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Cholinergic Imaging and Dementia
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Key Points

e Cholinergic molecular imaging can detect
abnormalities in early disease stages of
dementia and follow progression over time.

e The cholinergic system is implicated in a myr-
iad of functions of the central and peripheral
nervous systems, several of which are affected
in dementia.

e In Alzheimer’s disease and a significant pro-
portion of patients Lewy body disease, early
changes may occur in cholinergic axons or
cell bodies of the basal forebrain.

e In another group of patients with Lewy body
disease, the earliest changes most likely occur
in cholinergic parasympathetic neurons inner-
vating internal organs.
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Cholinergic neurons, so called because they
release the neurotransmitter acetylcholine, are
found in several locations of the human body.
Somatic motor neurons in the spinal cord and
brainstem transmit acetylcholine to activate stri-
ated muscle tissue. Parasympathetic neurons in
the brain stem and spinal cord release acetylcho-
line to smooth muscles in glands and organs. The
interneurons of the striatum and preganglionic
sympathetic neurons also transmit acetylcholine,
as do the enteric neurons of the gastrointestinal
tract. From a dementia research point of view,
perhaps the most interesting group of cholinergic
neurons are located in the poorly defined nuclei
of the upper brainstem and basal forebrain. From
here, the cholinergic neurons project their axons
to almost all areas of the brain.
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For decades, the cholinergic system has been a
cornerstone in dementia research. There are at
least three plausible reasons. First, important
cognitive functions are heavily dependent on a
well-functioning cholinergic system [1, 2].
Second, the cortical cholinergic activity is
decreased in manifest dementia, particularly in
Alzheimer’s disease dementia, Parkinson’s dis-
ease dementia, and dementia with Lewy bodies
[3-6]. This has been demonstrated consistently in
both post-mortem and in vivo studies. Third, cog-
nitive symptoms of dementia improve when
treated with inhibitors of acetylcholinesterase
(AChE), the enzyme responsible for the break-
down of acetylcholine.

Today, acetylcholine is acknowledged to be
involved in many functions other than cognition.
Correspondingly, it is increasingly acknowledged
that neurodegenerative disorders affect multiple
functions. For example, cholinergic dysfunction
in Parkinson’s disease is implicated in falls and
freezing of gait, abnormal movements during

Fig. 8.1 Cholinergic
imaging in dementia
research. A graphic
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applications of
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REM sleep, hyposmia, depression, visual hallu-
cinations, autonomic dysfunction, and psychosis
[7, 8].

The cholinergic system can be visualized with
both single-photon emission computed tomogra-
phy (SPECT) and positron emission tomography
(PET) using radiotracers engaging various
molecular targets involved in the synthesis, stor-
age, reception, and hydrolysis of acetylcholine.
Cholinergic molecular imaging in dementia has
proved to have multiple interesting applications
(Fig. 8.1).

One example is proof of mechanism of drugs.
A study used PET to measure the cerebral activ-
ity of AChE in patients with mild cognitive
impairment due to Alzheimer’s disease. The
authors found that the efficacy of an AChE-
inhibitor depended on the activity of AChE [9].
At clinically tolerated doses, it emerged only
around 25% of AChE sites were being occupied
by the inhibitor donepezil.
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Another application of cholinergic imaging
focuses on understanding the neuropathological
basis of symptoms and signs. For example, studies
have looked at the role of cholinergic dysfunction
in visual hallucinations, hyposmia, gait distur-
bances, and of course; cognition [7]. The contribu-
tion of cholinergic dysfunction to symptoms and
signs, however, can be difficult to disentangle, as
the processes occur on a background of pathology
involving multiple transmitter systems and cell
types.

A third example on how cholinergic imaging
is used in research is to understand cholinergic
changes in relation to other pathological markers
such as metabolic activity [10], inflammation
[11], amyloid [12], and structural atrophy [13].
Unfortunately, there is not yet a tracer that spe-
cifically binds to aggregated alpha-synuclein, the
pathological substrate of Lewy body diseases. So
far, cholinergic imaging is not routinely used in
the clinic to diagnose or differentiate disorders.
This chapter will focus on cholinergic imaging in
dementia research [14].

In the first part of this chapter, we will intro-
duce the cholinergic neuron. To understand
PET-images, it is crucial to know where the dif-
ferent PET-tracers bind and the function of
these target-molecules. Then we present the
organization of the cholinergic system on a
macroscopic level. The second part of the chap-
ter will focus on the role of cholinergic imaging
in identifying preclinical or prodromal disease
stages of Alzheimer’s disease dementia,
Parkinson’s disease dementia, and dementia
with Lewy bodies [15]. From a clinical per-
spective, patients at very early stages represent
optimal candidates for evaluating disease modi-
fying therapies and possibly curative treatments
while the disease remains rather localized.
From a basic scientific perspective, studying
early disease stages can shed light on funda-
mental questions about when and where the
pathology begins and how it spreads.
Cholinergic imaging may be a very important
tool for exploring these questions.

Cholinergic Neurons and Tracer
Molecules

Acetylcholine is synthesized in the nerve termi-
nal by choline acetyltransferase (ChAT) and
loaded into vesicles by the vesicular acetylcho-
line transporter (VAChT) (Fig. 8.2). Even small
decreases of VAChT may have large effects on
the release of acetylcholine by reducing the
amount of acetylcholine release by vesicles [16].
[*F]FEOBYV is a PET-tracer for VAChT and a
very specific marker of cholinergic terminals
(Fig. 8.3) [12, 17, 18]. ['"®*I]IBVM is the corre-
sponding tracer for SPECT.

In the synaptic cleft, acetylcholine is hydro-
lyzed by acetylcholinesterase (AChE). PET-tracers
targeting AChE are among the most used in
dementia research. The activity of AChE can be
measured by substrate-tracers that are metabolized
by AChE, such as [''CIMP4A and ['!'C]MP4P
(["'C]IPMP). These are lipophilic and pass the
blood-brain barrier but become hydrophilic when
metabolized and trapped inside the brain [19].
Another group of radioligands for AChE act as
ligands that bind to AChE, such as [''C]donepezil.
In the CNS, AChE is expressed by cholinergic as
well as cholinoceptive non-cholinergic neurons.

Upon release from the cholinergic neuron,
acetylcholine can bind to metabotropic musca-
rinic receptors or ionotropic nicotinic receptors
[20, 21]. These receptors comprise several sub-
types that are located on dendrites, cell bodies,
and axons, on pre-terminal and post-terminal
membranes of cholinergic and non-cholinergic
cells. In general, presynaptic and preterminal
nicotinic receptors enhance release of neu-
rotransmitter, whereas post-synaptic and non-
synaptic nicotinic receptors mediate excitation.
The PET-tracers ['®F]flubatine and ['*F]FA have
been implemented in clinical research and bind
the alpha 4 beta 2 nicotinic acetylcholine recep-
tor [22, 23]. The PET-tracer [''C]nicotine is a
non-selective agonist to nicotinic receptor sub-
types [24]. [''CINMBP binds to all muscarinic
receptor subtypes [25].
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Fig. 8.2 Acetylcholine metabolism in cholinergic nerve ~ Upon release, acetylcholine can engage its receptors.
terminals and relevant positron emission tomography Acetylcholine esterase hydrolyses acetylcholine into ace-
(PET) tracers. Acetylcholine is synthesized from acetyl tic acid and choline. Tracers marked by an asterisk are
coenzyme A and choline by choline acetyl transferase in  used in single photon emission computed tomography
the cholinergic terminal. The vesicular acetylcholine (SPECT)

transporter loads acetylcholine into pre-synaptic vesicles.
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75 year old male (HC)

Fig. 8.3 ['®F]fluroetoxybenzovesamicol (FEOBV) posi-
tron emission tomography (PET) of healthy control and
patient with dementia with Lewy bodies. A 75-year-old
man with DLB (right side) and lower uptake of ['®F]
FEOBYV, a PET-ligand for the vesicular acetylcholine
transporter, compared to a non-demented age- and sex-

In summary, the cholinergic molecules and
their corresponding tracers are markers of differ-
ent aspects of the cholinergic system.

Cholinergic Neurons in the Human
Organism

Cholinergic neurons in the basal forebrain pro-
vide the principal source of acetylcholine to the
cortex and limbic structures (Fig. 8.4). They can
be divided into four overlapping groups of cell
bodies [26]. The cholinergic neurons located on

75 year old male (DLB)

matched control (left). The images are sliced axially on
the AC-PC line and present an ['*FJFEOBV-PET superim-
posed on a T1-MRI scan. The colorbar is scaled to a stan-
dard uptake value ratio (SUVR) of 0 to 4 where red colors
indicate high uptake of tracer, and blue colors low uptake.
SUVR standard uptake value ratio

the medial septum and horizontal band project to
the hippocampus and hypothalamus. The neurons
associated with the diagonal band project to the
olfactory tubercle. The largest group of choliner-
gic cell bodies is associated with the nucleus
basalis of Meynert (NBM) and project to the cor-
tex and amygdala [27]. From the NBM the fiber
tracts bundle in a lateral and a medial pathway
before they fan out to the cortex [28]. The long
and unmyelinated axons pass close to the lateral
ventricles and reach the cortex through the under-
lying white matter. Interestingly, recent studies
have documented that periventricular white mat-
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Fig. 8.4 Main cholinergic projecting neurons of the cen-
tral nervous system. The basal forebrain is composed of
four overlapping cell groups and provide the principal
source of acetylcholine to the cortex and limbic structures.
The pedunculopontine nucleus and laterodorsal tegmental
nucleus provide the main cholinergic innervation of the
thalamus. The cholinergic projecting neurons of the
medial habenula and parabigeminal nucleus are not pre-
sented on this figure. Neither are the cholinergic interneu-
rons of the striatum or the motor neurons of the
brainstem

ter lesions correlate with decreased cognition and
decreased cortical cholinergic activity. Thus,
periventricular white matter lesions may disrupt
the cholinergic projections from the NBM to the
cortex [29].

When reaching the cortex, the projecting neu-
rons from the NBM arborize extensively and
each cover an area of about 1-1.5 mm?. Along the
thin axons there are multiple varicosities. These
represent sites for transmitter release, and some
make direct contact with other neurons to form a
synapse. Other varicosities release their transmit-
ter molecules into the extracellular space to sig-
nal multiple cells simultaneously. The NBM
innervates the entire cortex, but only limbic areas
project back to the NBM. These limbic areas
assign relevance to sensory stimuli and thereby
modulate the response by the NBM [27]. If stim-
uli have high salience, acetylcholine is released
to augment or amplify the signal in relevant
cortical areas. For example, acetylcholine
increases the responsiveness of neurons in the
visual cortex to inputs from the lateral geniculate
nucleus [2].

There is another significant group of choliner-
gic neurons on the junction of the pons and mes-
encephalon. The neurons are dispersed around
the pedunculopontine and laterodorsal tegmental
nuclei (PPN/LDT), and project their axons
mainly to the thalamus.

Alzheimer’s Disease and Lewy Body
Disease

Alzheimer’s disease (AD) is characterized by the
accumulation of beta amyloid and tau tangles.
The aggregation of these misfolded proteins is
closely linked with neuronal dysfunction and
degeneration. Over years, AD pathology can lead
to Alzheimer’s disease dementia (ADD), the
most common cause of dementia worldwide. The
second most common cause of neurodegenera-
tive dementia is Lewy body disease. Lewy bodies
are pathological aggregates that are formed in
neurons and defined by their content of phos-
phorylated alpha synuclein. Lewy body disease
can lead to several clinical syndromes including
Parkinson’s disease (PD), Parkinson’s disease
dementia (PDD), dementia with Lewy bodies
(DLB), pure autonomic failure, and REM sleep
behavior disorder (RBD), a sleep disorder char-
acterized by abnormal movements during REM
sleep. These are collectively referred to as Lewy
body disorders (LBD). The related disorder mul-
tiple system atrophy is also caused by aggregated
alpha synuclein, but these aggregates do not form
Lewy bodies and the patients rarely become
demented, so this disease will not be dealt with in
this chapter. Up to 95% of patients with isolated
RBD (iRBD) will eventually develop either PD
or DLB, and more than 80% of patients with PD
will eventually develop PDD [30, 31]. Thus, the
end-stages of Lewy body diseases converge on
dementia. Therefore, in this chapter, we will con-
sider LBD in general, and not only the manifest
dementia stages.

The natural history of AD and LBD can be
illustrated on a timeline (Fig. 8.5). In the begin-
ning, there is no pathology. An individual’s risk
of dementia is defined by genetic predisposition
and environmental exposure. Some genetic traits
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Disease Risk Preclinical Prodromal
phase phase phase phase
RBD, MCI-LB,
Lewy body iLBD delirium-onset, DLB
disease psychiatric-onset, PD/PDD
dysautonomia
Alzheimer’s
MCI-AD ADD

disease

Accumulation of protein

Dysfunctional cholinergic axons

Loss of cholinergic terminals

Fig. 8.5 Timeline of early disease stages of Alzheimer’s
disease dementia and Lewy body disorders. The stages in
Alzheimer’s disease and Lewy body disorders depicted on
a timeline. The figure should be read from left to right. In
the beginning (left), there is no pathology. The balance of
genetic traits and environmental factors determine the

and environmental factors increase the risk of
disease, others protect against disease. This stage
can be referred to as the risk phase. Then follows
the preclinical phase where pathology is present,
at least at a cellular level, but there are not yet any
symptoms or detectable signs. These incidental
cases are asymptomatic with signs of pathology
on post-mortem examination or PET scans.
During the prodromal stage the pathological pro-
cesses evolve to a degree where symptoms and
signs develop. An example is mild cognitive
impairment (MCI) where subjects have cognitive
difficulties that are not yet severe enough to cause
loss of independence. Another example is iRBD
which is considered a prodromal stage of PD and
DLB. The final step to manifest dementia occurs
when the cognitive difficulties are severe enough
to interfere with daily life functions.

MCI can be diagnosed when there is concern
about a decline in cognition and evidence of
impairment in one or more cognitive domains in

Atrophy of basal forebrain

likelihood of developing neurodegenerative disease (risk
phase). In the preclinical phase pathology has developed,
but there are not yet any signs or symptoms. Then follows
the prodromal phase with emergence of signs and symp-
toms, and finally manifest dementia when cognitive diffi-
culties begin to interfere with daily life functions

combination with preserved independence in
activities of daily living [32]. MCI with affected
memory increases the likelihood that the cause of
MCI is AD (MCI-AD). Biomarkers showing
brain beta-amyloid aggregation and neuronal
injury can further increase the likelihood of MCI
due to AD. These markers include PET amyloid
imaging and low -amyloid 42 in the cerebrospi-
nal fluid. Markers of neuronal injury include high
tau in the cerebrospinal fluid, atrophy on struc-
tural imaging, and decreased perfusion or glu-
cose metabolism on PET.

Cholinergic Molecular Imaging
in Alzheimer’s Disease and Lewy
Body Disorders

The first molecular imaging studies using cholin-
ergic markers in vivo with ADD, PD, and PDD
were performed in the mid 1990s. Studies on
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DLB appeared a few years later, as formal diag-
nostic criteria for DLB were defined in 1996.
These in vivo studies confirmed decades of post-
mortem studies showing cortical cholinergic
depletion in manifest dementia [10, 33]. They
also confirmed the general tendency of a severe
and indistinguishable cortical depletion in PDD
and DLB, milder cholinergic involvement in
cases at early stages, and more severe depletion
in PDD and DLB compared to ADD [23, 34-36].
Overall, the cortical cholinergic integrity corre-
lates with disease severity and dementia. We will
focus initially on studies that investigated early
disease stages using cholinergic imaging.

A study used the AChE substrate-tracer [''C]
MP4A to investigate the cholinergic system of
patients with MCI-AD. Apart from MCI, the
patients were characterized by memory impair-
ment, atrophy of the medial temporal lobe, and
lowered amyloid in the CSF. The authors found
decreased cortical activity of AChE, particularly
in the temporal, parietal, and occipital lobes [29].
A similar pattern of reduced AChE activity was
reported in a group of MCI characterized by
memory decline [37]. Again, the activity of AChE
was reduced in several cortical regions, but
mostly in the temporal cortex. A third study using
the same tracer on a comparable MCI population
came to similar results, except that they found the
hippocampus to be the structure most severely
affected [38]. These findings suggest that cholin-
ergic dysfunction in the temporal lobe may be a
sign of early AD.

Another study followed a group of patients
with MCI and affected memory and decreased
performance in at least one other cognitive
domain. They found that individuals with MCI
who progressed to ADD had widespread reduc-
tions of cortical AChE activity, particularly in the
parietotemporal regions. Activity in the hippo-
campus and thalamus was preserved among MCI
who did not progress [39]. The cholinergic pro-
jections to the hippocampus come from the ros-
tral sectors of the basal forebrain, and the
cholinergic projections to the thalamus come
from the PPN/LDT complex in the brainstem.
This suggests that more rostral sectors of the
basal forebrain are affected later and marks the

transition to dementia. A similar sequential
involvement could be true for the PPN/LDT,
although evidence of thalamic reductions in cho-
linergic signal in ADD is less convincing.

['8F]FA binds to the alpha 4 beta 2 nicotinic
receptor and has been used to image MCI with
PET. On follow up, those MCI cases who pro-
gressed to dementia had significant baseline
reductions in ['®F]FA binding in several cortical
areas, most pronounced in the temporal cortex
and caudate [40]. Another study used the same
tracer to study amnestic MCI and reported sig-
nificant decreases in signal in all investigated cor-
tical regions in addition to the hippocampus and
caudate. The most severe reductions were found
in those patients who progressed to ADD. Overall,
the reductions among patients with MCI who
progressed were almost as severe as those seen in
fully developed ADD. This suggests that marked
cholinergic dysfunction occurs at an early dis-
ease stage of AD [41].

Another more recent study used ['8F]FA to
investigate patients with MCI and impairment in
the memory domain. They found that the level of
change in nicotinic cholinergic receptor binding
was between that of healthy controls and mani-
fest ADD [23]. This supports the view that
AD-MCI represents a stage on the spectrum to
fulminant dementia. Furthermore, it seems that
the density of nicotinic cholinergic receptors
declines initially in the entorhinal cortex and
other limbic structures suggesting that the cholin-
ergic projections from the NBM to the entorhinal
cortex are affected at a very early stage.
Interestingly, the study found ["*F]FA uptake in
the hippocampus to be almost normal in AD-MCI,
but severely decreased in ADD. This implies that
the cholinergic cell bodies in the medial septum
and horizontal limb are affected later than those
in the NBM, in line with AD-pathology spread-
ing through the basal forebrain in a rostral direc-
tion [42]. Another possible explanation for
preserved hippocampal uptake in AD-MCI could
be a compensatory upregulation in the density of
receptors.

Overall, PET imaging has shown that there is
impaired cholinergic integrity in MCI-AD that is
more severe in limbic and medial temporal struc-



8 Cholinergic Imaging and Dementia

135

tures. Also, impairment is more severe in MCI
cases who are close to converting to dementia
[43]. While early-stage MCI patients also have
impaired cholinergic integrity, their reductions
often fall short of statistical significance, proba-
bly due to small study sample sizes. It is likely
that the cholinergic system is affected from the
beginning of the MCI-stage and possibly before
the onset of MCI. This is supported by longitudi-
nal data showing that the cognitive decline in
MCI can be detected 4-6 years before MCI is
diagnosed, implying a long-term temporal win-
dow of Alzheimer progression before MCI diag-
nosis [44]. Molecular cholinergic imaging in
preclinical stages of AD has not yet been
performed.

Magnetic resonance imaging (MRI) can be
used to measure the size of the basal forebrain
[45]. Decreases in grey matter volume detected
with MRI-based volumetry can be used to mea-
sure rates of neurodegeneration. A study found
an association between atrophy in the basal fore-
brain measured using MRI and amyloid deposi-
tion measured using PET in preclinical and
prodromal stages of AD [46]. Moreover, among
MCI cases, lower volumes of the basal forebrain
were found to be associated with impaired cogni-
tion and cortical hypometabolism assessed using
PET [47]. A study using MRI to investigate
patients with MCI-AD found that atrophy of the
NBM precedes atrophy of the entorhinal cortex,
which is then followed by memory impairment.
Interestingly, pathology of the NBM alone does
not lead to memory impairment. Rather, the
memory impairments of early AD arise when
there is degeneration of the projections from the
NBM to the entorhinal cortex. Thus, a subcortical
to cortical spread of pathology may be a very
early stage in AD pathology [48].

iRBD

Isolated RBD (iRBD) is characterized by accu-
mulation of Lewy bodies in neurons and abnor-
mal movement and behavior during REM sleep.
The vast majority of patients with iRBD will
develop either PD or DLB, and the majority of

patients with PD progress to dementia (PDD)
[30, 31]. This makes iRBD an excellent disorder
for studying prodromal stages of DLB and
PDD. Surprisingly, very little research has yet
been carried out on the cholinergic system in
iRBD. A study investigated patients with iRBD
using PET and [''C]donepezil, a tracer that
binds to AChE. Although the patients did not
have any symptoms or signs of cognitive decline
or motor disturbances, the authors found
decreased uptake of tracer in the cortex of
patients with iRBD compared to controls [49].
The cortical levels of ['!C]donepezil were lower
in the superior temporal cortex, the cingulum,
dorsolateral prefrontal, and occipital cortices.
Interestingly, this pattern of dysfunction resem-
bles that seen in manifest Lewy body disorders.
This observation has two important implica-
tions. First, it supports that the cholinergic sys-
tem in prodromal PD and DLB is impaired and
dysfunctional. Second, it suggests that investi-
gations of patients with iRBD may be a key to
understand early changes in the cholinergic sys-
tem related to Lewy body disease.

Another finding of the study was that the
affected cortical structures in iRBD are known to
receive dense cholinergic projections from the
NBM. Furthermore, the cortical tracer uptake
was lower in those patients who performed worse
on tests of cognitive function. This underlines
that early preclinical or prodromal cognitive
decline is associated with dysfunction of the cho-
linergic system in Lewy body disease, and that
this dysfunction can be visualized using
PET. Furthermore, there is evidence that the cho-
linergic dysfunction occurs in parallel with
nigrostriatal dopaminergic dysfunction, implying
that the pathological processes in the NBM and
substantia nigra are linked [50, 51].

PET using cholinergic tracers has been used
to visualize the peripheral autonomous nervous
system. Patients with iRBD show decreased
uptake of ['!C]donepezil in their colon and small
intestine. This signifies a dysfunction of the
enteric and parasympathetic nervous system
[52]. It may well be that the Lewy pathology was
initiated in the peripheral nervous system in
those patients with Lewy body dementia that
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were RBD-positive during their prodromal stage
[53]. In iRBD there is pathology in nuclei of the
upper brainstem. This means that at the time
point of diagnosing iRBD, pathology is already
relatively widespread in the brainstem and lim-
bic system. Supposing that pathology in iRBD
arose in the peripheral nervous system, and
spread to the CNS, it should be theoretically pos-
sible to identify cases with pathology confined to
the periphery. Pure autonomic failure, another
Lewy body disorder, may represent such a popu-
lation [54].

As such, cholinergic molecular markers are
successfully being used to further characterize
the prodromal disease stages of RBD-first Lewy
body disorders. However, about two-thirds of
patients with PD and one-quarter with DLB do
not have iRBD in their prodromal stage [55]. The
question is then how to identify this group in their
prodromal stage? Part of the answer may be
MCI-LB—see the next section.

Table 8.1 presents a list of molecular choliner-
gic human in vivo studies in preclinical and pro-
dromal AD and LBD.

Table 8.1 Human in vivo studies using cholinergic molecular imaging in preclinical and prodromal Alzheimer’s dis-
ease and Lewy body disease. Studies listed by year of publication from earliest (top) to most recent (buttom). Bold
denotes statistical significance. Only studies cited in the text are listed in the table. AChE acetylcholinesterase, AD
Alzheimer’s disease, CN cognitively normal, CSF cerebrospinal fluid, DLB dementia with Lewy bodies, HC healthy
control, MCI mild cognitive impairment, MMSE mini mental state examination, iRBD isolated REM sleep behavior
disorder, SD standard deviation, VLMT verbal learning and memory test

Study| Tracer Diagnostic group Results
[38] | [''C] MCI (n=12),AD (n=13), HC (n = 12) Hippocampus (MCI -17%, AD -27%), frontal
MP4A Patients with MCI had subjective memory cortex (MCI -5%, AD -9%), lateral temporal
complaints and showed an impairment greater | cortex (MCI -10%, AD -20%), parietal cortex
than 1.5 SD from the mean of healthy controls | (MCI -8%, AD -13%), thalamus (MCI +11%,
in at least one memory test AD -2%)
[43] | [''C] MCI (n=8),AD (n=11), HC (n =21) Global cortex (MCI -12%, AD -24%)
MP4A MCI fulfilled the Peterson criteria. Four MCI MCI who converted to AD had low AChE
converted to AD during follow-up activity at baseline. Those who remained
stable had normal activity
[41] | ['|F]FA MCI (n=6),AD (n=17), HC (n = 10) Decreased binding in hippocampus, caudate,
Amnestic MCI frontal, temporal, parietal, and cingulate
cortices
The MCI cases who converted to AD had low
baseline values, those who remained MCI had
normal values
[79] | ['"®’I]FA MCI (n=9), HC (n = 10) Reduced uptake in medial temporal lobe of
Amnestic MCI MCI
[40] | ['SF]FA MCI (n=8),AD (n=9),HC (n=7) In MCI cases who converted to AD: Reduced
“Amnestic” MCI (n = 5), “multidomain signal in frontal, parietal, temporal, occipital,
amnestic” MCI (n = 3) posterior cingulate, caudate, right
hippocampus, and left anterior cingulate
Similar pattern in MCI and AD
[39]1 [''C] MCI (n = 10), AD (n=7), DLB (n =4), HC Prefrontal cortex (MCI -19%, AD -15%,
MP4A n=9) DLB -13%), superior parietal lobule
Patients with MCI were described as (MCI -21%, AD -17%, DLB -6%), inferior
multidomain amnestic parietal lobule (MCI -21%, AD -17%,
DLB -13%), temporal lateral cortex
(MCI -23%, AD -19%, DLB -18%), occipital
lateral cortex (MCI -23%, AD -16%,
DLB -14%), hippocampal structures
(MCI -21%, AD -19%, DLB -22%), thalamus
(MCI -21%, AD -37%, DLB -21%)
[371 |[''C] MCI (n = 17), HC (n = 21) Total cortex —7/0%. Largest reductions in
MP4A Patients with MCI had memory decline temporal cortex and limbic regions
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Table 8.1 (continued)

Study| Tracer Diagnostic group Results
[29] | [''C] MCI (n=17), HC (n = 18) Total cortex —13%. Largest reductions in
MP4A 16 MCI had signs of neuronal injury and an temporal, parietal, and occipital lobes
AD-typical CSF biomarker profile, Periventricular white matter lesions negatively
corresponding to a high likelihood of MCI due | correlated with cortical activity of AChE and
to AD. One MCI had signs of neuronal injury | cognition in both patients and controls. This
but no AD-markers in CSF and classified as implies that white matter lesions may disrupt
intermediate likelihood cholinergic projections to the cerebral cortex
[52] | [''C] iRBD (n =22), PD (n=18), HC (n = 16) Patients with iRBD have decreased binding in
donepezil |iRBD had no parkinsonism or cognitive the colon and small intestine
impairment
91 |r'"ci MCI (n = 14), HC (n = 16) Mean cortical AChE activity —11%, most
MP4A MCI had high probability of AD as they had pronounced in lateral temporal, parietal, and
CSF biomarkers indicative of Alzheimer occipital lobes, but also including the
pathology and signs of neuronal injury. The hippocampi, adjacent medial temporal
predominant impairment in all MCI was in the | structures, and frontal areas. The purpose of
memory domain, five had a purely amnestic the study was to investigate the relationship
MCI subtype, and nine could be classified as between cholinergic treatment effects and the
multi-domain MCI integrity of the cholinergic system
[72] |['*F] iRBD (n=5), HC (n=5) Higher uptake in patients with iRBD,
FEOBV | iRBD group younger and performed better on | particularly brain stem
cognitive measures
[80] | [''C] MCI (n=19), HC (n = 18) Reduced AChE activity in lateral temporal,
MP4A MCI was defined as performance >1.5 standard | parietal, and occipital cortices
["F]FDG | deviations below the norm in the delayed recall
of the VLMT, and > 24 points in the MMSE
[74]1 | ['*F] MCI (n = 14), HC (n=17) Increased binding in cortex including the
ASEM MCI at least 1 SD below normal on memory hippocampus, striatum, thalamus, cerebellum,
test and basal forebrain
[491 [''C] iRBD (n =21), HC (n = 10) Reduced neocortical binding in iRBD
donepezil |iRBD had no parkinsonism or cognitive
impairment
[11] | ["'C] iRBD (n =19), HC (n =27) Reduced neocortical binding in
donepezil |iRBD had no parkinsonism or cognitive iRBD. Negative correlation between cortical
impairment binding and a marker of inflammation in the
basal forebrain
[81] |['*F] MCI (n = 8), HC (n = 10). Majority of MCI MCI cases had reduced cortical uptake of
FEOBV cases were amyloid-negative demonstrated FEOBV. Cholinergic signal correlated with
with ["*F]florbetaben-PET volume of the basal forebrain and
hippocampus
[23] |['|FIFA MCI (n = 28), AD (n=32), CN (n =42). Binding in MCI generally midway between
Patients with MCI had cognitive impairment in | CN and AD in selected subcortical and limbic
the memory domain areas. Preserved hippocampal signal
distinguished the MCI group from
AD. Alteration may occur early in entorhinal
and limbic structures
MCI-LB psychiatric-onset manifestations [56]. So far, no

MCI plus core features of DLB (MCI-LB) is a
prodromal stage of DLB [56]. A recent publica-
tion describes the recommendations for identify-
ing prodromal DLB. In short, the prodromal
phase may include MCI, delirium-onset, and

studies using cholinergic in vivo imaging have
been published on patients who presented with
one of these three phenotypes.

A few recent structural MRI-studies have
been published on MCI-LB. A follow-up study
investigated ~ gray  matter atrophy in
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MCI-LB. Comparing patients who remained
MCI-LB to those who progressed to DLB, both
groups had atrophy in the NBM at baseline [57].
Those who progressed to DLB had more longi-
tudinal atrophy in entorhinal and parahippo-
campal cortices, temporoparietal association
cortices, thalamus, and basal ganglia. Thus,
atrophy of the NBM is a feature of prodromal
DLB regardless of proximity to dementia and
there is gradual atrophy of cortical regions with
significant cholinergic innervation. The findings
suggest that atrophy of the NBM occurs very
early in the pathogenesis of DLB and reaches a
plateau when the first cognitive symptoms
appear. It seems that the initial phase of MCI-LB
is associated with little cortical grey matter atro-
phy and that the later accelerated cortical grey
matter atrophy in MCI-LB is a marker of
impending dementia. In the study, RBD was
assessed using a questionnaire. Overall, 89%
had probable RBD. So far, no studies have
focused on RBD-negative MCI-LB, which may
represent a separate prodromal phenotype.

In PD without dementia, basal forebrain vol-
ume is correlated with cognition and reduced vol-
ume predicts future dementia [S8—60].

In summary, early patients with MCI-LB
show significant atrophy in the NBM [61]. This is
followed by atrophy of the entorhinal cortex [57].
Later, on conversion to dementia, there is wide-
spread gray matter atrophy in multiple cortical
and subcortical regions, in particular those areas
receiving input from the NBM. Both MCI-AD
and MCI-LB exhibit atrophy of the NBM,
although this is to a lesser degree in MCI-AD
[61, 62]. Interestingly, both prodromal groups
show evidence of degeneration in the axonal pro-
jections from the NBM to the cortex, and the
integrity of cholinergic pathways correlate better
with clinical features than do atrophy of choliner-
gic cell bodies [63]. Atrophy of the basal fore-
brain is closely linked to reduced integrity of its
cortical cholinergic projections and cortical cho-
linergic signal, but it is loss of the projecting
axons that is important in the pathological pro-
cess [64].

Preclinical Changes in Cholinergic
Axons

The number of cholinergic neurons in the basal
forebrain decreases with age, particularly when
transitioning from preclinical to MCI stages of
DLB and AD. Morphological abnormalities in
the cholinergic axons occur at very early stages
of AD. In healthy young brains without AD
pathology, the cholinergic axons are thin and
homogenous with small uniform varicosities. In
middle-aged non-demented persons, axonal
abnormalities start to be present. These can
include swollen axons, ballooned terminals, less
branching, and fewer terminals. The abnormali-
ties increase in non-demented elderly and then
decrease in severe ADD, suggesting that the
abnormal cholinergic axons atrophy in ADD
[65].

The abnormal swellings of the cholinergic
axons contain abundant AChE and ChAT. This
could explain why some studies find preserved or
even locally increased levels of cholinergic mark-
ers in prodromal and early disease stages [66,
67]. Also, it suggests that the cholinergic system
may be functionally impaired despite preserved
or increased levels of cholinergic markers [65]. A
post-mortem study found that the increase in
cholinergic markers could not be explained by
increased number of cholinergic fibers or vari-
cosities [68]. A more likely explanation appears
to be an upregulation of proteins and enzymes
involved in production and delivery of acetylcho-
line. This phenomenon has been documented in
post-mortem studies [69, 70].

ChAT and VAChT are co-regulated and co-
located on the same gene [71]. A recent PET-
study found that VAChT may also be upregulated
locally in iRBD [72]. The most marked areas of
upregulation were found to be in the brainstem
which receives most of its cholinergic projections
from the PPN/LDT complex on the pontomesen-
cephalic junction. This implies that, in iRBD, the
PPN/LDT complex is affected by pathology. This
seems reasonable, as iRBD is caused in part by
pathology in the nearby subcerulean nucleus. It
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should be mentioned, however, that the results
were based on only five patients with iRBD that
were also younger and performed better on cog-
nitive measures compared to their comparison
group.

Another study found increased binding of
VACHT in the hippocampi of PD patients with
normal cognition while PD patients with MCI
had normal levels of binding [66]. A possible
explanation could be a local upregulation of
VAChHT due to dysfunctional cholinergic projec-
tions from the medial septum and horizontal band
to the hippocampus. Local increases in tracer
activity have been reported in studies using
substrate-tracer for AChE in patients predisposed
to PD [73], ligand-tracers for nicotinic receptors
in patients with MCI and patients with AD [74,
75], and tracers for muscarinic receptors in
patients with PD [76].

Interestingly, axonal swellings may appear
prior to accumulation of pathological protein.
Reducing axonal transport by genetic modifica-
tion in mice led to increased levels of axonal
swellings and amyloid deposition [77]. Also,
reduced expression of VAChT can facilitate
Alzheimer pathology in mice [78]. Evidence sug-
gest that similar mechanisms may be at play in
humans [65]. Intriguingly, this evidence suggests
that cholinergic dysfunction can lead to the accu-
mulation of pathological protein. However, the
prevailing understanding is still that it is the accu-
mulation of pathology that causes neuronal dys-
function and degeneration, not the reverse.

To conclude, cholinergic molecular in vivo
imaging has made it possible to study early dis-
ease stages of dementia and follow progression
over time. The studies of neurodegenerative
dementias are no longer confined to investigating
the cortical cholinergic changes associated with
cognitive deficits. Today, we understand that
these disorders affect multiple systems that cause
a wide range of symptoms and signs, and that
changes in the cholinergic system are involved in
several of these functions. There is evidence of
cholinergic dysfunction in the prodromal stages
of ADD and LBD. These changes likely begin
during the preclinical stages, but such early
patient cases are currently hard to identify. In AD

and RBD-negative Lewy body disorders, the ear-
liest changes may occur in cholinergic axons or
cell bodies of the basal forebrain. In RBD-
positive LBD, the earliest changes most likely
occur in cholinergic parasympathetic and intrin-
sic neurons innervating the internal organs.
Overall, this makes cholinergic molecular imag-
ing one of the most interesting, versatile, and
promising fields within dementia research.
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