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ABSTRACT
In the search for improved symptomatic treatment options for
neurodegenerative and neuropsychiatric diseases, muscarinic
acetylcholine M1 receptors (M1 mAChRs) have received signif-
icant attention. Drug development efforts have identified a
number of novel ligands, some of which have advanced to the
clinic. However, a significant issue for progressing these
therapeutics is the lack of robust, translatable, and validated
biomarkers. One valuable approach to assessing target engage-
ment is to use positron emission tomography (PET) tracers. In
this study we describe the pharmacological characterization of a
selective M1 agonist amenable for in vivo tracer studies. We
used a novel direct binding assay to identify nonradiolabeled
ligands, including LSN3172176, with the favorable characteris-
tics required for a PET tracer. In vitro functional and radioligand
binding experiments revealed that LSN3172176 was a potent

partial agonist (EC50 2.4–7.0 nM, Emax 43%–73%), displaying
binding selectivity for M1 mAChRs (Kd 5 1.5 nM) that was
conserved across species (native tissue Kd 5 1.02, 2.66, 8,
and 1.03 at mouse, rat, monkey, and human, respectively).
Overall selectivity of LSN3172176 appeared to be a product of
potency and stabilization of the high-affinity state of the M1
receptor, relative to other mAChR subtypes (M1 . M2, M4,
M5.M3). In vivo, use of wild-type and mAChR knockout mice
further supported the M1-preferring selectivity profile of
LSN3172176 for the M1 receptor (78% reduction in cortical
occupancy in M1 KO mice). These findings support the
development of LSN3172176 as a potential PET tracer for
assessment of M1mAChR target engagement in the clinic and
to further elucidate the function of M1 mAChRs in health and
disease.

Introduction
In the central nervous system, neurons that use the

neurotransmitter acetylcholine (ACh) form the cholinergic
system. The cortex and hippocampus are highly innervated by
cholinergic projection neurons that originate in the nucleus
basalis of Meynert complex. Cholinergic transmission in these
forebrain regions modulates cellular excitability, synaptic
plasticity, network function, and cognition (Hasselmo and
Sarter, 2011; Teles-Grilo Ruivo and Mellor, 2013; Ballinger

et al., 2016). In Alzheimer disease (AD), in addition to the
hallmarks of amyloid plaques, neurofibrillary tangles, and
memory loss, there is a loss of cholinergic input to forebrain
regions and reduced cholinergic transmission (Douchamps
and Mathis, 2017). Acetylcholinesterase (AChE) inhibitors,
the most broadly used treatments for AD, inhibit the enzyme
responsible for the breakdown of ACh, acting to ameliorate the
ACh deficit, thereby providing cognitive benefit (Tan et al.,
2014). The extent of AChE inhibition has been shown to
correlate to improvements in cognition (Rogers and Friedhoff,
1996; Bohnen et al., 2005); however, studies using [11C]PMP
AChE positron emission tomography (PET) to assess in vivo
cortical AChE activity in subjects with AD report modest
inhibition (22%–27%) at clinically used doses of the AchE
inhibitor donepezil (Kuhl et al., 2000; Bohnen et al., 2005),
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suggesting it should be possible to boost central cholinergic
transmission further. Although a higher dose of donepezil
(23 mg) has been developed and marketed (Cummings et al.,
2013), it is associated with significant adverse events (done-
pezil prescribing information), hence other approaches to
more selectively modulate the cholinergic system are of
considerable interest as a way to improve the benefit-to-risk
profile (Tan et al., 2014; Felder et al., 2018).
AChmediates its effects through activation of two classes of

ACh receptors, muscarinic (mAChR) and nicotinic receptors.
Clinical data clearly demonstrates mAChRs are important
targets mediating procognitive effects of ACh. First, non-
selective mAChR antagonists promote cognitive deficits in
man (Rasmusson andDudar, 1979; Robbins et al., 1997; Potter
et al., 2000), whereas the direct-acting nonselective mAChR
agonist xanomeline provided some evidence of cognitive
benefit in patients with AD (Bodick et al., 1997; Veroff et al.,
1998). mAChRs are G protein-coupled receptors and of the five
isoforms identified (M1–5), M1 mAChRs are the most abun-
dant in regions relevant for cognition (Levey et al., 1991; Wei
et al., 1994; Flynn et al., 1995; Oki et al., 2005). Use of selective
pharmacological tools and M1 knockout (KO) mice has
revealed that M1 modulates neuronal signaling and excitabil-
ity, synaptic transmission, and network function, and exerts
procognitive effects (e.g., Anagnostaras et al., 2003; Shirey
et al., 2009; Uslaner et al., 2013; Lange et al., 2015; Puri et al.,
2015; Vardigan et al., 2015; Butcher et al., 2016; Dennis et al.,
2016; Betterton et al., 2017). Importantly, M1 expression and
function is conserved in postmortem human AD frontal cortex
(Overk et al., 2010; Bradley et al., 2017).
One of the most significant issues with advancing a

therapeutic for treatment of cognitive deficit in AD is the lack
of robust, translatable, and validated biomarkers. The gold
standard for assessing target engagement is to use PET
tracers (Zhang and Villalobos, 2017); however, to date there
has been no reported use of a PET tracer to guide clinical dose-
setting for mAChR therapies, particularly for agonist ligands.
Several companies have reported incorporation of pharmaco-
dynamic biomarkers including reversal of scopolamine or
nicotine abstinence-inducedmemory deficits or electroenceph-
alography (EEG)-related measures (Nathan et al., 2013;
https://www.heptares.com/news/261/74/Heptares-Announces-
Positive-Results-from-Phase-1b-Clinical-Trial-with-HTL9936-a-
First-In-Class-Selective-Muscarinic-M1-Receptor-Agonist-
for-Improving-Cognition-in-Dementia-and-Schizophrenia.html;
Voss et al., 2016). Concurrent use of target engagement and
pharmacodynamic biomarkers would enable a more thorough
exploration of the optimal relationship between target en-
gagement and relevant cognitive endpoints or pharmacody-
namic measures.
Some PET and single-photon emission computed tomogra-

phy (SPECT) tracers for muscarinic receptors have been
reported; however, for the most part they are limited by
low binding potentials, poor kinetic profiles, or a lack of se-
lectivity, e.g., [11C]scopolamine, [11C]NMPB, [N-11C-methyl]-
benztropine, [11C]QNB (Vora et al., 1983; Dewey et al., 1990;
Varastet et al., 1992; Mulholland et al., 1995; Mcpherson,
2001; Zubieta et al., 2001). 123I-iododexetimide (123I-IDEX)
has been used to image mAChRs in vivo with SPECT (Wilson
et al., 1989; Müller-Gärtner et al., 1992; Boundy et al., 1995).
In vitro, IDEX is a nonselectivemAChR antagonist, but in vivo
it measures, primarily, M1 receptor occupancy owing to the

high expression of M1 mAChRs relative to other subtypes in
the hippocampus and cortex. (Bakker et al., 2015). This in vivo
selectivity in rodent brain probably reflects in part the high
expression of M1 relative to other mAChRs in hippocampus
and cortex (Oki et al., 2005), and this binding distribution is
mirrored in clinical studies with 123I-IDEX (Wilson et al.,
1989; Müller-Gärtner et al., 1992; Boundy et al., 1995). 123I-
IDEX has been used to assess mAChR availability in olanza-
pine- and risperidone-treated subjects (Lavalaye et al., 2001)
and for investigation of mAChR involvement in temporal lobe
epilepsy (Mohamed et al., 2005). However, as IDEX and the
aforementioned ligands are antagonists, they will bind to the
total pool of mAChRs and will not distinguish between
activated or uncoupled inactive receptors. Few G protein-
coupled receptor (GPCR) agonist PET ligands are available,
and while a nonselective mAChR agonist, xanomeline, and an
M1 allosteric agonist, GSK-1034702, have both been carbon-
labeled and evaluated clinically by PET, little specific CNS
binding was observed with either ligand, despite clear brain
penetration (Farde et al., 1996; Ridler et al., 2014). [11C]
AF150(S) is another reported agonist PET ligand for M1
receptors that has been evaluated in rats (Buiter et al.,
2013). AF150(S) is structurally related to cevimeline, a rigid
analog of ACh. More recently, we have reported development
of novel M1 agonist PET ligands (Jesudason et al., 2017;
Nabulsi et al., 2017) that should greatly facilitate evaluation
of direct target engagement and inform dose setting, ulti-
mately providing a more definitive means of testing the M1
agonist hypothesis in the clinic. Herein, we report the detailed
in vitro and ex vivo characterization of one of these ligands,
LSN3172176.

Methods and Materials
LSN3172176 was prepared by Eli Lilly and Company (Lilly Re-

search Centre, Windlesham, UK). [3H]LSN3172176 (specific activity
1.295 TBq/mmol) was synthesized by Quotient Bioscience, Cardiff,
UK. For occupancy experiments, male Harlan Sprague-Dawley rats
were purchased from Harlan (Indianapolis, IN, ranging from 200 to
300 g in weight). Male C57Bl6J mice were purchased from Taconic
Biosciences (ranging from 15 to 34 g in weight; Germantown, NY).
Muscarinic KO animals were also purchased from Taconic Biosci-
ences: M1 (line#1784), M2 (line#1454), M3 (line#1455), M4
(line#1456), and M5 (line#1457), weight range 15–47 g. All animals
experiments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals as adopted and promul-
gated by the U.S. National Institutes of Health, and were approved
by the institution’s Animal Care and Use Committee. 3H-n-
methylscopolamine ([3H]NMS; specific activity 3.16 TBq/mmol) and
Chinese hamster ovary (CHO) cell membranes expressing human
M1–M5 mAChR were obtained from PerkinElmer (Boston, MA).

Nonradiolabeled Compound Direct Binding Experiments

Filter Binding Conditions. For binding assays, recombinant
human M1 membranes were incubated with compounds at 22°C for
indicated times in 0.5 ml assay volume of buffer composed of: 20 mM
HEPES, 100 mM NaCl, and 10 mM MgCl2, pH 7.5. Assays were
stopped by filtration over glass fiber filters (Filtermat A, GF/C;
PerkinElmer), which were previously soaked in 0.5% polyethyleni-
mine (PEI), andwashed by addition of cold Tris-buffer (50mM, pH7.4)
using aHarvester 96 (Tomtec Life Sciences,Hamden, CT). Nonspecific
bindingwas definedwith 10mMatropine. Protein concentrationswere
determined using Coomasie Plus (Thermo Fisher Scientific,Waltham,
MA) with bovine serum albumin as a standard. After filtration, the
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samples from each well area were excised from the Filtermat sheet,
and the sections placed into 1.5 ml Eppendorf tubes for processing for
liquid chromatography–mass spectrometry (LC/MS) analysis.

Extraction and LC/MS Sample Prep. Each sample was in-
cubated with 0.5 ml of high-performance liquid chromatography
(HPLC) grade methanol at room temperature for 30–60 minutes. To
maximize sample extraction and solubilization each GF/C filter was
homogenized with a probe-tip ultrasonic dismembrator (Fisher Sci-
entific model 100; Pittsburgh, PA) at low-to-medium power setting
until slurry of even consistency was obtained (10–20 seconds).
Samples were clarified by centrifugation at 16,000g for 20 minutes
at room temp, then transferred to a glass HPLC sampler vial
containing water to bring the final methanol content for all samples
to 25%. LC/MS/MS triple quadrupole mass spectrometer detection
was carried out with a Shimadzu Prominence uHPLC system where
10-ml samples were injected by autosampler onto a Zorbax SB-C18
column (Agilent Technologies, Wilmington, DE), 3.5 mm, 2.1 mm �
50 mm, maintained at 30°C. A universal 3-minute gradient elution
profile was applied for all samples using a mobile phase composition
ranging from10%acetonitrile1 0.1% formic acid to 90%acetonitrile1
0.1% formic acid, pH 3. The LC was coupled to an AB Sciex 5500 triple
quadrupole mass spectrometer where the ligands were detected using
multiple reaction monitoring methods that monitor the transition
from precursor to product ion with mass-to-charge ratios (m/z) and
elute from the column with a characteristic retention time. Samples
were quantified by comparing area under the peak to a standard curve
generated by extracting a series of target samples processed as
described above to which known quantities of ligand ranging from
0.01 to 10 ng/ml were prepared in the appropriate matrix. Reported
tracer levels are expressed in units of nanograms per milliliter of cell
extract. GraphPad Prism (version 6.0; GraphPad Software Inc., La
Jolla, CA) software was employed for calculations, curve fitting, and
graphics. All points on graphs represent the mean 6 S.E.M. The
number of samples per point is three to four.

In Vitro Radioligand Binding Experiments

Competition Binding. To investigate binding selectivity, the
affinity of LSN3172176 was examined across mAChR subtypes
M1–M5.All experimentswereperformed inassay buffer of the following
composition: 20mMHEPES, 100 mMNaCl, and 10mMMgCl2, pH 7.5;
and used 10mg of protein/well in a total assay volume of 1ml using deep
well blocks. CHO cell membranes overexpressing human mAChR
M1–M5 subtypes were incubated with a concentration of [3H]NMS that
was close to the calculated Kd for each receptor (M1 200 pM, Kd 5
196 pM; M2 700 pM, Kd 5 769 pM; M3 700 pM, Kd 5 642 pM; M4
200 pM, Kd 142 pM; M5 400 pM, Kd 5 410 pM), in the presence or
absence of 11 different concentrations of compound.Nonspecific binding
was determined in the presence of 10 mM atropine. All assay incuba-
tions were initiated by the addition ofmembrane suspensions, and deep
well blocks were shaken for 5 minutes to ensure complete mixing.
Incubation was then carried out for 2 hours at 21°C. Binding reactions
were terminated by rapid filtration through GF/A filters (PerkinElmer)
presoakedwith 0.5%w/v PEI for 1 hour. Filters were then washed three
times with 1 ml ice-cold assay buffer. Dried filters were counted with
Meltilex A scintillant using a Trilux 1450 scintillation counter (Perki-
nElmer). The specific bound counts (disintegrations per minute) were
expressed as a percentage of the maximal binding observed in the
absence of test compound (total) and nonspecific binding determined in
the presence of 10 mM atropine. Data analysis was accomplished using
Excel and GraphPad Prism 7. The concentration–effect data were
curve-fit using GraphPadPrism 7 to derive the potency (IC50) of the test
compound. The equilibrium inhibition constant (Ki) of the test com-
pound was then calculated by the Cheng-Prusoff equation: Ki 5 IC50/
[1 1 ([L]/Kd)] (Cheng and Prusoff, 1973).

Saturation Binding. To further investigate selectivity, satura-
tion experiments were performed using [3H]NMS or [3H]LSN3172176
across mAChR subtypes M1–M5. All experiments were performed in
assay buffer of the following composition: 20 mM HEPES, 100 mM

Fig. 1. Initial identification of LSN3172176. A cassette of nonradiolabeled putative tracer molecules was assessed in filtration binding assays using
membranes expressing the humanM1 mAChR. The most promising of these compounds was (A) LSN3172176. (B) Single-point binding assay using two
different concentrations of LSN3172176 (1 and 10 nM). Nonspecific binding was determined in the presence of 10 mM atropine (C) saturation assay from
which specific binding was calculated by subtracting the mean nonspecific binding in the presence of 10 mMatropine from the mean total binding at each
ligand concentration performed in triplicate and then expressed as nanograms ligand per gram protein. For both (B and C) after filtration, bound
compound was extracted and measured using LC/MS/MS. Data points represent mean 6 S.E.M. from three independent experiments.

TABLE 1
Comparison of the in vitro signal-to-noise ratio of LSN3172176 binding to recombinant human M1 mAChRs vs. other known PET tracer ligands
binding to their target receptors, also expressed in recombinant systems

Target Ligand Membrane [Ligand] In Vitro Signal-to-Noise
Ratio (S/N) Human Tissue Bmax

mg/well /nM fmol/mg

Human M1 LSN3172176 20 10 21 224 (Table 4)
Human 5-HT2A MDL100907 20 10 5 136 and 164 ([3H]ketanserin binding;

Laruelle et al., 1993)
Human CGRP MK4232 20 10 7 33.4 (Hostetler et al., 2013)

604 Mogg et al.
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NaCl and 10 mM MgCl2, pH 7.5; and used 20 mg of protein or 10 mg
([3H]NMS)/well in a total assay volume of 1 ml using deep well blocks.
Nonspecific binding was determined in the presence of 10 mM
atropine. All assay incubations were initiated by the addition of
membrane suspensions, and deep well blocks were shaken for
5 minutes to ensure complete mixing. Incubation was then carried
out for 2 hours at 21°C. Binding reactions were terminated by
rapid filtration through GF/A filters (PerkinElmer) presoaked with
0.5% w/v PEI for 1 hour. Filters were then washed three times with
1 ml ice-cold assay buffer. Dried filters were counted with Meltilex A
scintillant using a Trilux 1450 scintillation counter (PerkinElmer).
The specific bound counts (disintegrations perminute) were expressed
as femtomole radioligand bound per milligram protein. Data analy-
sis was accomplished using Excel and GraphPad Prism 7. The
concentration-effect data were curve-fit using GraphPad Prism 7 to
derive the KD and Bmax.

Kinetic Binding. All experiments were performed in assay buffer
of the following composition: 20 mM HEPES, 100 mM NaCl and
10 mM MgCl2, pH 7.5; and used 20 mg of protein/well in a total assay
volume of 1000 ml using deep well blocks. Nonspecific binding was
determined in the presence of 10 mM atropine. For association
experiments, buffer incubations were initiated at each time point by
addition of membrane suspensions to buffer containing 2 nM [3H]
LSN3172176 with nonspecific binding determined in the presence of
10 mM atropine. For dissociation experiments, radioligand (same
concentration as above) and membrane were incubated for 2 hours
prior to addition of 10 mM atropine at the indicated time points.
Binding reactions were terminated by rapid filtration through GF/A
filters (PerkinElmer) that were presoaked with 0.5% w/v PEI for
1 hour. Filters were then washed three times with 1 ml ice-cold assay
buffer. Dried filters were counted with Meltilex A scintillant using a
Trilux 1450 scintillation counter (PerkinElmer). Data were fit to

Fig. 2. In vitro functional profiling of LSN3172176 and comparators in native cortical tissues. Stimulation of GTPg[35S] binding to cortical membranes
prepared from human, rat, mouse, or mice deficient in the M1 receptor, in response to increasing concentrations of (A) LSN3172176, (B) xanomeline, or
(C) GSK1034702. Cortical membranes were incubated at 21°C for 30 minutes with compound. Data shown are increases in GTPg[35S] binding
normalized to the response obtained with a maximally effective concentration of oxotremorine M, or for mouse M1 KO tissue the increase in binding
above buffer alone. Data points represent the mean 6 S.E.M. of three independent experiments each containing three to six replicates.

Fig. 3. Recombinant mAChR in vitro binding profile. Displacement of [3H]NMS radioligand binding by increasing concentrations of (A) LSN3172176,
(B) xanomeline, and (C) GSK1034702 across human recombinant mAChR subtypes M1–M5. Data points represent mean specific binding6 S.E.M. from
three independent experiments each containing three replicates.
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association and dissociation curves to obtain kinetic parameters (Kon,
Koff, t1/2).

Native Tissue GTPg[35S] Binding Assays. GTPg[35S] binding
in human, rat, and mouse membranes was determined in triplicate
using an antibody capture technique in 96-well plate format (DeLapp
et al., 1999). Membrane aliquots (15 mg/well) were incubated with test
compound and GTPg [35S] (500 pM/well) for 30 minutes. Labeled
membranes were then solubilized with 0.27% Nonidet P-40 plus Gqa
antibody (E17; Santa Cruz Biotechnology, Dallas, TX) at a final
dilution of 1:200 and 1.25mg/well of anti-rabbit scintillation proximity
beads. Plates were left to incubate for 3 hours and then centrifuged for
10minutes at 2000 rpm. Plates were counted for 1minute/well using a
Wallac MicroBeta TriLux scintillation counter (PerkinElmer). All
incubations took place at room temperature in GTP-binding assay
buffer of the following composition: 20mMHEPES, 100mMNaCl, and
5 mM MgCl2, pH 7.5. Data were converted to percentage response
compared with oxotremorineM (100mM) or percentage over basal and
EC50 values generated (four parameter-logistic curve) using Graph-
Pad Prism 6.

[3H]LSN3172176 Autoradiography Assays. All experiments
were performed in assay buffer of the following composition: 20 mM
HEPES, 100 mM NaCl, 10 mM MgCl2, pH 7.4. [3H]LSN3172176 was
used at a final concentration of 5 nM, with atropine (10 mM) used to

define nonspecific binding. Wild-type, M1 KO, and M4 KO mice were
received from Taconic Biosciences and sacrificed following a 1 week
acclimation. Mice were decapitated and brains were removed, quick
frozen in isopentane on dry ice, then stored at 280°C. On the day of
sectioning, frozen tissue was mounted on cryostat chucks and
equilibrated to cryostat temperature (chamber temperature ∼–20°C,
object temperature ∼216°C). Frozen sections (20 mm) were cut and
thaw-mounted on Fisher SuperFrost Plus 1 inch � 3 inch slides.
Sections were allowed to dry at room temperature, then stored frozen
at 280°C in sealed plastic. On the day of experiment, slide-mounted
tissue sections were thawed to room temperature before removal from
sealed containers, preincubated at room temperature in assay buffer
for 15 minutes to remove endogenous receptor ligands, then dried
completely under a stream of cool air. Sections were incubated for
120 minutes on ice in assay buffer containing radioligand with or
without cold displacer for nonspecific binding. Following incubation,
the sections were rinsed twice by immersing in approximately 3�
volume of ice-cold assay buffer for 90 seconds, followed by a final rinse
in ice-cold purified water, then dried under a stream of warm air.
Slides were attached to paper with double-sided tape and placed in
film cassettes. Fuji BAS-TR2025 phosphorimaging plates were ex-
posed to tissue sections for empirically determined duration (∼72
hours). Radioactive standards calibrated with known amounts of [3H],

TABLE 2
Summary of in vitro Ki values for displacement of 3H-NMS binding from human recombinant M1–M5
mAChRs
Ki values for LSN3172176, xanomeline, and GSK1034702 were derived from IC50 values, as described in Materials and
Methods, from the data shown in Fig. 3. Values in parentheses indicate the fold-selectivity vs. the M1 mAChR.

Compound
mAChR Subtype, Ki (nM)

M1 M2 M3 M4 M5

LSN3172176 8.9 63.8 (7.2) 3031 (341) 41.4 (4.7) 55.6 (6.2)
Xanomeline 23.1 54.8 (2.4) 40.0 (1.7) 16.1 (0.7) 26.4 (1.1)
GSK1034702 959.9 5674 (5.9) 61,570 (64) 2261 (2.4) 10,090 (10.5)

Fig. 4. [3H]LSN3172176 association and dissociation kinetics. For association rate experiments (A) specific binding was calculated by subtracting the
mean nonspecific binding in the presence of 10 mM atropine from the mean total binding at each time point performed in quadruplicate. For dissociation
rate experiments (B) binding was expressed as a percent of total bound DPM (disintegrations per minute) at 0 minutes. Data points represent mean 6
S.E.M. from three independent experiments each containing four replicates.
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(ARC-0123; American Radiolabeled Chemicals, Inc., St. Louis, MO),
were coexposed with each plate. Autoradiogram analysis was per-
formed using a computer-assisted image analyzer (MCID Elite, 7.0;
Imaging Research Inc., St. Catherines, ON). Images were colorized
using the MCID software and stored as TIFF files.

Tracer Distribution in M1–M5 KO Mice by LC/MS/MS.
LSN3172176 was formulated in 25% b-cyclodextrin and a bolus
intravenous injection of 10 mg/kg of LSN3172176 (dose volume of
0.5 ml/kg in rats and a dose volume of 5 ml/kg in mice) given into the
lateral tail vein. Rodents were sacrificed by cervical dislocation
20 minutes following tracer administration. Cerebellum, frontal
cortex, striatum, and plasmawere collected from each animal. Tissues
were dissected out, weighed, and placed in conical centrifuge tubes on
ice. Four volumes (w/v) of acetonitrile containing 0.1% formic acid
were added to each tube. Samples were then homogenized using an
ultrasonic probe and centrifuged at 15,000 rpm for 20 minutes.
Supernatant liquid (100 ml) was diluted by adding sterile water
(300 ml) in HPLC injection vials for subsequent LC/MS/MS analysis.

LSN3172176 concentrations were measured with a model Shi-
madzu SIL-20AC/HT HPLC autosampler (Shimadzu Corporation,
Kyoto, Japan) linked to a Triple Quad 5500 mass spectrometer (AB
SCIEX, Framingham, MA). An Agilent ZORBAX XDB-C18 column
(2.1 mm � 50 mm; 3.5 mM; part no. 9717002902) was used for the
HPLC. The precursor-to-product ion transition monitored was Q1 5
386.146, Q3 5 128.000. A gradient method lasting 5 minutes that
consisted of mobile phase of various ratios of water (A) and acetonitrile
(B) with 0.1% formic acid. The initial conditions were 90% A and 10%
B, and the final conditions were 90% A, 10% B. Standards were

prepared by adding known quantities of analyte to samples of brain
tissue and plasma from nontreated animals and processed as de-
scribed above.

Levels of LSN3172176 measured in frontal cortex and striatum
(rich in muscarinic receptor expression) were taken to represent total
ligand binding in a tissue. Cerebellar levels were used to represent
nonspecific binding. The difference between the ligand concentration
measured in the total binding region, the frontal cortex, and striatum
to that measured in cerebellum represents specific binding to mus-
carinic receptors. The binding potential (BP), or signal to noise is
calculated by taking the ratio of tracer measured in the total binding
tissue (frontal cortex, striatum) divided by those measured in the
nonspecific tissue (cerebellum).

Rat M1 Occupancy of Scopolamine. The same procedures were
also applied to evaluate the occupancy of scopolamine after intrave-
nous injection in Harlan Sprague Dawley rats (ranging from 200 to
300 g in weight). The doses of scopolamine included 0.01, 0.03, 0.06,
0.1, 0.3 mg/kg and were administered 30 minutes prior to the tracer
injection. A similar analytical protocol was used to determine the
concentration of LSN3172176. Occupancy was calculated as pre-
viously described above.

Results
Selection of LSN3172176 as a Putative Tracer

Molecule. Putative tracer molecules and compounds were
screened at a single concentration of 10 nM using a direct

Fig. 5. Displacement of [3H]LSN3172176 by known orthosteric mAChR ligands. [3H]LSN3172176 radioligand binding (4 nM) at the human M1
recombinant mAChRwas assessed in the presence of increasing concentrations of atropine, NMS, scopolamine, and acetylcholine. Data points represent
mean specific binding 6 S.E.M. from three independent experiments each containing three replicates.
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binding assay. This enabled the rapid determination of total
and nonspecific binding levels for compounds in membranes
containing recombinant human M1 mAChR without the
expensive and time-consuming requirement to radiolabel
compound. LSN3172176 (structure shown in Fig. 1A) was
selected on the basis of its favorable signal (total binding)-to-
noise (nonspecific binding) of 21 (Fig. 1B), in comparison with
other known PET tracer molecules (5 and 7 for MDL100907
and MK4232, respectively; Table 1). Using the same assay,
saturation binding was performed with LSN3172176 gener-
ating a Kd value of 1.5 nM (Fig. 1C). LSN3172176 was then
assessed in vitro in a functional GTPg [35]S binding assay
utilizing native tissue from mouse, rat, and human cortex
(Fig. 2). In all three species LSN3172176 was a potent,
partial agonist, with EC50 values of 7.0, 3.7, and 2.4 nM in
mouse, rat, and human, respectively. Efficacy values ranged
from 43% to 73%. No responses were observed in cortical
membranes from M1 mAChR knockout mice. Two previous
mAChR PET tracer agonist ligands, Xanomeline and
GSK1034702 were also assessed in this assay and displayed
significantly lower potencies of between 13–17 and 160–425
nM, respectively, with both displaying partial agonist pro-
files. Efficacy values ranged from 19%–45% to 45%–82% for
xanomeline and GSK1034702, respectively.
To further characterize the selectivity of LSN3172176,

radioligand competition binding assays were performed

using the nonselective muscarinic antagonist [3H]NMS and
recombinant membranes from cells expressing human
M1–M5 mAChR subtypes (Fig. 3). Results from these assays
clearly demonstrated that LSN3172176 exhibited a selectivity
profile favoring binding to the M1 subtype of mAChR with a
rank order of Ki values of M1 . M2, M4, M5 . M3. This rank
order of potency across mAChRs was similar to the results for
GSK1034702; however, GSK1034702 displayed a Ki value
∼100-fold less potent than LSN3172176. In this assay,
xanomeline had approximately equal affinity at all subtypes
of mAChR (Table 2).
Characterization of [3H]LSN3172176. On the basis of

the above results, LSN3172176 was tritiated and further
experiments performed to characterize the in vitro selectivity
and potency of the [3H]LSN3172176 radioligand itself. In the
first instance, kinetic association and dissociation assays were
performed. [3H]LSN3172176 association reached steady-state
after approximately 1 hour, with dissociation kinetics re-
vealing that [3H]LSN3172176 binding was rapidly reversible
(Fig. 4). Both association and dissociation kinetic curves were
best fitted to biphasic equations. The results of competition
assays using membranes from cells expressing the human
recombinant M1 mAChR demonstrated that binding of [3H]
LSN3172176 was fully displaced by known orthosteric
mAChR agonists and antagonists (Fig. 5). Full saturation
binding with [3H]LSN3172176 was then performed across the

TABLE 3
Summary of in vitro Kd and Bmax values 6 S.E.M. for [3H]LSN3172176 and [3H]NMS saturation binding to human
recombinant M1–M5 mAChRs

M1 M2 M3 M4 M5

[3H]LSN3172176 Kd/nM 1.5 6 0.3 0.6 6 0.2 NSSB 0.8 6 0.2 20.5 6 11.4
Bmax 2877 6 175 1737 6 127 NSSB 936 6 61.4 3813 6 1199

[3H]NMS Kd/nM 0.209 6 0.025 0.682 6 0.093 0.642 6 0.121 0.242 6 0.026 0.464 6 0.093
Bmax 4786 6 128 14916 6 568 8959 6 466 3909 6 97.5 7700 6 400

% of NMS 60 12 N/A 24 50

NSSB, no significant saturable binding.

Fig. 6. Saturation binding profile of [3H]LSN3172176. Binding of both [3H]NMS and [3H]LSN3172176 was assessed across humanM1–M5 recombinant
membranes. For both ligands specific binding was calculated by subtracting the mean nonspecific binding in the presence of 10 mM atropine from the
mean total binding at each radioligand concentration performed in quadruplicate and then expressed as femtomole [3H]ligand binding per milligram
protein. Data points represent mean 6 S.E.M. from three independent experiments. HEK, human embryonic kidney cells.
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five different mAChR subtypes (Fig. 6). [3H]NMS saturation
binding was performed in parallel, to allow a ratio to be made
between the total pool of mAChR binding sites present in the
membranes and available for antagonist binding, including
activated and uncoupled inactive receptors ([3H]NMS Bmax)
versus the smaller pool of active receptors that is the proba-
ble target of [3H]LSN3172176 binding ([3H]3172176 Bmax) at
steady-state. Although only modest differences were observed
in Kd values between M1, M2, and M4 mAChRs, more
substantial variations in Bmax values for [3H]LSN3172176
relative to [3H]NMSwere noted, with the highest proportion of
total binding observed for [3H]LSN3172176/[3H]NMS being
M1 . . M4 . M2 . M5 . M3, respectively (Table 3).
[3H]LSN3172176 Binds with High Affinity to Native

Tissues. An important aspect of tracer development is to
confirm affinity across species in relevant native tissues.
Therefore, saturation binding experiments were performed
to assess binding of [3H]LSN3172176 using cortical and
cerebellar membranes from mouse, rat, rhesus monkey, and
human (Fig. 7). In cortical membranes, Kd values for [3H]
LSN3172176 ranged from 1 to 8 nM, with some variability in
Bmax across species (Table 4). The highest Bmax values were
obtained in monkey cortical tissue and across species; little
specific binding was observed to cerebellar tissue. In cortical
tissue from M1 mAChR knockout mice, Bmax levels were
reduced by 77%; however, some residual specific binding was
observed. Binding to human cortical tissue was assessed
across 10 separate donors, and whereas Kd values were
consistent across individual samples, Bmax values varied
considerably (Table 4).
Regional Visualization of [3H]LSN3172176 Binding

in the Brain by Autoradiography. The binding of [3H]
LSN3172176 was also examined by autoradiography (Fig. 8).
Brain slices from wild-type and M1 or M4 mAChR knockout
mice were used. Overall, high levels of binding were observed
in cortical, hippocampal, and striatal regions, with binding in
the hippocampal and cortical areas greatly reduced in the M1
knockout mouse but, interestingly, some residual binding
remained in the striatum (Fig. 8A). Similar to results obtained
with homogenates, very little binding was seen in cerebellar

regions. In slices from M4 mAChR KO mice, levels of binding
were only significantly reduced in the striatum. When quan-
tified, the levels of binding that remained were comparable to
those seen in homogenate binding assays (Fig. 8B) with
virtually all binding displaced by the nonselective mAChR
antagonist atropine.
In Vivo Tracer Distribution and Occupancy Results.

Finally, the binding of LSN3172176 to M1 receptors in vivo
was evaluated in mice and rats by LC-MS/MS using a cold
tracer protocol for specific binding assessment (Chernet et al.,
2005). Tracer distribution, after intravenous dosing, was
assessed in plasma and in brain regions known to possess
high M1 mAChR levels, frontal cortex and striatum, and in
cerebellum, a region low inM1mAChRs used as a null-region.
The pattern of LSN3172176 distribution that was observed,
high in cortex and striatum, low in cerebellum (Fig. 9A), was
consistent with known regional densities. Further work was
conducted in rats to explore the utility of LSN3172176 for
receptor occupancy studies. For these studies, scopolamine, a
ligand shown to compete with LSN3172176 in vitro binding to
the M1 orthosteric site, was administered intravenously in
escalating doses (0.01, 0.03, 0.06, 0.1, 0.3 mg/kg) 30 minutes

Fig. 7. Native tissue saturation binding. Saturation binding experiments using [3H]LSN3172176 were conducted using brain membranes (frontal
cortex and cerebellum) prepared from wild-type and M1 mAChR KO mouse, rat, rhesus monkey, and human. Specific binding was calculated by
subtracting the mean nonspecific binding in the presence of 10 mM atropine from the mean total binding at each radioligand concentration performed in
quadruplicate and then expressed as femtomole [3H]3172176 binding per milligram protein. Data points represent mean 6 S.E.M. from three
independent experiments.

TABLE 4
Summary of native tissue Kd and Bmax values for [3H]LSN3172176
binding across species and brain regions
Mean Kd and Bmax values +/2 S.E.M. were calculated from data presented in Fig. 7.

Tissue

3H-LSN3172176 Binding to Native Tissues

Kd 6 S.E.M. Bmax 6 S.E.M. Protein

nM fmol/mg protein

Mouse cortex 1.02 6 0.15 839 6 37
Mouse cerebellum NSSB NSSB
M1 KO mouse 0.1 6 0.02 182 6 6.5
Rat cortex 2.66 6 0.89 562 6 58
Rat cerebellum NSSB NSSB
Rhesus cortex 8 6 3 843 6 69
Rhesus cerebellum NSSB NSSB
Human cortex 1.03 6 0.16 224 6 35
Human cerebellum NSSB NSSB

NSSB, no significant saturable binding.
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prior to tracer (LSN3172176) injection (Fig. 9B). The data
shows that scopolamine dose dependently reduced tracer
binding in frontal cortex, with near maximal occupancy of
theM1mAChR achieved at 0.3mg/kg scopolamine. Additional
studies were conducted to verify binding selectivity using
wild-type and M1–M5 mAChR KO mice (Fig. 9C). In M1
mAChR KOmice dosed only with the tracer LSN3172176, the
binding potential (the ratio of total binding in frontal cortex to
nonspecific binding in cerebellum) was reduced from 7.1 to 1.0
relative to the control group of C57BLK6 mice (Fig. 9D).
Binding potential values obtained from M2–M5 mAChR KO
mice remained unchanged as detected by LC-MS/MS. No
changes in tracer levels were observed in the total or non-
specific tissues collected. These data suggest that, in vivo, the
specific binding seen in mouse frontal cortex is predominantly
the result of binding to M1 mAChR. In striatum, a higher
degree of residual occupancy was observed in M1 KO mice,
which may correspond to a small amount of binding to M4 and
possibly also M2 mAChRs, mirroring the results obtained in
the autoradiography experiments (Fig. 8A). Nevertheless, the
majority of binding in this region is to the M1 receptor.

Discussion
In this study, we have characterized the in vitro and in vivo

properties of LSN3172176, a novel M1mAChR agonist tracer.
In vitro, LSN3172176 is a potent, partial, orthosteric agonist
at recombinant and native M1 mAChRs and this profile is
conserved across species. In in vitro autoradiography and
in vivo cold tracer distribution studies, LSN3172176 displays
a regional distribution that corresponds closely to the known
regional densities of M1 mAChRs, and predominant binding
to M1 was confirmed using knockout mice. In receptor
occupancy studies, LSN3172176 tracer binding was fully
displaceable in the presence of a competing, orthosteric,
mAChR ligand. On aggregate, this data confirms that
LSN3172176 binds to the M1 mAChR in the rodent brain
in vivo and that it is suitable for studies of M1 mAChR
occupancy. One of the hurdles in the selection and develop-
ment of successful radiolabeled tracer molecules is the
difficultly in predicting the levels of nonspecific and total
binding for a given tracer. Radiolabeling allmoleculeswithin a
defined structure-activity relationship is not only time-
consuming but also extremely expensive. By employing the
direct-binding technique described in this study, we were able
to rapidly obtain a preliminary assessment of the in vitro
binding properties for a number of possible tracer molecules
and to benchmark signal-to-noise ratios and Bmax levels to
those of known PET tracer ligands (Table 1). We theorized
that the higher the ratio the more optimal would be the tracer
ligand predicted in vitro/in vivo. To our knowledge, use of this
technique in this paradigm has not previously been described,
but we believe it has the potential to rapidly advance
generation of potential PET tracer molecules for further
preclinical evaluation.
However, obtaining a good level of signal-to-noise in vitro is

only one part of the PET ligand development challenge.
Historically, selectivity over the other subtypes of mAChR
has been notoriously difficult to obtain owing to the highly
conserved nature of the orthosteric binding site across all
subtypes of muscarinic receptor (Wess et al., 2007; Ma et al.,
2009). Although, LSN3172176 certainly binds to the orthos-
teric site both in vitro, as demonstrated by [3H]NMS displace-
ment experiments, and in vivo through displacement by
scopolamine, we believe that LSN3172176 partially extends
into the allosteric binding site (unpublished data), thus pro-
viding a possible mechanism to explain its apparent selectiv-
ity over the other subtypes of mAChR. This bitopic binding
motif conferring improved M1 selectivity has been previously
described and is probably a feature of many GPCR ligands
(Watt et al., 2011; Lane et al., 2013; Keov et al., 2014).
Compared with xanomeline, LSN3172176 showed a superior
selectivity for M1 mAChRs in [3H]NMS competition binding
studies; however, the Kd for [3H]LSN3172176 at M1,2 and
4 mAChRs was overlapping, begging the question of why this
ligand can still achieve the high degree of in vitro and in vivo
selectivity for M1 mAChRs observed in the current study. As
we have demonstrated through functional GTPg[35]S binding
in a variety of native tissues, LSN3172176 is a partial agonist
across species and would be expected to stabilize the high
affinity form of the M1 receptor. This is consistent with our
findings that NMS labeled more sites relative to LSN3172176
when assessed in the same recombinant M1-5 membrane
preparations. Interestingly, we found that the amount of

Fig. 8. Autoradiography with [3H]LSN3172176 in the mouse brain. (A)
Binding of [3H]LSN3172176 was compared across serial fresh-frozen slices
(20 mm) fromwild-type orM1 orM4KOmice. A final concentration of 5 nM
[3H]LSN3172176 was used for all experiments. Representative images
from a single brain are shown below. (B) Quantification of regional [3H]
LSN3172176 binding was performed using brains from three separate
mice from each strain. Bars reflect the average intensity of all pixels in a
region of interest and represent the mean 6 S.E.M. for each condition.
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maximal binding of the tritiated form of LSN3172176 varied
widely relative to NMS binding (Bmax values) across the five
mAChR subtypes, and was proportionally highest at the M1
mAChR. Although extrapolation from an overexpressing cell
line to native tissues is a potential confound, we believe that
this phenomenon, combined with the selectivity displayed in
the [3H]NMS competition binding assays and the dominant
expression of M1 mAChRs in the brain regions we studied
(Supplementary Fig. 1), together probably confer the in vitro
and in vivo selectivity of binding at the M1 mAChR.
With a view to clinical translation, another important aspect

to confirm during development of a PET tracer molecule was
high tracer affinity across species. Using relevant native
tissues (cortex, cerebellum) from rodent, monkey, and human
tissue, we demonstrated that LSN3172176 retained its affin-
ity for the M1 receptor across species, with regional receptor
distributions also shown to be conserved. The variability in
total binding observed across individual human samples could

be the result of differences within regions, variable expression
levels between individuals, or possibly may reflect technical
challenges of obtaining consistent quality of postmortem
samples. If these levels are correct, albeit lower in human
compared with other species, the M1 Bmax levels in human
tissue are still higher than the Bmax levels of the CGRP or
5-HT2A receptors, the targets of the two other clinically
validated PET tracers examined; hence, we do not envisage
this will be an issue for PET imaging studies in man (Table 1).
In the in vitro autoradiographic and in vivo tracer distribution
studies, there also appeared to be a low level of LSN3172176
binding to non-M1 receptors, which was more prevalent in the
striatum, a region known to contain a high density of M4
mAChR (Bymaster et al., 2003; Supplemental Fig. 1). As
LSN3172176 has high affinity for M4 receptors, in all likeli-
hood these data are the result of binding of the ligand not only
to M1 but also to the M4 subtype of mAChR. A modest
contribution from binding to M2 mAChR might also be

Fig. 9. In vivo distribution and occupancy of LSN3172176 in the rat and mouse. (A) Tissue distribution and plasma levels of LSN3172176 in the rat over
time. Rats were dosed with 0.3 mg/kg (i.v.) of LSN 3172176 and sacrificed at the indicated intervals. The amount of LSN3172176 in each tissue was
quantified by LC/MS as described in Materials and Methods. (B) Scopolamine block of LSN3172176 receptor occupancy in rat frontal cortex. Rats were
predosed with 0.01–0.3 mg/kg scopolamine (i.v.) prior to administration of 0.3 mg/kg LSN3172176. After 20minutes animals were sacrificed and the amount
of LSN3172176 in each tissue quantified by LC/MS as described in theMaterials and Methods (C) Tissue distribution and plasma levels of LSN3172176 in
wild-type and M1–M5 mAChR KO Mice. Mice were dosed with 10 mg/kg LSN3172176. After 20 minutes animals were sacrificed and the amount of
LSN3172176 in each tissue quantified byLC/MS as described in theMaterials andMethods. (D) Binding potential comparisons for LSN3172176 inwild-type
vs. M1–M5 mAChR KO Mice. The in vivo binding potential was calculated by dividing the amount of LSN3172176 in the frontal cortex by the amount
determined in the cerebellum by LC/MS. Bars/points represent mean 6 S.E.M. from n = 3–5 male mice or rats per treatment group.
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plausible given the high affinity LSN3172176 displays for
the mAChR subtype as well. If this tracer moves forward as a
PET tracer for dose selection for selective M1 agonists, it
would be important to focus not just on the region giving
the highest binding (which is generally striatum from pre-
clinical studies), but also on the regions where preclinical
work suggests the signal is most dominantly contributed by
M1 mAChRs (hippocampus, cortex), and where the signal is
probably more completely displaceable. Overall, however,
the data package supports the binding predominance of
LSN3172176 M1 mAChRs across the brain regions studied.
Indeed, the binding of LSN3172176 in cortex in vivo was
reduced by ∼85% in M1 mAChR KO mice. Coupled with its
retention of affinity in human native tissue we believe that
this selectivity should translate favorably to humans. A
preliminary report detailing successful carbon labeling and
evaluation of [11C]LSN3172176 as a PET tracer in nonhuman
primates revealed [11C]LSN3172176 possessed high brain
uptake, appropriate tissue kinetics, and high specific binding
(Nabulsi et al., 2017). As in our studies, scopolamine pre-
treatment reduced radiotracer binding, with 98.5% target
occupancy achieved at 50 mg/kg, i.v. Moreover, the ED50 dose
(30 mg/kg i.v). of scopolamine reversal obtained in the current
study is highly relevant as this dose range is associated
with disruption of attention and sensory discrimination
(Klinkenberg and Blokland, 2010). From these preliminary
reports, [11C]LSN3172176 appears to be superior to previously
reported muscarinic PET ligands. For example, in comparison
with [11C]AF150(S) (Buiter et al., 2013), LSN3172176 is more
potent and displays a considerably higher binding potential
in vivo in rats.
There are very fewGPCR-agonist clinical PET ligands, with

the notable exception of [11C]carfentanil. This agonist PET
ligand has been used extensively to evaluate the role of the
m-opioid receptor in health and disease and to detect occu-
pancy changes in response to changes in endogenous tone or
administered m-opioid drugs (Frost et al., 1985; van Waarde
et al., 2014). Dopamine D2 receptor agonist PET ligands have
also been reported (e.g., Otsuka et al., 2009). If the nonhuman
primate PET studies with [11C]LSN3172176 successfully
translate to man, this molecule should prove to be a highly
valuable tool to aid dose setting for M1 ligands and for
evaluation of M1 mAChRs in human health and disease.
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