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N E U R O I M A G I N G

The PET tracer [11C]MK-6884 quantifies M4 muscarinic 
receptor in rhesus monkeys and patients 
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Positron emission tomography (PET) ligands play an important role in the development of therapeutics by serving 
as target engagement or pharmacodynamic biomarkers. Here, we describe the discovery and translation of the PET 
tracer [11C]MK-6884 from rhesus monkeys to patients with Alzheimer’s disease (AD). [3H]MK-6884/[11C]MK-6884 
binds with high binding affinity and good selectivity to an allosteric site on M4 muscarinic cholinergic receptors 
(M4Rs) in vitro and shows a regional distribution in the brain consistent with M4R localization in vivo. The tracer 
demonstrates target engagement of positive allosteric modulators of the M4R (M4 PAMs) through competitive 
binding interactions. [11C]MK-6884 binding is enhanced in vitro by the orthosteric M4R agonist carbachol and in-
directly in vivo by the acetylcholinesterase inhibitor donepezil in rhesus monkeys and healthy volunteers, con-
sistent with its pharmacology as a highly cooperative M4 PAM. PET imaging of [11C]MK-6884 in patients with AD 
identified substantial regional differences quantified as nondisplaceable binding potential (BPND) of [11C]MK-6884. 
These results suggest that [11C]MK-6884 is a useful target engagement biomarker for M4 PAMs but may also act as 
a sensitive probe of neuropathological changes in the brains of patients with AD.

INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disease 
not only characterized primarily by cognitive deficits but also asso-
ciated with a heterogeneous array of aberrant behaviors including 
physical aggression, screaming, suspiciousness, hallucinations, and 
delusions, collectively termed neuropsychiatric symptoms (NPSs) of 
dementia (1). NPSs are manifested by up to 97% of patients with AD 
at some point during the disease (2). Although some of the symptoms 
of NPS are currently treated with antipsychotics such as risperidone, 
these agents are of modest efficacy and have substantial adverse ef-
fects, including increased risk of falls and sudden death (3).

Given the unmet medical need for treatments of NPS, the M1/M4 
muscarinic acetylcholinergic receptor (mAChR) orthosteric agonist 
xanomeline was tested in patients with AD and found to effectively 
enhance cognitive function and reduce the incidence of delusions, 
hallucinations, and suspiciousness (4, 5). Subsequent investigations 
support the claim that the clinical effects of xanomeline are mediated 
primarily by the M4 subtype of muscarinic acetylcholine (ACh) re-
ceptors (M4Rs) (6). M4Rs have long been viewed as a viable thera-
peutic target for treating schizophrenia and AD (6, 7) based on their 

expression in key brain regions, including the cortex, striatum, and 
hippocampus (8), as well as from mechanistic (7, 9, 10) and behav-
ioral studies (11, 12). However, targeting the M4R requires high li-
gand selectivity to avoid the adverse events arising from activation 
of off-target mAChR subtypes, as observed with xanomeline (13). 
This lack of selectivity for the M4R subtype is intrinsic to the pharma-
cology of xanomeline as an orthosteric agonist, given that the coding 
for the amino acid sequence of the orthosteric binding site for ACh is 
highly conserved between mAChR receptor subtypes (14, 15). This 
reduces the probability of developing a ligand that is highly selective 
for the M4R. An alternative approach for enhancing selectivity is to 
develop agents targeting allosteric modulatory sites on these recep-
tors, for which the sequences are less homologous across receptor 
subtypes, if not unique.

Assessment of target engagement is one of the fundamental com-
ponents of early-stage drug development in neuroscience (16), with 
positron emission tomography (PET) imaging of drug-target inter-
actions in the brain serving as an important tool (17). To develop a 
specific PET tracer for measuring target engagement and to facilitate 
the development of an M4 selective positive allosteric modulator 
(M4 PAM) for the treatment of NPS, the PET tracer would itself 
need to selectively bind the same M4R allosteric modulatory site as 
the therapeutic candidate. Moreover, the extensive loss of cholinergic 
pathways (18) and accompanying changes in muscarinic receptor 
expression reported in AD (19–21) suggests that patients may not 
respond to treatment with an M4 PAM if the endogenous agonist or 
target receptor is no longer present in relevant brain regions. Given 
that many of the manifestations of NPS resemble an overactivation 
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of dopaminergic pathways (9, 22), it is important that the striatal 
M4R populations regulating dopaminergic neurotransmission re-
main intact. Currently, there remains uncertainty over the regional 
status of M4R in brain regions (particularly striatum) of patients 
with AD, primarily due to a lack of specificity of the orthosteric 
muscarinic ligands used for both in vitro and in vivo investigations 
(20, 23, 24). Therefore, a PET tracer that binds to an allosteric mod-
ulatory site may provide not only information about target selectiv-
ity and receptor occupancy (RO) but also evidence of a cooperative 
interaction with the orthosteric site such that the presence of the 
endogenous ligand should reciprocally influence the binding of the 
allosteric modulator.

We recently reported the discovery of [11C]MK-6884, an M4 
PAM with high binding affinity [inhibition constant (Ki) = 0.19 nM], 
high cooperativity with the orthosteric site ( = 43), moderate li-
pophilicity (shake-flask LogD = 2.7), good central nervous system 
permeability (Papp = 28.8 × 10−6 cm/s), and low susceptibility for 
human P-glycoprotein transport (BA/AB ratio = 0.7) (25). We now 
provide a more detailed characterization and validation of this se-
lective M4 PAM PET tracer, [11C]MK-6884, for determining the 
pharmacology and density of M4R in human brain of patients with 
AD and healthy individuals. [11C]MK-6884 may not only serve as 
a tool for evaluating target engagement in the development of ther-
apeutics directed at the M4R (25) but also provide insights into the 
status of cholinergic pathways affected by the neuropathology un-
derlying AD.

RESULTS
Radiochemistry
[11C]MK-6884 was synthesized under good manufacturing practice 
conditions with high radiochemical purity (>95%) and molar activ-
ity (39 to 741 GBq/mol) by alkylation of the corresponding lactam 
with [11C]methyl iodide (Fig. 1A). The final preparation for injec-
tion consists of ≤4.9 g of [11C]MK-6884 in a sterile solution of up 
to 10% (v/v) ethanol and 10 mM sodium phosphate buffer (pH 7) in 
0.9% sodium chloride. [3H]MK-6884 was prepared with high molar 
activity (2.0 GBq/mol) and high radiochemical purity (99.9%) by 

catalytic tritium dehalogenation of the corresponding bis-iodoaryl 
precursor (Fig. 1B).

Characterization of [3H]MK-6884 binding to brain 
tissues in vitro
Autoradiographic assessment of [3H]MK-6884 binding to brain sec-
tions from rhesus monkey (Fig. 2A) and human (Fig. 2B) was con-
ducted in the presence of the orthosteric mAChR agonist carbachol 
(10 M). Carbachol increases the affinity of [3H]MK-6884 analo-
gous for the M4R, resulting in better visualization of the brain re-
gions bound (25). The regional binding density of [3H]MK-6884 was 
slightly higher in monkey samples than in human samples, with a rank 
order of density: striatum >> cortex ≈ hippocampus > thalamus >> 
cerebellum (Fig. 2C).

Saturation binding studies of [3H]MK-6884 using crude striatal 
homogenates from rhesus monkeys and humans were conducted in 
the presence of 10 M carbachol. These studies showed that [3H]
MK-6884 binding was saturable and displaceable with dissocia-
tion constants (Kd) of 0.9 nM (rhesus monkey) and 1.2 nM (human) 
(Fig. 2D). The receptor densities (Bmax) were moderate at 13 nM 
(monkey) and 7 nM (human), yielding in vitro binding potentials 
(Bmax/Kd) of 14.4 (monkey) and 7.8 (human).

PET imaging of [11C]MK-6884 in rhesus monkeys
Concentrations of [11C]MK-6884 in arterial plasma peaked at about 
4.5 standardized uptake value (SUV) 2 to 3 min after injection of 
≈185 MBq of tracer (n = 3) and then declined rapidly. [11C]MK-6884 
was rapidly metabolized in arterial plasma, with the following per-
centages of total radioactivity represented by the parent tracer over 
time after injection in three monkeys: 93.8 ± 2.1% at 5 min, 60.5 ± 
18.6% at 15 min, 55.1 ± 6.0% at 45 min, and 39.2 ± 61.4% at 60 min, 
as determined by radio–high-performance liquid chromatography 
(HPLC; fig. S1A). Four radiolabeled metabolites were observed in 
monkey arterial plasma, with three of these metabolites being more 
polar, as evidenced by their elution before the parent tracer (fig. S1, 
B and C). These characteristics suggest that they are unlikely to enter 
the brain and affect the quantitative analysis of [11C]MK-6884 ki-
netics. One minor, lipophilic, radiometabolite was observed by HPLC 

analysis at a relatively low percentage 
(<10%) of the total (fig. S1, B and C). The 
influence of this radiometabolite on the 
brain signal was considered negligible.

PET studies conducted in monkeys 
under baseline conditions showed that 
[11C]MK-6884 distributed rapidly across 
the blood-brain barrier, with maximum 
brain radioactivity (2.0 SUV) achieved 
within 10 min of tracer injection followed 
by rapid clearance (Fig. 3, A and B). Re-
gional brain uptake of [11C]MK-6884 
was highest in the striatum and is con-
sistent with the results from in vitro 
autoradiography. Much lower tracer 
uptake was observed in cortical regions. 
Pretreating the same monkey with the 
selective M4 PAM MK-4710 1 hour be-
fore injecting [11C]MK-6884 yielded a 
plasma MK-4710 concentration of 1.2 M 
and a corresponding decrease in striatal 

Fig. 1. Radiosynthesis of [11C]MK-6884/[3H]MK-6884. (A) [11C]MK-6884. (B) [3H]MK-6884; T: 3H (tritium). DMF, 
dimethylformamide; DIPEA, N,N-diisopropylethylamine.
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radioactivity of about 70% relative to baseline (Fig. 3, A to D). In 
contrast, the cerebellum time-activity curve (TAC) in the presence 
of MK-4710 was indistinguishable from baseline (Fig. 3A), indi-
cating the absence of specific [11C]MK-6884 binding in this re-
gion. Both the two-tissue compartmental model (2-TCM) with a 
radiometabolite-corrected arterial input function and the simplified 
reference tissue model (SRTM) using a reference tissue (cerebellum) 
free of specific binding yielded similar striatal nondisplaceable bind-
ing potential (BPND) values for [11C]MK-6884 under baseline and 
blocking conditions (Fig. 3, A, C, and D). These results support the 
use of the cerebellum as a reference region for the SRTM method of 
analysis, which was subsequently used in the animal studies.

Repeated baseline scans yielded an average striatal BPND of 0.83 ± 
0.17 (n = 10 scans in five monkeys). The average test-retest vari-
ability (T-RT) for the striatal BPND of [11C]MK-6884 is 7.60 ± 5.80% 
(Fig. 3E), which is adequate for quantitative determinations of 
M4 PAM RO.

Donepezil enhancement of [11C]MK-6884 binding 
in monkeys
Because the in vitro binding of M4R PAMs is enhanced by orthosteric 
agonists (e.g., ACh or carbachol) (25, 26), increasing concentrations 

of the endogenous orthosteric agonist ACh should also increase the 
BPND of [11C]MK-6884 in vivo. This was assessed by administer-
ing the acetylcholinesterase inhibitor (AChEI) donepezil (0.1 to 
0.3 mg/kg, intramuscularly) before [11C]MK-6884 injection and im-
aging. The doses of donepezil used were previously found to enhance 
cognitive function (object retrieval) in scopolamine-impaired rhesus 
monkeys (27). Donepezil dose-dependently increased the [11C]MK- 
6884 BPND in monkey striatum as determined using PET imaging 
(Fig. 4A), with significant differences between each dose and base-
line (P < 0.05 for all three doses), leading to maximal enhancement at 
the dose (0.3 mg/kg). Donepezil (0.3 mg/kg) was subsequently given 
before administration of the potent, selective, and brain-penetrant 
M4 PAM compound 1, followed by [11C]MK-6884 injection and 
scanning. [11C]MK-6884 uptake was dose-dependently reduced by 
compound 1 in the striatum. For statistical analysis of dose-dependent 
reduction of [11C]MK-6884 uptakes, SigmaPlot (14.0) was used to 
perform nonlinear regression of the occupancy versus dose relation-
ship by fitting the Hill equation. The resulting goodness of fit are as 
follows: with compound 1 alone, Rsqr = 0.6600 (Adj Rsqr = 0.6034); 
with compound 1 in the presence of donepezil, Rsqr = 0.6160 (Adj 
Rsqr = 0.5777). The potency (Occ50) of compound 1 in occupying the 
M4Rs increased about 2.5-fold in the presence of donepezil (Occ50 = 
170 ± 34 nM) relative to that of compound 1 alone (Occ50 = 430 ± 
91 nM; Fig. 4B).

Clinical PET imaging studies with [11C]MK-6884
Phase 1 studies validating [11C]MK-6884 as an M4R-specific PET 
tracer were conducted in healthy human participants to determine 
radiation dosimetry (n = 3), regional brain distribution, baseline 
T-RT variability (n = 6), binding modulation by donepezil (n = 8), 
and target engagement (n = 13; table S1). Whole-body images showed 
radioactivity distributed throughout the heart, brain, and liver shortly 
after administration of 133 to 360 MBq (≤4.9 g) of [11C]MK-6884, 
which was rapidly cleared by hepatic and renal routes (fig. S1 and 
table S2). Administration of 300 MBq of [11C]MK-6884 yielded a 
human effective dose of ≈ 2.2 mSv.

The kinetics of tracer distribution through multiple brain regions 
were investigated in healthy elderly participants. [11C]MK-6884 showed 
rapid, heterogeneous distribution into the brain (Fig. 5, A and B). 
TACs were similar for the striatum and cortical regions and peaked at 
two to three SUVs 3 min after administration before rapidly declin-
ing. Hippocampal TAC displayed a lower peak and slower clear-
ance. Regional BPND yielded a rank order of striatum ≈ cortex > 
hippocampus > cerebellum (Fig. 5, A to C). This differs from rhesus 
monkeys, as a much lower BPND was observed in the cortex and hip-
pocampal regions (average BPND ≤ 0.10; Fig. 3B). The metabolism of 
[11C]MK-6884 is faster in humans than in monkeys, with 74 ± 15% 
(n = 6) of plasma radioactivity at 5 min after dose represented by 
[11C]MK-6884, decreasing to 27 ± 7.6% (n = 6, mean ± SD) at 90 min 
after dose (fig. S3A). The major metabolic pathway produced pri-
marily polar metabolites. More lipophilic radiometabolites were 
not observed in human plasma samples, although it is possible that 
they were not revealed in our assays because of its detection limits 
(fig. S3B). The conventional two-tissue compartment model did not 
yield stable total volume of distribution (VT) estimates for the brain 
regions analyzed, which may be attributable to a brain-penetrant 
radiometabolite. Instead, the data are better described by 1-TCM 
with arterial input function (fig. S3), the reference tissue model 
(SRTM using cerebellum), and the transient equilibrium tissue ratio 

Fig. 2. In vitro characterization of [3H]MK-6884 to brain tissues from rhesus 
monkey and human. Autoradiographs of [3H]MK-6884 binding to brain sections 
from (A) rhesus monkey and (B) human. All tissue sections were incubated in the 
presence of 2 nM [3H]MK-6884 and 10 M carbachol. Ctx, cortex; CB, cerebellum; 
Str, striatum; Tha, thalamus; Hippo, hippocampus; PSL, photostimulated lumines-
cence. The amount of nonspecific binding (NSB) was defined in the presence of 1 M 
MK-6884. (C) Regional binding density in monkey and human tissues. (D) Scatchard 
plots of [3H]MK-6884 binding to striatal homogenates from rhesus monkey (left) 
and human (right). Bmax is expressed in nM relative to wet tissue weight.
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(TE-TR) models. All three models provided comparable BPND val-
ues for striatum, frontal cortex, temporal cortex, and hippocampus 
(Fig. 5C), with the TE-TR method yielding a striatal BPND of 0.96 ± 
0.13 (n = 6 ± SD) and intra-individual T-RT variability of about 11% 
(Fig. 5D). Therefore, the TE-TR method was subsequently used for 
data processing.

[11C]MK-6884 PET occupancy studies 
were conducted in 13 human subjects 
to quantify the extent of target engage-
ment achieved by the highest tolerated 
single dose of the M4 PAM MK-4710 
(fig. S4). [11C]MK-6884 showed plasma 
concentration and time-dependent reduc-
tions in brain uptake and striatal BPND 
after MK-4710 dosing relative to base-
line (Fig. 6, A and B). The relationship 
between average MK-4710 plasma con-
centrations versus M4R occupancies 
from PET studies at 10 hours after oral 
dosing of MK-4710 was best fitted by a 
sigmoidal, two-parameter Hill equation 
(Emax = 100%) with an Occ50 of 340 ± 
170 nM (mean ± SE; Fig. 6C). The RO 
achieved with the maximally tolerated 
single dose (10 mg, orally) of MK-4710 
increased from 34 ± 2.1% at 2 hours af-
ter dose to a maximum of 43 ± 8.0% at 
≈6 hours, declining to 27 ± 7.8% by 
52 hours after dose.

The effect of donepezil on [11C]MK-
6884 binding was studied in healthy 
elderly participants administered an ac-
celerated titration dosing regimen of 
donepezil over 21 days (fig. S5). No differ-
ence in the magnitude of striatal BPND 
was observed on days 4 and 9 of donepezil 
administration. However, the striatal 
BPND of [11C]MK-6884 showed a 23% 
(n = 7) increase above baseline on day 
22 (1.2 ± 0.17, P < 0.05) (Fig. 6, D and E). 
In contrast, the BPND of [11C]MK-6884 in 
the frontal and temporal cortices in the 
presence of donepezil did not show an 
increase at any time point (frontal cortex, 
baseline: 0.89 ± 0.17; day 22: 0.98 ± 0.17) 
(table S3). The changes in striatal BPND 
positively correlated with donepezil plas-
ma concentrations, although an inverse 
relationship was observed between the 
change in BPND and the degree of erythro-
cyte acetylcholinesterase activity (fig. S7).

Regional BPND of [11C]MK-6884 
in patients with AD
The distribution of [11C]MK-6884 in the 
striatum of patients with AD stably treated 
with either donepezil or rivastigmine was 
bilaterally symmetric and homogeneous, 
with an average striatal BPND of 0.98 ± 

0.20 (n = 10; Fig. 7, A and B). This value is comparable to the striatal 
BPND observed in healthy elderly participants under baseline condi-
tions (0.97 ± 0.18; Fig. 7B). However, the striatal BPND in healthy 
elderly subjects treated with the donepezil titration dosing regi-
men (1.20 ± 0.17) was about 24% higher than in patients with AD 
(P < 0.01). In contrast, [11C]MK-6884 uptake by the cortex was 

Fig. 4. The effect of donepezil on the BPND of [11C]MK-6884 and the RO of compound 1 in the striatum of rhesus 
monkeys determined in vivo. (A) Relationship between the mean striatal BPND of [11C]MK-6884 and the plasma 
concentration of donepezil. *P < 0.05, analysis of variance (ANOVA) followed by Tukey’s post hoc analysis. (B) Com-
pound 1, (7-[3-[1-[(1-fluorocyclopentyl)methyl]pyrazol-4-yl]-6-methyl-2-pyridyl]-3-methoxycinnoline. (C) Rela-
tionship between the plasma concentration of compound 1 and M4 RO determined in rhesus monkey striatum 
(n = 5) using [11C]MK-6884 PET imaging performed in the presence (red curve) and absence (blue curve) of donepezil 
(0.3 mg/kg, intramuscularly).

Fig. 3. Characterization of [11C]MK-6884 binding to the brain under baseline and blocking conditions using PET 
imaging of rhesus monkeys. (A) [11C]MK-6884 TACs in rhesus monkey striatum (circles) and cerebellum (triangles) 
at baseline (open symbols) and after the administration of MK-4710 (closed symbols). (B) Co-registered, transverse 
plane baseline PET/MRI image of [11C]MK-6884 uptake in rhesus monkey brain, with the highest tracer binding lo-
calized in the striatum. (C) Image taken after administration of MK-4710 1 hour before [11C]MK-6884. The color scale 
represents the magnitude of BPND. (D) Striatal BPND determined under baseline and blocking conditions using SRTM 
(closed columns) and 2-TCM (open columns). (E) Comparison of striatal BPND values for determination of T-RT vari-
ability in five monkeys.
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regionally heterogeneous in patients with AD, and the BPND in both 
frontal and temporal cortices showed no significant difference be-
tween healthy elderly participants and patients with AD (frontal 
cortex: 0.92 ± 0.15 versus 0.74 ± 0.20, healthy versus AD, respective-
ly; P = 0.07; Fig. 7B). There was a significant difference of temporal 
cortex BPND between healthy elderly participants and patients with 
AD (0.83 ± 0.15 versus 0.46 ± 0.18, healthy versus AD, respectively; 
P < 0.01; Fig. 7B.) This heterogeneity in cortical uptake was observed 
in all patients with AD scanned (Fig. 7B). There was no significant 
positive correlation between the Mini-Mental Status Exam (MMSE) 
score of patients with AD at the time of the scan and the striatal 
(Pearson r = 0.31, P = 0.19), temporal cortical (Pearson r = 0.26, P = 
0.23), and frontal cortex (Pearson r = 0.53, P = 0.058; table S4).

DISCUSSION
[11C]MK-6884 was developed as a PET tracer for determining the 
degree of target engagement by allosteric modulators of the M4R 
under development for the treatment of NPS associated with AD. An 
off-target screen (Eurofins Panlabs) indicated that MK-6884 prefer-
entially binds with high affinity to the M4R over 115 other targets 
(25). The pharmacology of MK-6884 is consistent with a PAM, as in-
dicated by radioligand binding assays conducted in the presence 
of the orthosteric agonist carbachol, which increased the affinity of 
[3H]MK-6884 binding. Addition of carbachol to the binding assays 
better revealed that the regional localization of binding is consistent 
with known M4R mRNA and protein expression (10), with the highest 
density in the striatum and intermediate amount of expression in the 
cortex, hippocampus, and thalamus.

Given the high affinity and target selectivity of MK-6884, pre-
clinical imaging studies were conducted in vivo, which further val-
idate the suitability of [11C]MK-6884 as a PET tracer for clinical 
applications. Co-administration of either MK-4710 or compound 1 
dose-dependently reduced [11C]MK-6884 binding to monkey striatum 
relative to the cerebellum. Furthermore, these studies demonstrated 
the utility of [11C]MK-6884 in determining target engagement by 
the M4 PAM MK-4710 in clinical applications. Additional evidence 
that the pharmacology of [11C]MK-6884 as a PAM was maintained 
in vivo was provided by administering the AChEI donepezil to in-
crease brain ACh quantities (28, 29). At doses of donepezil that en-
hance cognitive performance in scopolamine-treated monkeys, the 
striatal BPND of [11C]MK-6884 increased about 60% above base-
line, indicating that regional uptake of the PET tracer is sensitive to 
changes in cholinergic tone. Considering that the Bmax/Kd in vitro is 
proportional to the specific in vivo signal and assuming that acute 
donepezil administration does not alter M4R density (Bmax is un-
changed), the increase in striatal BPND reflects an increase in the 
affinity of [11C]MK-6884 for the M4R.

Overall, the in vitro and in vivo pharmacology of MK-6884 in 
monkeys was predictive of its performance as a PET tracer in humans 
in terms of whole-body distribution, signal-to-noise ratio, clearance, 
brain regional localization, allosteric modulation, and competitive 
binding. One notable difference is that baseline cortical binding in 
humans is greater than observed in monkeys. Whereas donepezil 
treatment increased the striatal BPND of [11C]MK-6884 above base-
line, cortical BPND was relatively unchanged. This may be due to the 
greater dynamic range associated with the striatal SUV, which might 
better reveal allosteric modulation of [11C]MK-6884 uptake in vivo 
than in the cortex.

Another factor affecting striatal [11C]MK-6884 binding and the 
therapeutic efficacy of M4 PAMs is the loss of cholinergic pathways 
in AD. The striatal BPND of [11C]MK-6884 in patients with AD re-
ceiving an AChEI was similar to that of healthy, age-matched subjects 
at baseline. This may be due to the relative integrity of cholinergic 
interneurons and signaling pathways (30–33) in the striatum rather 
than in the cortex of patients with AD. However, the striatal BPND 
in patients was lower than observed in healthy elderly subjects treated 
with donepezil. This may reflect a secondary loss of corticostriate 
projections with resultant decreases in presynaptically localized M4R 
(10, 12) over the course of the disease, a process that may be moni-
tored in longitudinal studies during disease progression in patients 
with AD. Alternatively, striatal ACh concentrations may be lower 
in patients, leading to decreased ligand binding affinity. Regardless, 
if the population of striatal M4R in patients with AD is unchanged 

Fig. 5. PET imaging of [11C]MK-6884 uptake in healthy human brain. (A) Repre-
sentative, derived PET parametric (BPND) brain images of [11C]MK-6884 in a healthy 
adult brain under baseline conditions. Images are superimposed upon MR images 
from the same subject and presented in coronal, sagittal, and transverse planes. 
(B) Representative regional TACs from a healthy adult administrated [11C]MK-6884 
at baseline: striatum (red circles), frontal cortex (filled triangles), temporal cortex 
(filled circles), hippocampus (open triangles), and cerebellum (open circles). (C) Re-
gional BPND determined under baseline conditions using 1-TCM, SRTM, and TE-TR. 
(D) Comparison of striatal BPND values for determination of T-RT variability in six hu-
man subjects using TE-TR method.
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relative to healthy participants (10), or if 
their function is normalized by admin-
istration of an AChEI, the ability of these 
neurons to regulate striatal dopaminergic 
neurotransmission may continue to be a 
substrate for modulation by M4 PAMs 
in the treatment of NPS (9, 34–37).

In contrast with the striatum, the den-
sity of cortical M4R appears to be strong-
ly affected by the loss of efferent pathways 
from the nucleus basalis (10, 18, 38), a 
pathognomonic change associated with 
AD. Previous investigations of cortical 
necropsy specimens from AD donors 
variously report increases, decreases, or 
no changes in muscarinic receptor den-
sities, depending on the cortical region, 
method of measurement (radioligand 
binding or immunochemistry), and se-
verity of disease (19–21). Whereas the 
striatal BPND of patients with AD treated 
with an AChEI was similar to that of 
healthy adults, cortical BPND values were 
substantially decreased by subregion, 
with the area and extent of change varying 
individually. This may reflect the loss of 
presynaptic M4R residing on cholinergic 
or glutamatergic terminals (10), with 
an average decrease of ≈20% in frontal 
cortex BPND of individuals with AD com-
pared to healthy adults. This is consist-
ent with limits to the ability of AChEI 
treatment to maintain cortical M4R func-
tionality in the face of disease progres-
sion (39).

The BPND in the frontal cortex of sub-
jects with AD is only weakly correlated 
with the MMSE score, with no relation-
ship shown between other cortical regions 
and MMSE score. Although the weak re-
lationship between cortical binding and 
MMSE score may reflect the small num-
ber of patients investigated and absence 
of partial volume correction, these results 
trend in the direction of previous ob-
servations of decreases in the regional 
binding density of PET ligands for the 
synaptic vesicle 2A protein in patients 
with AD (40, 41), where correlations be-
tween MMSE score and ligand distribu-
tion were found in the hippocampus, 
prefrontal, and temporal cortices (41). 
Furthermore, given the involvement 
of muscarinic cholinergic receptors in 
higher-order visual perception (42–44), 
the substantial decreases in BPND in the 
parietal and occipital cortices may con-
tribute to deficits in visuospatial pro-
cessing commonly observed in patients 

Fig. 6. Target engagement and modulation of [11C]MK-6884 BPND in healthy volunteers. (A) Representative 
scan of a healthy adult volunteer taken under baseline conditions. (B) PET image from the same subject ≈10 hours 
after oral administration of 10 mg of MK-4710. (C) Relationship between plasma concentrations of MK-4710 and 
the percentage RO by [11C]MK-6884 ≈10 hours after administration of MK-4710. Each point represents the RO 
determined from an individual scan. (D) Representative PET scans taken from the same healthy elderly participant 
illustrating regional changes in [11C]MK-6884 BPND with donepezil intervention at baseline, on day 4 (5 mg), 
and on day 22 (last dose of 10 mg on day 21) of treatment with an accelerated donepezil titration dosing regimen. 
(E) Comparison of striatal BPND of [11C]MK-6884 in healthy elderly volunteers between baseline and after 21 days of 
donepezil treatment.

Fig. 7. Regional differences in the BPND of [11C]MK-6884 in AD patients receiving AChEI therapy compared to 
age-matched, healthy elderly volunteers receiving donepezil treatment. (A) Representative scans of a healthy 
adult volunteer taken under baseline conditions and patients with AD with MMSE scores ranging from 3 to 20 receiv-
ing AChEI treatment. (B) Comparison of BPND values for [11C]MK-6884 binding to the striatum, temporal, and frontal 
cortices of healthy adults (18 to 55 years of age, open circles) under baseline conditions after 21 days of donepezil 
treatment (half-filled circles) and in patients with AD (filled circles) receiving either donepezil or rivastigmine therapy. 
ANOVA and Tukey’s multiple comparison test was performed.
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with AD (45) and may correlate better with scores from tests of vi-
suospatial processing.

There are several limitations to our study. Our primary cohort 
of patients is relatively small, with only 10 male and female indi-
viduals with moderate-to-severe AD (MMSE ≤ 20, 6 patients with 
MMSE ≥ 14). This is, in part, due to the challenge of recruiting el-
derly and severe patients to undergo diagnostic medical imaging, 
despite the lack of therapeutic interventions. Given the small sam-
ple and the heterogeneity of the brain regions, with the occipital 
cortex being the neocortical area most resistant to AD pathology, 
the MMSE correlation with cortical regional BPND as discussed above 
was underpowered to validate a predictive biomarker. In addi-
tion, in this study, we were unable to identify patients without prior 
AChEI treatments, as all 10 of them were stably maintained on either 
donepezil or rivastigmine for at least 4 weeks. These issues suggest 
that further analysis of the relationship between tests of cognitive 
function and the BPND of [11C]MK-6884 in cortical and hippocam-
pal regions is warranted in a more extensive longitudinal study in a 
larger cohort.

In conclusion, [11C]MK-6884 is a selective M4R PET tracer with 
pharmacological properties consistent with a PAM. It is displace-
able by other M4 PAMs, and its binding is modulated by the or-
thosteric ligands ACh and carbachol in both primate and human. 
These attributes make it a suitable tool for assessing direct target 
engagement by competitive allosteric modulators interacting with 
the same binding site and for providing proof of biology for ortho-
steric ligands modulating M4R function. The availability of [11C]
MK-6884 should aid in the development of other M4R selective li-
gands for therapeutic indications. Moreover, the ability of [11C]MK- 
6884 to reveal regional changes in M4R density and/or ACh tone 
(and potentially, functionality) in patients with AD suggests that it 
may provide insights into the neurotransmitter-specific pathology 
of the disease.

MATERIALS AND METHODS
Study design
The goal of this study was to assess [11C]MK-6884 as a PET tracer 
for measuring target engagement in human brain and providing in-
sights into neuropathology in patients with AD. We characterized 
[3H]MK-6884/[11C]MK-6884 binding in vitro (brain tissues) or in vivo 
(in monkeys) before clinical translation. Then, we validated the util-
ity of [11C]MK-6884 in healthy subjects and individuals with AD 
(ClinicalTrials.gov: NCT02621606). Sample sizes for both nonclini-
cal and clinical investigations were determined empirically. All clini-
cal studies were conducted in adherence with the standards of Good 
Clinical Practice. Stop dosing criteria in the clinical studies were based 
solely on safety parameters [electrocardiograms (ECGs), vital sign 
measures, and adverse event reporting]. This established the maximum 
tolerated dose of MK-4710 at 10 mg, with the discontinuation of one 
participant in study MK-6884-002 because of syncope associated 
with donepezil treatment. No data were excluded from analysis or 
considered an outlier. Clinical endpoints were selected prospec-
tively. The number of replicates in each experiment is indicated in the 
appropriate sections. Research objectives, subjects, experimental 
design, randomization, and blinding of each clinical study are de-
scribed in the “Clinical PET imaging studies with [11C]MK-6884” 
section below. All clinical study participants or their legal guardians 
were informed of the nature of the study and the potential risks of 

the investigation before providing written consent. All clinical inves-
tigations were approved by regionally appropriate Institutional Re-
view Boards. None of the clinical trials described in this article were 
blinded, nor were the participants randomized to treatments.

Radiochemistry of [11C]MK-6884 and [3H]MK-6884
Figure 1 (A and B) shows the synthetic scheme for preparation of 
[11C]MK-6884/[3H]MK-6884. Details of the radiosynthesis are pro-
vided in the Supplementary Materials.

In vitro characterization of [3H]MK-6884 binding 
to brain tissues
The distribution and specificity of [3H]MK-6884 binding to brain 
sections from mouse (wild-type and M4R knockout), rhesus monkey, 
and human brain were determined using previously reported auto-
radiographic techniques (46). Details of methods used to conduct the 
autoradiography and saturation binding studies using striatal homog-
enates prepared from rhesus monkeys and human controls can be 
found in the Supplementary Materials. A nonlinear regression fit of 
a rectangular hyperbola to the resulting data was used to determine 
Kd and Bmax (GraphPad Prism version 8.2.1). The [3H]MK-6884 Bmax 
values in nmol/mg tissue wet weight were converted to Bmax (nM) 
values by multiplying the tissue dilution factor by wet tissue weight 
in the assay.

PET imaging studies in rhesus monkeys
All monkey PET imaging studies were conducted according to guide-
lines from the American Physiological Society and the Guide for the 
Care and Use of Laboratory Animals (National Institutes of Health 
publication no. 85-23, revised 2010) and were approved by the Re-
search Laboratories of Merck & Co. Inc. The animal preparation, 
baseline PET scan acquisition, and image analysis used were similar 
to methods described previously (25). Briefly, five rhesus monkeys 
(age range 5 to 9, ≈7 to 14 kg, two male and three females) were 
initially sedated with ketamine (10 mg/kg, intramuscularly), induced 
with propofol (5 mg/kg, intravenously), intubated, and then respired 
with a medical-grade air and oxygen mixture at ≈10 ml per breath 
per kilogram and 23 respirations per minute. Anesthesia was main-
tained with propofol (0.4 to 0.55 mg/kg per minute) for the dura-
tion of the study. Body temperature was maintained with circulating 
water heating pads, and temperature, oxygen saturation, blood pres-
sure, and end-tidal CO2 were monitored for the duration of the study. 
Dynamic PET scans were acquired in a PET/CT or HR+ scanner 
(Siemens) over 90 min after a 2-min bolus intravenous injection of 
[11C]MK-6884 (≈185 MBq, <2 g). Whole-blood samples were col-
lected via arterial catheter into heparin tubes for determination of 
radioactivity in whole-blood and plasma. Samples are centrifuged, 
and 20 l of whole blood and plasma was counted in a gamma counter 
at 10, 20, 30, 45, 60, 90, and 120 s after [11C]MK-6884 injection. 
Samples of blood (0.5 ml) were taken at 3, 5, 15, 30, 60, and 90 min 
for determination of in vivo metabolism of the tracer and total 
radioactivity in plasma and whole blood. The plasma concentration 
of [11C]MK-6884 was determined from measures of total radio-
activity in arterial plasma with correction for the fraction of intact 
tracer as determined by radio-HPLC analysis. Reconstructed images 
were aligned with magnetic resonance imaging (MRI)–based tem-
plates for each monkey, and TACs were drawn on the PET images 
to quantify the regional tracer uptake SUV and BPND using TCMs. 
Repeat baseline PET scans were conducted in these same monkeys. 
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Comparison of BPND determinations using below equation from 
five different monkeys provided the average T-RT variability

  T‐RT variability = 2 ×   
∣ BP ND  Baseline 1  −  BP ND  Baseline 2 ∣     

   ────────────────   
∣ BP ND  Baseline 1  +  BP ND  Baseline 2 ∣

    

For M4R blockade scans, the potent and selective brain-penetrant 
M4R PAM MK-4710 was intravenously administered as a bolus 
(1.68 mg/kg) followed by an infusion (0.96 mg/kg per hour) starting 
1 hour before [11C]MK-6884 injection. Because the cerebellum is 
devoid of M4R, SRTM using cerebellum as the reference region was 
applied to determine striatal BPND.

Enhancement of [11C]MK-6884 binding in monkeys 
by donepezil
To assess the effect of endogenous ACh on the BPND of [11C]MK-
6884 in vivo, a crossover PET study was performed in rhesus monkeys 
(n = 4) by predosing with donepezil to increase the ACh concentra-
tions before administration of [11C]MK-6884. The animal prepara-
tion, PET scan acquisition, and image analysis were similar to the 
methods described above. Donepezil was intramuscularly adminis-
tered in doses of 0.1, 0.2, or 0.3 mg/kg 1 hour before [11C]MK-6884 
injection. Dynamic PET scans were acquired in a PET/CT or HR+ 
scanner (Siemens) over 90 min after [11C]MK-6884 (≈185 MBq, 
<2 g) injection. Venous plasma samples were collected serially 
during the scan period to measure contemporaneous plasma concen-
trations of donepezil matched to the striatal BPND determined from 
each scan using SRTM. The striatal BPND associated with donepezil 
doses (n = 3) versus baseline values was used to identify the dose of 
donepezil causing maximal enhancement. This dose of donepezil was 
subsequently used to determine whether the plasma concentration/
RO relationship in monkeys was shifted by the ACh concentration 
in brain. Briefly, donepezil (0.3 mg/kg) or saline was intramuscularly 
administered to the right thigh muscle. At the same time, doses of 
compound 1 were intravenously administered as bolus plus infusion 
(0.16/0.07 to 1.00/0.42 mg/kg per hour) in vehicle containing 1% 1 N 
HCl and 30% Captisol 1 hour before [11C]MK-6884 injection. PET 
scans were collected for 90 min, and striatal BPND was determined 
using previously described techniques. From each treatment scan, 
compound 1 post-administration versus baseline (no-drug) striatal 
BPND values were used to obtain RO % using the equation below

  RO (%) =   
(Baseline  BP  ND   − PostDrug  BP  ND  )

   ────────────────────  Baseline  BP  ND     * 100  

The % RO and the average plasma concentration of compound 1 in 
the absence or presence of donepezil were fitted with a sigmoidal Emax 
model to determine Occ50 and Hill slope h.

Clinical PET imaging studies with [11C]MK-6884
MK-6884-001 (ClinicalTrials.gov registration 
number: NCT02621606)
This was an open-label study conducted in three parts. Part I assessed 
the safety, tolerability, and tracer characteristics of [11C]MK-6884 in 
three healthy adult males and females, 18 to 55 years of age. A series of 
whole-body PET scans, clinical examinations, and laboratory safety 
evaluations were conducted after administration of a single previously 
defined intravenous dose of [11C]MK-6884 of 370 MBq (10 mCi, 
≤4.9 g) of [11C]MK-6884.

Part II was performed in seven healthy elderly male and female 
subjects 55 to 85 years of age and evaluated the safety and tolera-
bility of two intravenous doses of [11C]MK-6884, determined its 
distribution kinetics throughout the brain (VT), established baseline 
M4R availability, and determined the intrasubject baseline T-RT 
variability of brain M4R BPND by performing a dynamic PET scan 
of about 90-min duration after administration of [11C]MK-6884 on 
two separate occasions. The regional brain TACs for all subjects were 
fitted by compartmental modeling with metabolite-corrected arterial 
input functions to obtain VT (tissue/plasma concentration ratio at 
equilibrium). Baseline T-RT variability was determined using the fol-
lowing equation

  TRV = 2 ×   
 V T  scan1  −  V T  scan2 

  ─  
 V T  scan1  +  V T  scan2 

    

Arterial blood was sampled for measuring concentrations of 
parent radiotracer and metabolites for quantification of tracer ki-
netic modeling methods. Target BPND was determined using the 
cerebellum as the reference region with both the SRTM and TE-TR 
methods.

Part III evaluated the brain distribution of [11C]MK-6884 BPND in 
10 male and female patients (55 to 85 years of age) with moderate- 
to-severe AD (MMSE ≤ 20), age-matched to the healthy elderly sub-
jects in part II. All patients with AD were stably maintained on either 
donepezil or rivastigmine for at least 4 weeks before screening. An 
MRI scan of the brain was obtained for delineation of regions of in-
terest (ROIs) and to validate the diagnosis of moderate-to-severe 
AD. Each patient was administered a single intravenous dose of 
≈370 MBq of [11C]MK-6884, and a single brain scan was performed 
over ≈90 min to determine the BPND of [11C]MK-6884. Blood sam-
ples for AChEI plasma concentration and red blood cell-AChE activity 
were measured before [11C]MK-6884 dosing.
MK-6884-002
This was an open-label, two-cohort investigation of the effect of 
donepezil on the regional BPND of [11C]MK-6884 in the brain. Males 
and females 55 to 85 years of age were randomly allocated to one 
of two cohorts of four subjects each for donepezil intervention (fig. 
S4). On day 0, all participants underwent an MRI to delineate ROI 
and then were administered a tracer dose of [11C]MK-6884 fol-
lowed by a PET scan to establish baseline BPND. Subsequently, both 
cohorts were started on the same donepezil regimen (5 mg once 
daily × 7 days followed by 10 mg once daily × 14 days). Because each 
participant was limited to a total of three PET scans, scanning was 
staggered by cohort. Cohort 1 was scanned on day 4, at the end of 
4 days of 5-mg donepezil treatment, whereas cohort 2 was scanned on 
day 9, after 2 days of 10-mg donepezil treatment. Both cohorts were 
scanned again on day 22 after completing the 21 days of donepezil 
treatment. A pharmacokinetic (PK)/pharmacodynamic (PD) mod-
el predicting the relationship between plasma donepezil concen-
tration and brain AChE activity was constructed with published 
data (47, 48) and used to determine the optimal dates for schedul-
ing PET scans. Because of circadian variation in ACh amounts, all 
scans were conducted at about the same time of day (between 12:00 
and 17:00 hours).

Plasma donepezil concentrations were assessed at baseline and 
before administration of [11C]MK-6884 at each subsequent PET scan. 
The PD effects of donepezil were monitored by measuring RBC-
AChE activity.
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MK-4710-003
This was an open-label PET study characterizing the temporal rela-
tionship between the plasma concentration of the M4 PAM MK-
4710 administered orally and the degree of striatal RO. The study 
enrolled 13 healthy adult males between 18 and 50 years of age, who 
were treated according to the schedule in fig. S5. Each subject under-
went a predose MRI scan of the brain, a baseline PET scan, and up 
to three additional postdose PET scans in the presence of MK-4710 
for a total of up to four PET scans per subject [total exposure to 
MK-6884 per subject: ≤19.6 g (1/100th the no observed adverse 
effect level) 7.49 mSv (annual exposure limit = 10 mSv)]. Subjects 
could be dosed twice with MK-4710 on two separate occasions with 
a washout of at least 7 days between doses.

Subjects were administered [11C]MK-6884 (≈260 MBq, ≈7.0 mCi, 
≤4.9 g per dose) by intravenous bolus and underwent baseline or 
postdose scans lasting ≈90 min. For determination of the kinetics 
of MK-4710 dissociation from the M4R, two PET scans were ac-
quired at 2 and 22 hours after dosing with 8 mg of MK-4710. Two 
subjects received arterial catheters for blood sampling during base-
line and postdose PET scans to validate the models used for PET 
tracer quantification. Vital sign, 12-lead ECG (single records), and 
blood draws for laboratory safety tests were taken just before 
and after each scan, regardless of period or scan number, and at the 
study exit exam. For each postdose scan, RO was determined by cal-
culating the changes in the striatal BPND between baseline and re-
ceptor-blocked conditions using the same above equation as used in 
the rhesus monkey RO study. The average plasma concentration of 
MK-4710 during the PET scan was correlated with the RO measured 
from PET images, with a sigmoidal Emax model fitted to the data to 
determine Occ50 and Hill slope h.

Statistical analyses
MK-6884-001: One-tailed Pearson’s correlation coefficients for the 
relationship between MMSE score and regional [11C]MK-6884 BPND 
were determined using GraphPad Prism (version 8.2.1).

MK-6884-002: A linear mixed effects model with day and sex/
gender as the fixed effects and subject as the random effect was used 
to evaluate the primary hypothesis that the BPND of [11C]MK-6884 in 
the brain region with the highest M4 receptor density is increased 
by a donepezil intervention regimen titrated to achieve therapeutic 
effects at steady state. Least-squares estimates and 90% confidence 
intervals (CIs) for the mean change from baseline were computed 
at each postdose time point using the mean squared error from the 
model and referencing a t-distribution. If the 90% CI for the mean 
change from baseline on day 22 was greater than 0, then the primary 
hypothesis that the BPND of [11C]MK-6884 is increased when a 
single dose of tracer is co-administered with the donepezil interven-
tion regimen at steady state (day 22) is supported. The secondary hy-
pothesis that the BPND of [11C]MK-6884 is increased when a single 
dose of tracer is co-administered at intermediate time points during 
the donepezil intervention regimen is supported if the 90% CIs for the 
mean change from baseline on days 4 and 9 both lie above 0. Linear 
regression analyses were used to determine the population PK/PD re-
lationship between the striatal BPND of [11C]MK-6884 and plasma 
donepezil concentrations, as well as with erythrocyte AChE activity.

MK-4710-003: For statistical analysis of dose-dependent reduction 
of [11C]MK-6884 uptakes in healthy subjects, SigmaPlot (version 14.0) 
was used to perform nonlinear regression of the occupancy versus 
dose relationship by fitting the Hill equation.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abg3684
Materials and Methods
Figs. S1 to S7
Tables S1 to S4

View/request a protocol for this paper from Bio-protocol.
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Quantifying M4R engagement
Activation of the M4 muscarinic receptor (M4R) might be therapeutic in patients with Alzheimer’s disease (AD).
However, the development of selective agonists is hindered by the lack of in vivo methods to measure target
engagement. Now, Li et al. developed a positron emission tomography (PET) tracer called [

11

C]MK-6884 able to bind
an allosteric site of M4R with high selectivity. Characterization of the tracer in monkeys, healthy human volunteers,
and patients with AD showed selective target engagement and sensitivity to the orthosteric M4R agonist carbachol in
vitro and to the acetylcholinesterase inhibitor donepezil in vivo in monkeys and healthy human volunteers. The results
suggest that [

11

C]MK-6884 could be used to measure target engagement in clinical trials and drug development.
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