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As a neuromodulator, the neurotransmitter acetylcholine plays an
important role in cognitive, mood, locomotor, sleep/wake, and olfac-
tory functions. In the pathophysiology of most neurodegenerative dis-
eases, such as Alzheimer disease (AD) or Lewy body disorder (LBD),
cholinergic receptors, transporters, or enzymes are involved and rele-
vant as imaging targets. The aim of this review is to summarize current
knowledge on PET imaging of cholinergic neurotransmission in neuro-
degenerative diseases. For PET imaging of presynaptic vesicular ace-
tylcholine transporters (VAChT), (2)-18F-fluoroethoxybenzovesamicol
(18F-FEOBV) was the first PET ligand that could be successfully trans-
lated to clinical application. Since then, the number of 18F-FEOBV
PET investigations on patients with AD or LBD has grown rapidly and
provided novel, important findings concerning the pathophysiology of
AD and LBD. Regarding the a4b2 nicotinic acetylcholine receptors
(nAChRs), various second-generation PET ligands, such as 18F-nifene,
18F-AZAN, 18F-XTRA, (2)-18F-flubatine, and (1)-18F-flubatine, were
developed and successfully translated to human application. In neuro-
degenerative diseases such as AD and LBD, PET imaging of a4b2
nAChRs is of special value for monitoring disease progression and
drugs directed to a4b2 nAChRs. For PET of a7 nAChR, 18F-ASEM
and 11C-MeQAA were successfully applied in mild cognitive impair-
ment and AD, respectively. The highest potential for a7 nAChR PET is
seen in staging, in evaluating disease progression, and in therapy
monitoring. PET of selective muscarinic acetylcholine receptors
(mAChRs) is still in an early stage, as the development of subtype-
selective radioligands is complicated. Promising radioligands to image
mAChR subtypes M1 (11C-LSN3172176), M2 (18F-FP-TZTP), and M4
(11C-MK-6884) were developed and successfully translated to
humans. PET imaging of mAChRs is relevant for the assessment and
monitoring of therapies in AD and LBD. PET of acetylcholine esterase
activity has been investigated since the 1990s. Many PET studies with
11C-PMP and 11C-MP4A demonstrated cortical cholinergic dysfunc-
tion in dementia associated with AD and LBD. Recent studies indi-
cated a solid relationship between subcortical and cortical cholinergic
dysfunction and noncognitive dysfunctions such as balance and gait
in LBD. Taken together, PET of distinct components of cholinergic
neurotransmission is of great interest for diagnosis, disease monitor-
ing, and therapy monitoring and to gain insight into the pathophysiol-
ogy of different neurodegenerative disorders.
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Essential processes such as neuroplasticity, neuronal synchro-
nization, and connectivity are modulated by the neurotransmitter
acetylcholine, which is accordingly critically involved in and
highly relevant to cognitive, mood, locomotor, sleep/wake, and
olfactory functions (1,2). The cholinergic system in the central
nervous system (CNS) consists of 2 major projections: the first is
from the basal forebrain (Ch1 to Ch4 cholinergic groups) to the
cortex, amygdala, hippocampus, and olfactory bulb, and the sec-
ond is from the brain stem (Ch5 and Ch6 cholinergic groups) to
the thalamus and other brain stem nuclei. There are also intrinsic
striatal, cortical, and cerebellar cholinergic neurons (1,3,4).
In the synapse of the presynaptic cholinergic neuron, acetylcholine

is synthetized by the choline acetyltransferase from choline and ace-
tyl coenzyme A. Acetylcholine is transported via the vesicular ace-
tylcholine transporter (VAChT) into the presynaptic vesicles of the
cholinergic nerve terminals, where it is stored for future release.
Released acetylcholine binds to and activates nicotinic and musca-
rinic acetylcholine receptors (nAChRs and mAChRs). Acetylcholine
esterase (AChE) rapidly clears the synaptic cleft of acetylcholine by
enzymatic hydrolysis to acetate and choline. Choline undergoes a
recycling reuptake by the presynaptic high-affinity choline trans-
porter (Fig. 1) (2–4).
In 1982, Bartus et al. published the cholinergic hypothesis of Alz-

heimer disease (AD), which described the loss of memory as a result
of cortical and basal forebrain cholinergic dysfunction (5). This
hypothesis was convincingly confirmed because anticholinergic
drugs could be proved to induce cognitive impairment (3,6) whereas
AChE inhibitors could be proved to induce the opposite (3).
The cholinergic pathophysiology of the 2 most prevalent neuro-

degenerative disorders—AD and LBD spectrum (the latter includ-
ing Parkinson disease [PD], PD with dementia [PDD], and Lewy
body dementia [DLB)]—differs between each other. AD shows
cholinergic dysfunction and loss of neurons in the basal forebrain,
likely in close relationship to the relevant loss of cholinergic
cortical axons from tau and amyloid proteinopathy. However, cho-
linergic striatal interneurons and cholinergic innervation of the
thalamus receiving innervation from the brain stem are preserved
(4). In contrast, LBD, likely in close association with a-synuclein-
opathy, shows cholinergic dysfunction and degeneration not only
in the basal forebrain but also in the brain stem. In LBD, this more
complex subcortical and cortical neuropathology and cholinergic
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dysfunction are associated with and most likely explain the wide
spectrum of motor and various nonmotor symptoms in LBD (3,4).
Novel neuropathologic and cholinergic PET findings in the brain
and body of LBD patients, especially the gut—present also in
early or prodromal PD—led to a paradigm shift in our understand-
ing of the pathophysiology of LBD and to the definition of body-
first and brain-first LBD subtypes (7,8).
The possibility of obtaining in vivo information about the integ-

rity of cholinergic transmission by means of PET imaging is of
major interest in studying the pathophysiology of various neurode-
generative disorders such as AD and LBD and has major relevance
in cholinergic drug development. This option refers to all the differ-
ent compartments of this complex neurotransmitter system. The
aim of this review is to summarize the current knowledge on PET
imaging of cholinergic transmission, including imaging of VAChT,
nAChRs, mAChRs, and AChE in neurodegenerative diseases.

VAChT

Structure and Distribution of VAChT
VAChT is an approximately 500-amino-acid polypeptide uniquely

present in cholinergic nerve terminals of the central and peripheral
nervous system and corresponding closely to choline acetyltransfer-
ase (9).

Radioligands for Imaging VAChT
Many VAChT PET ligands have been generated (9). Vesamicol

was used as the lead compound. The development of vesamicol
derivatives showing high affinity to VAChT and high selectivity
over off-targets such as s-receptors was challenging. Several vesa-
micol-, trozamicol-, and benzovesamicol-based PET ligands, as
well as morpholinovesamicols and other vesamicol analogs, were
developed and tested preclinically (9). Only the PET ligand (2)-18F-
fluoroethoxybenzovesamicol (18F-FEOBV) (Table 1; Fig. 2A) and
the SPECT tracer (2)-5-123I-iodobenzovesamicol (123I-IBVM)

(Table 1; Fig. 2A) were successfully transferred to clinical applica-
tion (10,11). According to validation in preclinical studies and
human postmortem brain (12–14), 18F-FEOBV showed favorable
characteristics for in vivo assessment of VAChT in healthy controls
(HCs) (15). The pattern of distribution of the radioligand corre-
sponded to the known heterogeneous organization of cholinergic
projections in the human brain with the following rank order: stria-
tum . thalamus . cerebellar vermis . amygdala–hippocampus
complex . brain stem . cerebral cortex (15,16). Aging was associ-
ated with a decline in VAChT binding by 4% per decade within the
striatum and approximately 3% per decade within the thalamus,
anterior cingulate cortex, and premotor cortex (16). In addition to
full kinetic modeling to calculate the distribution volume or binding
potential of 18F-FEOBV, simplified approaches to VAChT quantifi-
cation were validated using delayed static PET scans and reference
regions such as the cerebellar cortex or white matter (15,17,18).

TABLE 1
Most Relevant VAChT PET (SPECT) Radioligands

Tracer name Formula

123I-IBVM (2)-5-123I-iodobenzovesamicol

(2)-18F-FEOBV (2R,3R)-5-18F-fluoroethoxy-
benzovesamicol

18F-VAT (2)-(1-(8-(2-18F-fluoroethoxy)-3
-hydroxy-1,2,3,4-tetrahydronaphthalen
-2-yl)-piperidin-4-yl)(4-fluorophenyl)
methanone

+

Acetyl coenzyme A Choline

Choline
acetyltransferase

Acetylcholine

Vesicles

Cholinergic synapse

Vesicular
acetylcholine
transporter

Acetylcholine
esterase

nAChR

mAChR

Acetate

FIGURE 1. Cholinergic synapse: physiologic processes. In synapse of
presynaptic cholinergic neuron, acetylcholine is synthetized by choline
acetyltransferase from choline and acetyl coenzyme A. It is then stored in
vesicles in very high concentrations. This storage process, as well as
release of acetylcholine in synaptic cleft, is mediated by VAChT. Released
acetylcholine binds to and activates nAChRs and mAChRs and, in case of
postsynaptic receptors, transports signal to next neuron. AChE rapidly
clears synaptic cleft of acetylcholine. This enzyme hydrolyzes acetylcho-
line to acetate and choline. The latter undergoes recycling reuptake into
the presynaptic nerve terminal.

FIGURE 2. Names and structural chemical formulas of most relevant
radioligands for distinct cholinergic targets.
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18F-VAT is a benzovesamicol-based VAChT PET ligand (Table 1;
Fig. 2A). Recent in vitro, preclinical in vivo, and postmortem human
brain findings were promising (19,20). A 18F-VAT PET trial in
humans is under way.

VAChT PET Imaging Results in Neurodegeneration
The first in vivo VAChT imaging study of the brain in AD, PD,

PDD, and HC was performed by Kuhl et al. using 123I-IBVM
SPECT. Compared with HCs, a widespread decrease in VAChT
binding within the neocortex and hippocampus has been detected in
PDD and early-onset AD (EOAD) (21). In contrast, in late-onset
AD (LOAD), the VAChT decline was restricted to the temporal
cortex and was less pronounced, indicating a distinct vulnerability
of the basal forebrain in EOAD and LOAD (21,22). Of interest, in
mild to moderate AD, as assessed by the clinical dementia rating
scale, cortical VAChT binding was more declined in EOAD than in
LOAD. In severe AD, VAChT binding was decreased to a similar
degree in EOAD and LOAD. In Lewy body dementia (DLB), com-
pared with HCs, 123I-IBVM SPECT showed a decrease in VAChT
in Ch4 and pedunculopontine thalamic (Ch5) projections and
within striatal interneurons. In contrast, septohippocampal choliner-
gic projections were spared (23). Thus, the pattern of cortical and
subcortical cholinergic dysfunction in DLB differs from that in AD.
By 18F-FEOBV PET, lower VAChT binding in cholinergic ter-

minals within the frontotemporoparietal and cingulate cortices has
been detected in AD in comparison with HCs, as is presumed to
reflect a characteristic caudorostral dysfunction of the nucleus
basalis of Meynert (Ch4; Figs. 3A–3D) (17,22). Reduced cortical

VAChT in AD was significantly associated with global cognitive
dysfunction. In the same AD patients, 18F-FEOBV PET was more
sensitive in detecting AD-related changes than was 18F-FDG PET
or b-amyloid PET (17). In DLB, there was a widespread decrease
in VAChT binding in the frontotemporoparietal and occipital cor-
tices, hippocampus, amygdala, and thalamus (217% to 221%;
Fig. 3E) (18). In PD, the relationship between disturbances in
VAChT binding and motor symptoms such as falls and freezing of
gait as part of the postural instability gait disturbance subtype
were investigated (22). Thalamic VAChT decrements, especially
decrements in the right visual thalamus, were related to a history
of falling. Freezing of gait correlated with lower VAChT in striatal
interneurons and limbic cortices (24). In PD without dementia,
dysfunction of memory, executive function, and attention corre-
lated regionally with lower VAChT availability within the cingu-
late and insular cortices and thalamus (25). Sanchez-Catasus et al.
determined striatal disbalance between acetylcholinergic and dopa-
minergic systems in mild to moderate PD using 18F-FEOBV PET
and other techniques (26). In cognitively normal PD patients,
higher VAChT binding in the hippocampus, associated with cogni-
tive measures, and lower VAChT binding in the posterior cortical
regions were reported. Higher hippocampal VAChT binding in
cognitively normal PD patients suggests a novel compensatory
role for VAChT in PD (27). However, another potential cause for
higher VAChT binding could be inflammatory changes, as demon-
strated by 18F-FEOBV PET in acute peripheral inflammation.
More investigation, accounting for inflammatory changes, is
required for VAChT PET studies of potential compensatory neuro-
nal changes in neurodegenerative disorders (28).

a4b2 nAChR

Structure, Distribution, and Function of a4b2 nAChRs
All nAChRs are pentameric. The heteromeric a4b2 subtype

consists of a- and b-subunits, which form an ion channel (29).
a4b2 nAChRs are ubiquitous in the human brain and are preferen-
tially located at preterminal and presynaptic sites, acting as modu-
lators of different neurotransmitters (29). The highest density of
a4b2 nAChRs has been detected in the nucleus basalis of Meynert
and the thalamus; density is moderate in the putamen and cerebel-
lum and low in cortical regions (30–32). a4b2 nAChRs play an
important role in higher cognitive processes such as learning and
memory and are involved in addiction and depression (31,33).
Postmortem studies reported a reduced a4b2 nAChR density in
AD and LBD (34–41).

PET Radioligands for Imaging a4b2 nAChRs
Because of space restrictions, we will focus on the radiotracers

most often used in preclinical and clinical research. Their chemical
structures are summarized in Table 2 and Figure 2B. 11C-nicotine
was the first radiotracer used to image a4b2 nAChRs in vivo.
Because the distribution of 11C-nicotine was influenced by blood
flow and blood–brain barrier transport, the estimated receptor
densities were not reliable. This problem was overcome by the
3-pyridylether derivatives 2-18F-FA-85380 and 6-18F-FA-85380.
However, these PET tracers suffer from slow kinetics. Nonethe-
less, both radioligands have been applied to investigate a4b2
nAChRs in vivo for many years. The next generation of PET
radiotracers targeting a4b2 nAChRs, developed after the turn of
the millennium, showed faster brain kinetics. This next generation
contains 3 chemical classes. There are the advanced 3-pyridyl-
ether derivatives, such as 18F-nifene; the derivatives of epibatidine,

FIGURE 3. (A–D) 18F-FEOBV VAChT binding (SUV ratio) using PET in 1
representative HC (A), mild-AD patient (B), and severe-AD patient (C)
showing lower cortical VAChT binding depending on severity of AD. Sta-
tistical parametric analysis indicates significant clusters of lower cortical
VAChT binding in AD compared with HC (D). (Modified with permission of
(17).) (E) Another 18F-FEOBV PET study demonstrating lower subcortical
and cortical VAChT binding (SUV ratio) in 1 representative patient with
LBD (top row) and 1 HC (bottom row). DVR 5 distribution volume ratio.
(Reprinted with permission of (18).)
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such as 18F-AZAN and 18F-XTRA; and the derivatives of homoe-
pibatidine, the enantiomers (2)-18F-flubatine and (1)-18F-fluba-
tine. A scanning time of 40 min is sufficient for 18F-nifene (42),
whereas the other 4 radioligands require scans of at least 90 min
(43–47). All radiotracers demonstrated a high affinity to their target
structure (42–47). However, a difference can be observed consider-
ing the metabolization of these PET radioligands. The homoepiba-
tidine derivatives show only a low level of metabolization in the
case of (2)-18F-flubatine and a negligible level in the case of
(1)-18F-flubatine (44,45,47). In contrast, the epibatidine derivatives
18F-AZAN and 18F-XTRA suffer from severe metabolization
(43,46). Whether and to what amount 18F-nifene is metabolized in
humans has not been published, to the best of our knowledge.
For noninvasive quantitative modeling of a4b2 nAChR binding

and to normalize for interindividual variability in a4b2 nAChR
binding for between-group analyses, it is desired to have a recep-
tor-free reference region. The human brain is most likely not fully
free of a4b2 nAChRs. 2-18F-FA-85380 PET studies revealed that
a4b2 nAChR binding (distribution volume) in the corpus callo-
sum is very low in nonsmokers but substantially higher in smokers
(48). A 2-18F-FA-85380 PET study was performed on smokers.
Cigarette smoking to receptor satiety revealed that nicotinic recep-
tor displacement in the corpus callosum was relatively low, at
approximately 16% (49), and in a small (2)-18F-flubatine PET
study (n 5 3) it was approximately 21% (50). This led to the
assumption that a4b2 nAChR in the corpus callosum is negligible
in nonsmokers but not in smokers. It was proposed that the distri-
bution volume in the corpus callosum of nonsmokers may be simi-
lar to nondisplaceable binding and that the corpus callosum would
be appropriate for use as a reference region (48). Thus, in 2-18F-
FA85380 or 18F-flubatine PET studies, the corpus callosum was
used as a reference region in nonsmoking patients with neurode-
generative disorders (45,51,52).

a4b2 nAChR Imaging Results in Neurodegeneration
Most PET imaging studies of a4b2 nAChRs in AD have been

performed using 2-18F-FA85380 PET. Clinical studies with the
more recently developed second-generation a4b2 nAChR PET
radioligands are limited to phase 0 and phase I data on (2)-18F-
flubatine and (1)-18F-flubatine. Regarding AD, the conducted PET
studies could confirm a reduction in cerebral a4b2 nAChRs in
regions typically affected by AD, such as the temporal, mesiotem-
poral, frontal, prefrontal, and parietal cortices, as well as in subcor-
tical areas such as the caudate nucleus and thalamus (45,47,51–54).
Different study groups also investigated the correlations between

cognitive performance and availability of cerebral a4b2 nAChRs

in AD. Two 2-18F-FA-85380 studies showed significant correla-
tions of the caudate nucleus and the frontal, temporal, anterior, and
posterior cingulate cortices with global cognitive scores such as the
mini mental state examination, DemTect, or clock-drawing test
scores (51,52). Another 2-18F-FA-85380 PET study reported a
moderate to strong correlation between the frontal assessment bat-
tery and the mesiotemporal cortex and basal forebrain (53).
In the (2)-18F-flubatine PET study on mild AD dementia, using

volume-of-interest–based regression analysis, executive function
showed an association with a4b2 nAChR availability in the fron-
tal and parietal brain regions, and episodic memory showed an
association with availability in the frontal, mesiotemporal, and
parietal cortices. More interestingly, in AD, explorative voxel-
based regression analysis revealed a highly significant association
between memory and a4b2 nAChR availability in the basal fore-
brain (Fig. 4) (45).
In PD and DLB, in vivo examination and investigation of a4b2

nAChRs were performed mainly with 5-123I-IA85380 SPECT and
2-18F-FA-85380 PET. These studies consisted of small to moder-
ately sized groups and showed reduced a4b2 nAChRs in the thal-
amus, caudate nucleus, substantia nigra, and different cortical
regions in DLB and PD patients (55–58).
Using 2-18F-FA-85380 PET in PD patients with an additional

depressive syndrome or a mild cognitive impairment, the alterations
were more pronounced (58). Using 5-123I-IA85380 SPECT, the
association between cognitive performance and a4b2 nAChR
availability was confirmed by a further study on 25 nondemented
patients with PD (59). Two 5-123I-IA85380 SPECT studies reported
that increased a4b2 nAChRs in the occipital cortex were observed
in DLB with visual hallucinations (56) and in early PD in brain
regions of the motor and limbic basal ganglia circuits (60).

a7 a4b2 nAChR

Structure, Distribution, and Function of a7 nAChRs
a7 nAChRs represent the second most abundant nAChR sub-

type in the human brain. They are expressed by many brain cell
types, such as neurons, astrocytes, microglia, oligodendrocyte pre-
cursor cells, and endothelial cells. As such, a7 nAChRs are widely
distributed throughout the human brain, with density being highest
in the thalamus, hippocampus, and basal forebrain (61). Regarding
its nonneuronal expression, a7 nAChR acts as an essential regula-
tor of inflammation (62).
The affinity of a7 nAChR to agonists such as nicotine or acetyl-

choline is low, whereas that to the antagonist a-bungarotoxin is
high. A special feature of a7 nAChR is its high permeability for

TABLE 2
Most Relevant a4b2 nAChR PET Tracers

Tracer name Formula

2-18F-FA-85380 2-18F-fluoro-3-(2(S)-azetidinylmethoxy)pyridine

6-18F-FA-85380 6-18F-fluoro-3-(2(S)-azetidinylmethoxy)pyridine
18F-AZAN (1R,2R,4S)-2-[5-(6-18F-fluoranylpyridin-2-yl)pyridin-3-yl]-7-methyl-7-azabicyclo[2.2.1]heptane
18F-XTRA 2-[5-[2-18F-fluoropyridin-4-yl]pyridin-3-yl]-7-methyl-7-azabicyclo[2.2.1]heptane

(2)-18F-flubatine (2)-(1R,5S,6S)-6-(6-18F-fluoropyridine-3-yl)-8-aza-bicyclo[3.2.1]octane

(1)-18F-flubatine (1)-(1S,5R,6R)-6-(6-18F-fluoro-pyridine-3-yl)-8-aza-bicyclo[3.2.1]octane
18F-nifene 3-[[(2S)-2,5-dihydro-1H-pyrrol-2-yl]methoxy]-2-18F-fluoranylpyridine
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Ca21 ions (63), rendering it a calcium channel. Via its influence on
the Ca21 balance, a7 nAChRs influence different neurotransmit-
ters, receptors, cell survival, brain plasticity and gene expression.

Thus, under physiologic conditions, the action of a7 nAChRs influ-
ences memory, development, attention, and other processes.

a7 nAChRs in Neurodegeneration
In several neurodegenerative diseases, this a7 nAChR action is

altered. In the late-stage human AD brain, for instance, a7 nAChR
protein levels are reduced in certain areas (64). In contrast, increased
levels of a7 nAChR protein were reported in early AD stages (65).
Of note, b-amyloid has picomolar—that is, very high—affinity to
a7 nAChR (66). In advanced AD, the larger amyloid burden seems
to block a7 nAChRs, possibly promoting, at least in part, cognitive
breakdown (67). It is also known that binding of soluble b-amyloid
to a7 nAChRs can promote intraneuronal amyloid accumulation
and tau phosphorylation (68). Altogether, there is a direct, although
complex, relationship between neurodegeneration, neuroinflamma-
tion, and a7 nAChR expression.

PET Radioligands for Imaging a7 nAChRs
Here, we will give an overview of the most interesting a7

nAChR PET tracers that have been developed over the years.
Details on these tracers are provided in Table 3 and Figure 2C.
The search for suitable a7 nAChR PET tracers faces some chal-

lenges: the density of these receptors in the human brain is lower
than that of the abundant a4b2 nAChRs. Also, there is high struc-
tural similarity between a7 nAChR and another member of the
ligand-gated ion channel superfamily, the 5-hydroxytryptamine-3
receptor.
Most a7 nAChR PET tracers of interest are diazabicyclononane

derivatives. Of this group, 11C-CHIBA-1001 was the first entering
human application (69,70). However, subsequent research re-
ported limited binding affinity, limited binding selectivity, and
inadequate brain distribution for this tracer (71). Also, a series of
diazabicyclononane derivatives possessing sufficient brain uptake
was developed (11C-NS14492, 18F-NS10743, and 18F-NS14490).
However, observation of specific brain binding in preclinical
research was limited (72). Other candidates are the dibenzothio-
phene sulfone derivative 18F-ASEM and its paraisomer 18F-
DBT10. Both tracers yielded satisfying and similar brain kinetics
in nonhuman primates, as well as significant specific binding in
the human brain (71). For 18F-ASEM applied to HCs of a consid-
erable age range, regional 18F-ASEM binding correlated posi-
tively with age (73).
As an alternative a7 nAChR PET tracer, the azabicyclooctyles-

ter 11C-MeQAA was developed. Although specific in vitro binding
was demonstrated for this tracer, in vivo selectivity was limited by

FIGURE 4. (2)-18F-flubatine PET showed lower cortical a4b2 nAChR
(a4b2 nAChR) availability (distribution volume [VT] parametric images) in
mild AD (middle row) than in HCs (top row). In AD, there were relevant
associations between networks of disturbed subcortical and cortical a4b2
nAChR binding and dysfunction of episodic memory, executive/working
memory, and attention (bottom row). (Modified from (45).)

TABLE 3
Most Relevant a7 nAChR PET Tracers

Tracer name Formula

11C-CHIBA-1001 4-11C-methylphenyl)-1,4-diazabicyclo[3.2.2]nonane-4-carboxylate
11C-NS14492 (2-(1,4-diazabicyclo[3.2.2]nonan-4-yl)-5-(1-11C-methyl-1H-pyrrol-2-yl)-1,3,4-oxadiazole)
18F-NS10743 2-(1,4-diazabicyclo[3.2.2]nonan-4-yl)-5-(4-18F-fluorophenyl)-1,3,4-oxadiazole
18F-NS14490 (1R,5S)-3-(6-(1-(2-18F-fluoroethyl)indol-5-yl)pyridazin-3-yl)-9-methyl-3,9-diazabicyclo[3.3.1]nonane
18F-DBT10 7-(1,4-diazabicyclo[3.2.2]nonan-4-yl)-2-18F-fluorodibenzo[b,d ]thiophene 5,5-dioxide
18F-ASEM 7-(1,4-diazabicyclo[3.2.2]nonan-4-yl)-4-18F-fluorodibenzo[b,d ]thiophene 5,5-dioxide
11C-MeQAA (1S,3R,4S)-quinuclidin-3-yl 3-(11C-methylamino)benzoate
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concomitant off-target binding to 5-hydroxytryptamine-3 receptors
(74,75).

a7 nAChR Imaging Results in Neurodegeneration
So far, 2 a7 nAChR PET imaging studies in human neurodegen-

erative disorders have been published: Nakaizumi et al. (2018)
applied 11C-MeQAA a7 nAChR and 11C-Pittsburgh compound B
amyloid PET imaging to 20 patients with clinically diagnosed AD
and to 10 age-matched HCs (76). In this study, the specific
11C-MeQAA binding was significantly lower in AD than in HCs in
the temporal and prefrontal brain areas. Further, there was a corre-
lation between the 11C-MeQAA uptake in the basal cholinergic
forebrain region and frontal cognition deficits in AD (Fig. 5) (76).
In another study, Coughlin et al. (2020) compared the specific brain
binding of 18F-ASEM in subjects with the potential prodromal AD
stage of mild cognitive impairment with that in HCs. Higher uptake
in the brain was observed for the mild cognitive impairment cohort
(77). These initial human a7 nAChR PET data encourage expan-
sion to other neurodegenerative disorders and other AD disease
stages, thereby allowing gathering of more insight into potential
future applications for this novel PET technology.

mAChR

Structure, Distribution, and Function of mAChRs
The structure of mAChRs is completely different from that of

nAChRs. They belong to the metabotropic G-protein–coupled
receptors. Similar to nAChRs, the distribution of mAChRs is wide-
spread in the human brain and mAChRs act as modulators of neuro-
nal activity (78). The highest density of mAChRs is in the occipital
and insular cortices and the basal ganglia. The thalamus and cere-
bellum possess only low and very low amounts of mAChRs,
respectively (79). The 5 subtypes (M1–M5) divide into 2 classes.
The M1 receptor class comprises the subtypes M1, M3, and M5,
which are Gq/11 G-protein–coupled, whereas the M2 receptor class
includes the M2 and M4 subtypes, which signal through Gi/o G-pro-
teins (80,81). In general, the subtypes M1, M3, and M5 are usually

postsynaptically located and increase the excitatory effects of
transmitters, whereas M2 and M4 display the main presynaptic
mAChRs and have an inhibitory action by suppressing transmitter
release (81).
In the human brain, M1, M2, and M4 mAChRs are the most fre-

quent subtypes (81), whereas M1 and M4 are the most abundant,
though M1 mAChRs are relatively higher in the cortex (35%–60%)
and M4 mAChRs are relatively higher in the striatum, especially in
the putamen (!50%) (81). The M2 mAChRs are the predominant
subtype in the basal forebrain (!40%) and thalamus (81).
In consolidation of memory and in higher brain functions such

as cortex-dependent processing and cortex–hippocampus interac-
tions, the postsynaptic and predominantly cortically located M1
mAChR subtype plays an important role (78,81).

mAChRs in Neurodegeneration
Several histopathology studies using unselective mAChR radio-

ligands showed lower mAChRs binding in the human brain in AD
and PD (79).
In transgenic AD mouse models, the additional knockout of M1

mAChRs results in a severely increased AD pathology (78), sup-
porting the assumption that M1 mAChRs seem to be an important
regulator of amyloidogenesis and a therapeutic target for AD. Post-
mortem data from AD patients revealed a normal density of M1
mAChRs (82,83). A further recently published postmortem study
hypothesized that the cholinergic dysfunction of M1 mAChRs
might be associated with an activation of the glutamate receptor 5
(mGluR5) due to b-amyloid (84). Because both M1 mAChRs and
mGluR5 use the same Gq/11 G-protein–coupled signal pathway, an
increased activation of mGlu5R might result in a reduced availabil-
ity of the G-proteins for the M1 mAChR (84). Another hypothesis
is that b-amyloid itself destabilizes the M1/G-protein coupling
(84). In the pathophysiologic process of PD, the M1 mAChRs seem
to be of relevance, too. Two preclinical studies on rodents found an
improvement in PD motor symptoms after blocking of M1
mAChRs on striatal neurons (85,86).
The knockout of M2 mAChR in mice resulted in an impairment

of higher cognitive functions such as working memory, spatial
learning, and behavioral flexibility (78). Overall, data on M2
mAChR in neurodegenerative diseases are limited. Two postmor-
tem studies detected reduced presynaptic M2 mAChRs in cortical
regions in AD patients (87,88). It is hypothesized that the loss of
M2 mAChRs in AD begins in the late stage of mild cognitive
impairment and progresses during the course of the disease (81).
M4 mAChRs are the predominant subtype in the striatum (81).

M4 mAChR knockout mice showed unimpaired episodic memory
and orientation but decreased anxiety (78). Moreover, in animal
models, positive allosteric activators of M4 could decrease dopa-
mine release and demonstrate antipsychotic effects (89). In contrast,
blocking of postsynaptic M4 mAChRs on striatal medium spiny
neurons seems to reduce motor symptoms in preclinical PD models
(85,86). In a postmortem study of patients with moderate to severe
PD, an upregulation of M2 and M4 mAChRs was demonstrated in
the dorsolateral and mesioprefrontal cortices (90). The authors
hypothesized a compensation for the loss of cholinergic innerva-
tion. In AD, 1 study showed an increase in immunoprecipitated M4
mAChRs in the frontal, temporal, and parietal cortices (82).

PET Radioligands for Imaging mAChRs
The development of PET radioligands to image mAChRs has a

long history beginning in the late 1970s (79,91). As with the

FIGURE 5. Statistical parametric mapping–based correlations between
11C-MeQAA a7 nAChR binding as assessed by PET imaging and frontal-
assessment-battery scores in patients with AD. MPF 5 medial prefrontal
cortex; NBM 5 nucleus basalis of Meynert. (Reprinted with permission
of (76).)
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nAChR-targeting radioligands, the first radiotracers developed to
image mAChRs suffered from insufficient subtype selectivity and
unfavorable tracer kinetics, resulting in complicated modeling
analyses (79,91). The development of subtype-specific radiotracers
is still a work in progress (91). There are promising candidates
for imaging M1, M2, and M4 mAChRs (Table 4; Fig. 2D). 11C-
LSN3172176 is a novel M1-selective mAChR PET radiotracer. In
the first-in-humans study, a scan duration of 80 min was sufficient
for quantification of M1 mAChR by 1-tissue-compartment model-
ing or by the noninvasive simplified reference tissue model 2, and
the metabolization was classified as moderate (Fig. 6) (92). For
imaging M2 mAChR, the PET radiotracer 18F-FP-TZTP showed

encouraging results in preclinical and clinical studies (93,94). A
scanning duration of 120 min is sufficient, and quantification is
possible by using a 2-parameter multilinear reference tissue model
(95). The M1-selective mAChR PET ligand 11C-GSK1034702 has
recently been translated to clinical application using PET (91).
Tracer development and clinical PET application of 11C-
GSK1034702 was proposed to assess blood–brain barrier perme-
ability and to lower the risk of the drug development process for
GSK1034702. However, because of limited specific binding as a
result of low affinity to the target, it was concluded that 11C-
GSK1034702 is not a suitable PET ligand (91). A recently pub-
lished study described the synthesis of, and preclinical data on, a
novel 11C-labeled positive allosteric modulator of M4 mAChR
named 11C-MK-6884 (96). In rhesus monkeys, the radioligand
showed rapid penetration of the blood–brain barrier, a local distri-
bution pattern in the CNS similar to the known pattern for M4
mAChR (i.e., highest in the striatum), and a high receptor occu-
pancy of 87%. This PET ligand binds with high affinity and good
selectivity to an allosteric site on M4 mAChR. It was shown that
11C-MK-6884 binds to activated M4 mAChR, a finding that agrees
with its pharmacology as a highly cooperative positive allosteric
modulator of M4 (96,97). 11C-MK-6884 was recently translated to
clinical PET application (96,97). The first-in-humans application
of the nonselective mAChR PET ligand 4-18F-fluorodexetimide
showed promising findings, including high brain uptake, high
image quality, unspecific binding in the cerebellum (making it
valid to be used as a reference region), low interindividual vari-
ability in healthy subjects, and irreversible kinetics of tracer distri-
bution in brain regions high in mAChRs (98). The nonselective
M1 and M4 SPECT ligand 123I-iodoquinuclidinylbenzilate, in
combined use with 99mTc-exametazime SPECT to account for
cerebral blood flow, is successfully used for cholinergic receptor
network investigations on neurodegenerative disorders (99).

mAChR Imaging Results in Neurodegeneration
The nonselective SPECT ligand 123I-iodoquinuclidinylbenzilate

targeting M1 and M4 mAChRs has been successfully used for
novel important network analyses of mAChR modulatory contri-
butions to large-scale alterations in brain-network function in AD
and DLB (99,100).
M1- and M2-selective mAChR PET imaging studies on patients

with neurodegenerative diseases are still pending, despite the prom-
ising first clinical data on the M1 mAChR–selective radioligand
11C-LSN3172176 and the availability of the M2 mAChR–
selective radioligand 18F-FP-TZTP. The first-in-humans PET in-
vestigation of the M4 mAChR–selective PET ligand 11C-MK-6884
was performed in AD and HCs (97). In moderate to severe AD,
compared with HCs, there was lower M4 mAChR binding in the

TABLE 4
Most Relevant mAChR PET Tracers

Tracer name Formula Selectivity

18F-FP-TZTP 3-(4-(3-18F-fluoropropylthio)-1,2,5-thiadiazol-3-yl)-1-methyl-1,2,5,6-tetrahydropyridine M2 (M1)*
11C-LSN3172176 Ethyl-4-(6-(methyl-11C)-2-oxoindolin-1-yl)-[1,49-bipiperidine]-19-carboxylate M1
11C-MK-6884 6-(2-methyl-3-oxoisoindolin-5-yl)-5-(1-((1-methylcyclopentyl)methyl)-1H-pyrazol-4-yl)picolinonitrile M4

*Lower affinity as well reported for M1 (91).
Methodologic determination of selectivity was previously published (91).

FIGURE 6. First-in-humans PET study on healthy subjects using M1
mAChR radioligand 11C-LSN3172176 showing high reproducibility under
test–retest conditions and relevant blocking effects between baseline and
blocking state using mAChR antagonist scopolamine. Cerebellum is
potentially mAChR-free and can be used as reference region. (Reprinted
from (92).)

CHOLINERGIC PET IN NEURODEGENERATION � Tiepolt et al. 39S



frontal and temporal cortices. In contrast, M4 mAChR binding in
the striatum did not differ between groups. PET imaging of M1-,
M2-, or M4-selective mAChRs is especially interesting to assess
receptor occupancy by M1, M2, or M4 mAChR drugs or receptor
activation by other cholinergic drugs such as AChE inhibitors,
improving drug development in neurodegenerative disorders.

ACETYLCHOLINESTERASE

Local Distribution of AChE
In the human brain, AChE activity is highest in the striatum,

followed by the basal forebrain, cerebellum, thalamus, brain stem,
and cerebral cortex (101–103). The distribution of AChE in the
CNS conforms widely to the distribution of choline acetyltransfer-
ase (104). AChE is located in presynaptic, intrasynaptic, and, to a
lesser extent, postsynaptic neurons and in noncholinergic and chol-
inoceptive neurons. Although AChE is not so pure a preterminal
cholinergic measure as choline acetyltransferase or VAChT,
assessment of AChE activity is regarded as a reliable biomarker of
the cholinergic system in the CNS (102,103).

PET Radioligands for Imaging AChE Activity
Two different classes of PET tracers were developed to assess

AChE activity in the brain: the first is AChE inhibitors, such as
11C-physostigmine or 5-11C-methoxy-donepezil (102,103), and the
second is substrates of ACh. The PET radioligands 11C-methylpi-
peridin-4-yl propionate (11C-PMP) and N-11C-methylpiperidinyl-
4-acetate (11C-MP4A) are analogs of acetylcholine (Table 5;
Fig. 2E). They are hydrolyzed by AChE, and their hydrophilic
metabolite N-11C-methyl-piperidinol is irreversibly trapped within
the brain. Compared with 11C-PMP, 11C-MP4A is slightly more
selective for AChE (105) but possesses a higher relative hydrolysis
rate (k3) and is more flow-limited. Thus, 11C-PMP discriminates
better between distinct AChE brain regions than does 11C-MP4A.
11C-PMP provides accurate measures of cortical and thalamic
AChE, whereas 11C-MP4A gives precise measures of cortical
AChE. Very high availability of striatal AChE and limitation of
delivery restrict precise assessment of striatal AChE for both tracers
(102,103,105). Both tracers were validated and sensitive enough to
detect a 30%–50% decrease in AChE activity in an experimental
AD model (102,105,106). Using AChE PET, there was no age-
related decline of cerebral AChE activity in HCs (107,108). Using
AChE PET in HCs, AChE activity was highest within the striatum,
followed by the cerebellar cortex, thalamus, and cerebral cortex,
paralleling the physiologic distribution of AChE activity in post-
mortem human brain (101,108). In HCs, AChE activity was suffi-
ciently blocked by the AChE inhibitor physostigmine in the
temporal cortex (49%) (108).

AChE Imaging Results in Neurodegeneration
The first AChE PET investigations in AD, using 11C-MP4A or

11C-PMP PET, were performed in the late 1990s. Cholinergic

dysfunction in neurodegenerative diseases using AChE PET has
extensively been studied since then. Because of space restrictions,
only a limited number of PET studies can be covered. Excellent
recent reviews are recommended for further reading (103,109,110).
As found by 11C-MP4A PET, cortical AChE activity was reduced
by a maximum in the parietal (238%) and temporal cortices
(231%), compared with HCs (111). Using 11C-PMP PET, cortical
AChE activity, especially in the temporal cortex, was lower in AD
than in HCs (230%). The pattern of lower cortical AChE activity
in AD was similar to the pattern of decreased VAChT binding but
distinct from glucose metabolism (108). Shinotoh et al. demon-
strated a progressive decline in cortical AChE activity in AD in a
longitudinal study (2-y follow-up) and a relationship between lower
cortical AChE activity and global cognitive dysfunction. Compared
with HCs, EOAD showed lower cortical and hippocampal AChE
activity than did LOAD (Fig. 7A and 7B) (103,112). Rinne et al.
demonstrated a modest decline in hippocampal AChE activity in
amnestic mild cognitive impairment (217%) and early AD
(227%) (113). Similarly, in mild to moderate AD a modest decline
in cortical AChE binding (211%) was reported that correlated

TABLE 5
Most Relevant AChE PET Radioligands

Tracer name Formula

11C-MP4A N-11C-methylpiperidyl acetate
11C-PMP N-11C-methylpiperidyl propionate
11C-donepezil 5-11C-methoxy-donepezil

FIGURE 7. (A) As assessed by 11C-MP4A PET, compared with HCs
there is lower AChE binding in temporoparietal cortices in EOAD. (B) How-
ever, in LOAD, decreased AChE binding is restricted to temporal cortices.
(C) Using 11C-MP4A PET, various stages of LBD were investigated and
compared with HCs. There is lower AChE binding in medial occipital cor-
tex in de novo PD. There is reduced cortical AChE binding in PD without
dementia (PDND). Most widespread cortical AChE decrease is in PDD or
DLB, not differing from each other. (Reprinted with permission of (103).)
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especially with disturbed attention and working memory but less
with primary memory (114). Using 11C-PMP PET in AD, a clinical
dose of the AChE inhibitor donepezil demonstrated minor inhibi-
tion of AChE activity (227%) (115). This finding was supported by
AChE PET studies using various AChE inhibitors reporting modest
blocking of AChE activity by 20%–40% (103). Recently, an elegant
placebo-controlled 11C-MP4A PET/functional MRI study using the
AChE inhibitor rivastigmine was performed on patients with early
AD and HCs. The authors demonstrated that lower cortical and
rather preserved hippocampal AChE activity in early AD are prog-
nostic for the memory response to rivastigmine (116).
Using 11C-PMP PET in atypical parkinsonian syndromes, such

as multiple-system atrophy and progressive supranuclear palsy,
subcortical AChE activity was more reduced than in PD. Lower
AChE activity in the brain stem and cerebellum correlated with
disturbances in gait and balance. The important findings poten-
tially reflect greater dysfunction of the pontine cholinergic system,
which is relevant for motor function, such as gait, in atypical par-
kinsonian syndromes (117).
An 11C-MP4A PET study performed by the Chiba group in

1999 investigated AChE activity in PD and progressive supranu-
clear palsy. Compared with HCs, PD patients showed the lowest
cortical AChE activity (217%) and progressive-supranuclear-
palsy patients showed the lowest thalamic AChE activity (238%).
Different patterns of cholinergic dysfunction proposed a potential
role for AChE PET in differential diagnosis between PD and pro-
gressive supranuclear palsy (103). In LBD patients, compared
with HCs, there was lower cortical AChE activity, especially in
the medial occipital cortex in early PD. Widespread, and the larg-
est, reduction in AChE activity was found in PDD and DLB, not
differing from each other (Fig. 6C) (103). Using 11C-PMP PET,
compared with HCs, cortical AChE activity was lowest in PDD
(220%), followed by PD (213%) and mild LOAD (29%). Mild
LOAD showed the lowest AChE activity within the temporal cor-
tex (215%) (118). In PD and PDD, there was the most significant
relationship between lower cortical AChE activity and attentional
and executive dysfunction (119).
More recently, there has been increasing interest in using AChE

PET for investigation of associations between cholinergic dysfunc-
tion and noncognitive symptoms such as gait problems and falls,
neuropsychiatric symptoms, olfactory dysfunction, and sleep prob-
lems in PD (109,111).
Bohnen et al. found that the decrease in brain stem–thalamic

AChE activity was more related to the fall status in PD than to the
decline in cortical AChE binding and was not related to nigrostria-
tal dopamine loss (109). Interestingly, most of these PD patients
with lower thalamic AChE binding also had decreased cortical
AChE activity. The Michigan group found that in PD with freez-
ing of gait symptoms, the decline in cortical AChE activity was
more pronounced than the decreased thalamic AChE binding. In
PD, lower cortical AChE binding was related to a slower gait
speed. In PD, lower thalamic AChE activity correlated with dys-
functional sensory processing while under postural control (109).
Thus, gait and balance dysfunction in PD is possibly the result of
a complex interrelationship between multiple dysfunctional sys-
tems and neurotransmitters, including degeneration of the cholin-
ergic basal forebrain and the brain stem (109,110).
Importantly, higher AChE activity was reported in carriers of

LRRK2 mutations in premanifest and manifest PD and may reflect
compensatory changes (120). However, higher AChE activity may
also be a result of inflammation, as shown in preclinical and

clinical studies of peripheral inflammation using 11C-donepezil
PET (28). More investigations, using both cholinergic and specific
inflammation PET ligands in the same PD patients, are needed in
future trials.
Importantly, recent reports of a-synucleinopathy in the body

and brain in LBD and cholinergic dysfunction in the body in early
or prodromal LBD, such as the gut, as determined by 11C-donepe-
zil PET, led to a paradigm shift regarding our understanding of the
pathophysiology of LBD and established the definition of the
body-first versus brain-first LBD subtypes (7,8).

CONCLUSIONS AND FUTURE DIRECTIONS

The possibility of obtaining in vivo information about the integ-
rity of cholinergic transmission by means of PET imaging is of
major interest in studying neurodegenerative disorders. This option
refers to all the different compartments of this complex neuro-
transmitter system.
The development and successful clinical translation of 18F-

FEOBV was a breakthrough for PET imaging of VAChT binding in
the human brain. Recently, the number of 18F-FEOBV PET studies
on AD and LBD has rapidly increased. The study findings are excit-
ing, provide novel information on VAChT pathophysiology, and
may lead to novel paradigms for cholinergic drug therapy in LBD.
Several a4b2 nAChR–targeting tracers have been developed,

with the recent-generation tracers 18F-AZAN, 18F-XTRA, 18F-
nifene, (2)-18F-flubatine, and (1)-18F-flubatine possessing favor-
able imaging characteristics. The highest potential for PET imaging
of a4b2 nAChRs seems to be in monitoring disease progression
and the respective therapies.
Only recently has it become possible to image a7 nAChR avail-

ability in the human brain in vivo by PET using 18F-ASEM or
11C-MeQAA. a7 nAChRs have a complex behavior and represent
an interesting diagnostic and therapeutic target in neurodegenera-
tive disorders because the brain availability of a7 nAChRs in these
disorders is a function of disease stage as well as degree of neuro-
degeneration and neuroinflammation. Of special note for AD
imaging, b-amyloid interferes with a7 nAChRs in a concentra-
tion-dependent manner. As such, a7 nAChR PET imaging is seen
as the most promising for disease staging, progression estimation,
and drug testing in neurodegenerative disorders.
The development of selective mAChR PET ligands is important

but difficult. There are promising findings from first-in-humans
PET applications using the M1 mAChR–selective ligand 11C-
LSN3172176 and the M4 mAChR–selective ligand 11C-MK-6884.
The M2 mAChR–selective ligand 18F-FP-TZTP is established.
First-in-humans application of the nonselective mAChR PET
ligand 4-18F-fluorodexetimide showed promising results.
PET imaging of AChE activity has a long history. 11C-PMP or

11C-MP4A PET ligands were extensively used to assess lower cor-
tical AChE availability in dementia associated with neurodegener-
ative diseases such as AD and LBD. More recently, novel findings
in LBD (PD, PDD, and DLB) showed the relationship between
lower cortical and subcortical cholinergic (AChE) binding and
noncognitive dysfunctions such as balance and gait, wake/sleep
cycle, olfaction, and mood in LBD. AChE inhibitors are one of
the only two approved drug groups to treat AD, PDD, and DLB.
Higher AChE and VAChT binding in LRRK2 mutation carriers

of manifest and premanifest PD and early PD may be a result of
compensation or inflammation. The use of novel network analyses
of cholinergic receptors in AD and LBD enables us to understand
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the cholinergic modulatory contributions to large-scale network
functions. The findings of cholinergic PET in the body, such as
the gut, in early or prodromal PD contributed to a paradigm shift
in our understanding of the pathophysiology of LBD and estab-
lished the concept of a body-first and brain-first subtype of LBD.
Taken together, molecular imaging of different compartments

of cholinergic neurotransmission is of great interest in different
neurodegenerative disorders. For many aspects of cholinergic
transmission, suitable tracers are available, with more to come.
They will broaden our research application portfolio and poten-
tially gain relevance in clinical care, such as by promoting the use
of personalized medicine to guide cholinergic treatment decisions.
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