10mg/kg, VU0453595
enhances object recognition as indicated by a significant increase
in the recognition index (Dunnett’s multiple comparison test: p=
0.0008) (Fig. 5d). Taken together, these data suggest that ago-
PAMs and PAMs devoid of agonist activity can be differentiated in
multiple cell-based, native tissue, and in vivo assays.

DISCUSSION
We report that PF-06764427 and MK-7622 exert considerable
agonist activity in inducing calcium mobilization in M1-expressing
cell lines, and in two cortical brain slice electrophysiology assays.
Conceptually, while prototypical PAMs only potentiate responses
to an orthosteric agonist, these “ago-PAMs” potentiate responses
to orthosteric agonist but also directly activate M1 when added
alone. Importantly, ago-PAMs are also distinct from agonists, in
that pure agonists do not potentiate responses to ACh but only
act by directly activating the receptor. The current findings
suggest that the presence of agonist activity when assessing M1

PAMs in cell lines translates into robust ago-PAM activity in native
preparations. In contrast, two structurally distinct M1 PAMs
optimized to eliminate agonist activity in cell lines, VU0453595
and VU0550164, have no significant agonist activity in mPFC-
containing brain slices. Thus, unlike ago-PAMs, VU0453595 and

Fig. 4 Ago-PAMs but not PAMs devoid of agonist activity robustly depress fEPSP slopes recorded in layer V of the prelimbic mPFC evoked by
electrical stimulation in layer II/III. a Time course graph showing that bath application of 1 µM PF-06764427 for 20min leads to a robust long-
term depression (LTD) of fEPSP slope. b Quantification of fEPSP slope 46–50min following drug washout (shaded area) indicates a significant
depression of fEPSP slope. /= 9 brain slice experiments. *P < 0.05, paired t-test. c Under similar conditions bath application of 1 µM MK-7622
for 20 min led to an acute depression followed by a LTD of fEPSPs measured 46–50min following drug washout. d Quantification of fEPSP
slope 46–50min following drug washout (shaded area) indicates a significant depression of fEPSP slope; n= 9 brain slice experiments; ***p <
0.001, paired t-test. e Time course graph showing that bath application of 10 µM VU0453595 for 20min led to no significant change in fEPSP
slopes (f) measured 46–50min following drug washout; n= 4 brain slice experiments; p > 0.05, paired t-test. g Similar to VU04553595, 10 µM
VU0550164 failed to induce any significant change in fEPSP 46–50min following drug washout (h); n= 7 brain slice recordings, p < 0.05. paired
t-test. Time course data are expressed as mean ± S.E.M. Insert contains fEPSP sample traces during baseline (red) and 46–50min following
drug washout (black). Scale bar denotes 0.5 mV and 5ms
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VU0550164 maintain dependence on ACh for receptor activation
and would be expected to maintain activity dependence of M1

activation. Furthermore, similar to PF-06764427 [16], the ago-PAM
MK-7622, but not VU0453595, induces robust behavioral convul-
sions in adult mice that were absent in M1-KO mice, suggesting
that overactivation of M1 is responsible for the MK-7622-induced
behavioral convulsions. Finally, VU0453595 but not MK-7622, has
robust efficacy in improving object recognition memory in rats.
Consistent with a more limited therapeutic window of M1 ago-
PAMs in this assay, we previously reported that another M1 ago-
PAM, PF-06764427, fails to improve performance in this cognition
assay [16].
The lack of efficacy of PF-06764427 and MK-7622 in improving

recognition memory in unimpaired rodents is interesting in light
of previous studies showing that M1 PAMs within these structural
classes can reverse scopolamine-induced deficits in rodent and
monkey working memory [10, 33–35, 44]. Thus, it is possible that
the efficacy observed with M1 PAMs will be impacted by the
specific assay being used. It is important to note that PF-06764427
and other M1 ago-PAMs in the MK-7622 structural class have been
shown to exhibit strong negative cooperativity with scopolamine
binding to the orthosteric site, and are therefore able to inhibit
[3H]-N-methyl-scopoloamine binding to this site [16, 36–38]. This
ability of some M1 PAMs to inhibit scopolamine binding may
confound studies using scopolamine to impair cognitive function

and may reflect the negative cooperativity between M1 ago-PAM
and scopolamine binding. In future studies, it will be important to
fully evaluate M1 ago-PAMs and PAMs devoid of agonist activity
across a broader range of models, especially in relevant disease
models that do not rely on disruption of cognitive function with
scopolamine or other mAChR orthosteric antagonists in order to
determine whether M1 PAMs lacking agonist activity have the
superior efficacy and safety across multiple models.
The data reported here suggest that it will be important to

optimize M1 PAMs that lack intrinsic agonist activity in order to
minimalize risk of adverse effects and to maximize the M1 PAM
efficacy in improving cognitive function in diseases such as
schizophrenia and AD [19, 20]. This is reminiscent of previous
studies demonstrating that the presence of allosteric agonist
activity also leads to severe adverse effect liability for select PAMs
for the mGlu5 subtype of metabotropic glutamate (mGlu)
receptors [26, 32]. This liability is minimized with PAMs lacking
agonist activity, and therefore suggests that, for certain receptors
and channels [39, 40], it is critical to optimize PAMs that maintain a
strict dependence of receptor signaling on activation of receptors
by endogenous transmitters. This is directly analogous to the
favorable safety profile of positive allosteric modulators of GABAA

receptors in patients [41]. The need to optimize compounds that
maintain a strict dependence on activity of presynaptic afferents is
likely to be especially important for any receptor subtype for

Fig. 5 MK-7622 induces robust behavioral convulsions, and lacks efficacy in enhancing rodent cognition. a C57Bl6/j mice were administered
3, 10, 30, and 100mg/kg MK-7622, and behavioral convulsions were measured for 3 h using the modified Racine scale (0−5). M1-KO mice
exhibit no behavioral convulsions, suggesting that MK-7622 induces behavioral convulsions in a M1-dependent fashion. Compounds were
formulated in 10% Tween 80 and delivered intraperitoneally. Data represent mean ± S.E.M. (n= 3 mice per dose). This is in contrast to
VU0453595, which displays no overt adverse effects at concentrations up to 100mg/kg (n= 3 mice). b Schematic of the rodent Novel Object
Recognition paradigm. c Pretreatment with 1, 3, and 10mg/kg of MK-7622 90min before the familiar phase failed to significantly enhance
object recognition assessed 24 h later (p= 0.9110, n= 11–12 rats per group). d Under similar conditions for MK-7622, VU0453595 dose-
dependently enhances object recognition in rats. Pretreatment with 1, 3, and 10mg/kg VU0453595 90min before the familiar phase
enhanced object recognition memory assessed 24 h later (p= 0.008, n= 11–12 rats per group). Data are expressed as mean ± S.E.M.; *p < 0.05
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which excessive activation is known to lead to severe adverse
effects or disruptive effects on CNS function. Even in instances
where potential adverse effect liability is not as severe as is the
case for M1, mGlu5, and ligand-gated channels, optimizing PAMs
lacking agonist activity, as opposed to ago-PAMs, may provide a
critical advantage in maintaining the high degree of spatial and
temporal signaling that is inherent in the activity of virtually all
brain circuits. Thus, the current studies suggest that, by bypassing
the need for orthosteric M1 activation by cholinergic afferents,
ago-PAMs induce a profound LTD and persistent increase in
spontaneous excitatory synaptic activity in the mPFC, which could
disrupt mPFC-dependent cognitive function. However, unlike
agonists or ago-PAMs, PAMs devoid of agonist activity remain
effectively silent until the endogenous neurotransmitter is
released and subsequently binds to the receptor’s orthosteric site.
In conclusion, these findings suggest that the in vivo cognition-

enhancing efficacy of M1 PAMs can be observed with PAMs
lacking agonist activity and that intrinsic agonist activity of M1

PAMs may contribute to adverse effects and result in reduced
efficacy in improving cognitive function. These findings also
suggest that it is prudent to use a combination of physiology (e.g.,
brain slice electrophysiology) and cognition models in addition to
cell-based assays (e.g., intracellular Ca2+ mobilization) to fully
characterize the pharmacological properties of an M1 allosteric
ligand. While in vitro assays are ideal to screen compounds and
achieve a first pass look at a ligand’s pharmacological properties,
cell-based assays often fail to recapitulate the exact pathways
found in native tissue. Lastly, discovery and characterization of
functional M1 receptors expressed intracellularly [42] as well as
allosteric ligands that display “signal bias” [14] further highlights
the need to fully assess activities of allosteric modulators in native
preparations. While none of the four compounds examined
display known M1 signal bias (data not shown), full understanding
of the pharmacological properties responsible for in vivo efficacy
of other G protein–coupled receptor allosteric ligands, such as
mGlu5 PAMs that display stimulus bias, have provided proof of
concept that adverse effect liability can be avoided and in vivo
efficacy remain intact [43]. However, little is known about the
impact of M1 PAM signal bias on in vivo activity. Future studies are
necessary to develop a better understanding of the mechanisms
by which M1 PAMs enhance cognitive function and whether
allosteric modulators that display stimulus bias can be used to
selectively modulate specific aspects of M1 signaling and in vivo
activity. Lastly, while these studies shed light on the different
properties of structurally distinct M1 PAMs, recent literature has
shown that sub-efficacious doses of M1 PAMs co-administered
with sub-efficacious concentrations of cholinesterase inhibitors
[44, 45] or antipsychotics [46] can yield efficacy in animal models.
However, future studies are necessary to fully evaluate the clinical
implications M1 PAMs used in conjunction with currently
approved neuropsychiatric medications.
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