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Abstract

Purpose Impairment of cholinergic neurotransmission is a
well-established fact in Alzheimer’s disease (AD), but there
is controversy about its relevance at the early stages of the
disease and in mild cognitive impairment (MCI).

Methods In vivo positron emission tomography imaging of
cortical acetylcholine esterase (AChE) activity as a marker
of cholinergic innervation that is expressed by cholinergic
axons and cholinoceptive neurons has demonstrated a
reduction of this enzyme activity in manifest AD. The
technique is also useful to measure the inhibition of
cerebral AChE induced by cholinesterase inhibitors for
treatment of dementia symptoms.

Results A reduction of cortical AchE activity was found
consistently in all studies of AD and in few cases of MCI
who later concerted to AD.

Conclusion The in vivo findings in MCI and very mild AD
are still preliminary, and studies seem to suggest that
cholinergic innervation and AChE as the main degrading
enzyme are both reduced, which might result in partial
compensation of their effect.
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Background

Acetylcholine (ACh) is an essential neurotransmitter in the
central and the peripheral nervous system that developed
very early in phylogenetical history. In the human brain,
multiple areas exist where cholinergic neurons are concen-
trated [1]. In the context of neurodegenerative disease,
cholinergic nuclei in the basal forebrain with diffuse
projections into virtually all cortical areas appear to be
most important. They are modulating selective attention
and the processing of sensory input as well as associative
thinking [2, 3]. Those cholinergic projections are severely
impaired in Alzheimer’s disease [4, 5]. Another important
cholinergic projection system originates in the pedunculo-
pontine and laterodorsal tegmental nuclei of the brainstem
with projections to thalamus, in particular its reticular
nucleus which controls consciousness and general attention.
This system is impaired in dementia with Lewy bodies
which can be associated with parkinsonian symptoms or
may occur without clinically manifest motor symptoms [1].

Degeneration and loss of trophic support for the
cholinergic neurons of the basal forebrain and their
projections is widely held as an early and pivotal event in
AD, and there is evidence for interaction with amyloid
deposition and plaque formation [6]. That view has been
challenged by recent neuropathological studies indicating
that cortical AChE immunoreactivity is well preserved in
mild AD [7] or even upregulated in mild cognitive
impairment (MCI) [8], and cholinergic forebrain neurons
are not decreased in early AD [9]. Yet, there is a loss of
calbindin in cholinergic basal forebrain neurons that
corresponds with the appearance of tangles before mani-
festation of dementia [7], suggesting early and severe
functional impairment of these neurons. Disturbance of
axonal transport in cholinergic neurons has been identified
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as one of the earliest signs of disease in humans and in
transgenic mice [8]. Thus, the current evidence from
postmortem studies on the involvement of the cholinergic
system in the earliest stages of AD is inconclusive.

By use of tracers that are substrates for AChE, positron
emission tomography (PET) permits direct measurement of
cerebral AChE activity in health and disease. AChE is
being present in cholinergic axons and in some cholino-
ceptive pyramidal cortical neurons [10]. Loss and severe
functional impairment of cholinergic axons, therefore, is
associated with reduction not only of the transmitter ACh
and its synthetic enzyme ChAT but also of its main
degrading enzyme AChE [11]. Changes in AChE activity
could also be due to alterations of the cellular environment,
such as association with amyloid plaques in AD [12]. This
brief review therefore concentrates on recent findings using
these advanced in vivo techniques in MCI and AD.

Methods for measuring cerebral AChE activity

Labelled analogues of acetylcholine which are also substrates
for AChE can be used to measure and image its activity in
vivo. These are C-11-N-methyl-4-piperidyl-acetate (MP4A,
also known as AMP) [13], which is 94% specific for AChE
in human brain, and C-11-N-methyl-4-piperidyl-propionate
(MP4P or PMP) [14]. Hydrolysis of these tracers by AChE
results in tissue trapping, whereas unhydrolysed tracer is
washed out from brain by blood flow.

Quantification of AChE activity is based on a standard
three-compartment model comprising (1) intravascular
blood plasma, (2) non-hydrolysed tracer in tissue and (3)
tracer hydrolysed by AChE in tissue [13]. There also is
rapid hydrolysis of the tracer in plasma, but the hydrolysis
product cannot cross the blood brain barrier. Tracer hydro-
lysed in the brain also is trapped in brain tissue, and the
hydrolysis rate in tissue, k3, is a measure of AChE activity
[15]. Due to lower affinity to AChE, hydrolysis rates of
MP4P are generally lower than that of MP4A (0.02 to
0.03 min™ for MP4P vs 0.06 to 0.09 min-1 for MP4A in
normal cortex), and both tracers have been used successful
in human studies (see review by [16]).

The first kinetic studies using these tracers involved
arterial blood sampling with metabolite correction [13, 14,
17]. Kinetic measurements demonstrated that blood—tissue
transfer rates K; and k, are high and correlated with
cerebral blood flow (CBF), whereas k3 is independent from
CBF [18, 19]. It also became clear that hydrolysis rates in
striatum are extremely high, corresponding to the very high
AChE activity in this structure in humans [20]. As a
consequence, virtually all tracer that enters the striatum is
hydrolysed and trapped immediately, and delivery by CBF
rather than hydrolysis by AChE becomes rate-limiting for
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tracer accumulation. In mathematical terms, this means that
striatal tracer activity is the integral of plasma activity, scaled
by K;. Comparison of measured activity in arterial plasma
samples with striatal activity has confirmed that relation
(Fig. 1). In consequence, it is not possible with this technique
to actually measure striatal k3, but it also opens the possibility
to use the striatum as a positive reference structure for non-
invasive quantitation of k3 in other brain structures. This
concept for full non-invasive quantitation has been exploited
in several computational implementations, either involving
nonlinear least-squares fits of target-to-reference curves [21,
22] or double integration and linear least-squares fits [23,
24]. Another non-invasive technique [15] based on curve
shape proved less reliable because it depends on the
assumption that initially all tracer in tissue is non-hydrolysed,
whereas at the end of the study, all tracer is hydrolysed.

There are other cholinesterases besides AChE that can
hydrolyse ACh in brain, most notably butyrylcholinesterase
(BChE), but under physiological conditions, their quantita-
tive contribution is small, probably less than 10% [11].
BChE is being expressed primarily in glial cells and is
present in AD amyloid plaques [25]. C-11-N-methylpiper-
din-4-yl-butyrate (MP4B, BMP) is hydrolysed and thus
trapped with good specificity by BChE [26, 27]. Other
ligands for AChE have been based on AChE inhibitors, e.g.
C-11-physostigmine [28] and C-11-donepezil [29, 30], but
did not provide appropriate signal quality. More recently,
encouraging results were obtained using the C-11-CP-
126998 [31].

Results

A study in 20 normal control subjects with a wide age
range (24-89 years) did not indicate a relevant age or sex
effect [19].
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Fig. 1 Correspondence of measured MP4A activity in putamen with the
integral of metabolite-corrected plasma activity, forming the basis for
non-invasive quantitation of cortical hydrolysis rates using the putamen
as a reference region to derive the time course of the input function
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Fig. 2 Parametric images (or-
thogonal slices with masking of
subcortical areas) of 11C-MP4A
hydrolysis rates, indicating re-
duced AChHE activity in Alz-
heimer’s disease compared to
normal controls

There have been several studies measuring AChE activity
using MP4A or MP4P in AD, and all of them found a reduc-
tion of cortical activity [18, 32—34], most severely affecting
temporal cortex (Fig. 2). We found a reduction by 18% (in
frontal cortex) to 34% (in temporal cortex) in patients with
mild to moderate AD [35], while apparent AChE activity in
basal forebrain was still intact. In another study, a
pronounced reduction of AChE activity was found in the
amygdala, whereas hippocampus was much less affected
[36]. Contrary to expectations, a less severe reduction of
AChE activity was found in AD patients carrying the
ApoE4 allele than in those without that risk factor [37].
Correlations between reduction of AChE activity and
impairment of cognitive function or dementia severity tend
to be relatively weak. There appears to be a non-linear relation
of reduced MP4A hydrolysis with a decline of AChE at mild
stages (MMSE 15-30) and a bottom effect without further
change in severe dementia (MMSE 0-15) [36], arguing for a
significant decline in mild AD. On the other hand, in one
study of 12 subjects with MP4P in mild AD (average MMSE
score 23), an overall cortical reduction by only 9% was
reported, significantly less than in patients with Parkinson’s
disease with dementia of similar severity (20%) [38].

As yet, there are very few data available in patients with
MCI. Subjects with MCI do not yet have dementia (which,
by definition, requires cognitive impairment in multiple
domains that are progressive and are severe enough to
impairment of daily activities) but are at increased risk for
developing AD. In a small study comparing four converters
to AD within 18 months with four non-converters, we
found a significant reduction of cortical AChE activity in
converters at that stage already [39]. This study has
limitations due to the small number of subjects studied, a
relatively low age of subjects (65+13 years) and a higher
than expected conversion rate of 50% over 18 months.
Thus, generalisation to MCI in general would be premature,
and larger studies are needed.

Inhibition of AChE by cholinesterase inhibitors which are
used as therapeutic agents in AD and dementia with Lewy
bodies has been measured using MP4A and MP4P. For all
currently available cholinesterase inhibitors at standard
clinical dose, the reduction of cerebral AChE activity is in
the range of 30 to 40% [40-42], and slightly stronger
inhibition by 50% has been observed using intravenous
infusion of 1.5 mg physostigmine salicylate [32].

Comments

It is controversial whether there is significant impairment of
the cholinergic system very early in AD, but there are some
in vivo studies indicating such impairment. In addition to
the non-linear relation between dementia severity and
reduction of MP4A which is steeper in mild than in severe
disease, and the preliminary findings in MCI, a study in 27
patients with mild AD found a relation between attentional
tests (digit symbol and trail making test A) and using C-
11-nicotine binding [43]. These studies seem to suggest that
presynaptic receptors and AChE as the main degrading
enzyme are both reduced in AD, which might result in
partial compensation. In conclusion, PET has demonstrated
a reduction of cortical AChE activity in manifest AD in
vivo, while the findings in MCI are still preliminary.
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