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SUMMARY. As potential in vivo imaging agents for the enzyme acetylcholinesterase
(AChE), a series of N-([HC]methyl)-4-piperidinol esters and N-([HC]methyl)-nipecotic acid
esters have synthesized and examined in vivo in mouse and monkey brain. The radiolabeled
nipecotic esters are not cleaved in vivo by brain enzymes. The N-([HC]methyl)-4-piperidinol
esters (acetyl, propionyl and isobutyryl) are cleaved in brain in proportion to regional
concentrations of AChE, with the metabolic product N-([HC]methyl)-4-piperidinol trapped in
the tissues. The esters are also cleaved by blood AChE, producing low to zero blood levels at
short periods (40-60 min) after radiotracer injection. Regional hydrolysis rates (combined
forward rate constants, IC3) for these radiotracers can be calculated using a simplified analysis
of tissue-time activity curves, without a need for determining metabolite-corrected plasma
levels. These radiolabeled esters form a new approach to the measurement of in vivo function
of AChE in the mammalian brain.

INTRODUCTION

Acetycholinesterase (AChE) functions as the
primary mechanism for degradation of the
neurotransmitter acetylcholine. An
extremely fast and efficient enzyme,
acetylcholinesterase is an integral part of the
cholinergic system, and has thus been the
target of insecticides, chemical warfare agents
and most recently therapeutic approaches to
Alzheimer's disease (AD). The proposed
involvement of a cholinergic deficit in AD
(1) has created great interest (and a
considerable market) for new drugs intended
to alter the functioning of the cholinergic
system, including the raising of acetylcholine
levels by inhibition of the major degradative
enzyme, AChE (2).

Developing a new drug which inhibits AChE
in a test tube is relatively straightforward:
demonstrating that the same drug in an
animal or a human patient inhibits AChE is
considerably more challenging. Combining
a measure of the baseline enzyme activity of
AChE in the human brain of AD patients,
and changes in that activity with drug
treatments, would significantly improve our
understanding of the functioning of the

enzyme (and the benefits of drug treatment)
in that devastating disease. We and others
have recently embarked on the development
and implementation in humans of in vivo
Positron Emission Tomographic (PET)
imaging methods for the measurement of
AChE in the brains of living subjects (3-10).
We report here a structure-activity study of
potential radiolabeled esters intended to non-
invasively measure AChE enzymatic activity.

EXPERIMENTAL

Radiochemical Syntheses

The esters shown in Fig. 1 were prepared in
no-carrier-added form by the alkylation of
the appropriate N-desmethyl precursors (4-
piperidinol esters and nipecotic acid esters)
using [HC]methyl triflate and the procedure
reported previously (3).

Blood Metabolite Analyses.

Samples of human and rat blood were
collected in heparinized tubes. Radiolabeled
esters ["CPMP] or ["C]iBMP) were added,
the samples rapidly mixed, and timed



aliquots removed for analysis by thin layer
chromatography. TLC was done on silica
gel plates using 10% methanol in
dichloromethane (with a trace amount of
ammonium hydroxide) as developing
solvent. Radioactivity distribution on the
TLC plates was determined using a Berthold
linear scanner. This TLC system cleanly
separates the authentic esters (Rj > 0.6) from
the radiolabeled hydrolysis product, N-
[nC]methyl)piperidinol (R f=0.1).

Mouse brain biodistribution studies.

Regional mouse brain biodistribution studies
were done in female CD-I mice (20-25 g;
Charles Rivers). Animals were anesthetized
with diethyl ether, and radio tracers injected
via the tail vein. Animals were allowed to
awaken. At designated time points, animals
were again anesthetized and killed by
decapitation. A sample of blood was
collected, and the brain excised and dissected
into samples of striatum, cortex,
hippocampus, hypothalamic region, and
cerebellum. Tissue samples were then
weighed and counted: carbon-11 was
determined using an automated Y-counter.
Data were calculated as percent injected dose
per gram of tissue (%ID/g).

PET Imaging Studies

Imaging studies of the time-dependent
distribution of radioactivity in the brain after
bolus i.v. radiotracer injection were done in a
single nemistrina macaque monkey, using a
PCT 4600A scanner and procedures
previously reported (7). The kinetic rate
constant for in vivo hydrolysis of the esters,
k3, was estimated using an analysis technique
based on the shape of the tissue time-
radioactivity curves for various brain regions
(4).

RESULTS AND DISCUSSION

Acetylcholinesterase is a very effective
enzyme for the hydrolysis of the
neurotransmitter acetylcholine, as reflected in
an extremely rapid turnover rate measured in
vitro. In this study, we have examined how
changes in structure of potential ester
substrates impacts on the in vitro and in vivo
hydrolysis by cholinesterases of the blood
and brain.
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Fig. 1. Structures of radiolabeled esters .

Blood Cholinesterase Activity

The blood is a rich source of cholinesterases,
with high concentrations of acetyl-
cholinesterase in the red cells, and
butyrylcholinesterase in the plasma. Not
surprisingly, the piperidinol esters such as
[llC]PMP and TC]iBMP are rapidly
hydrolyzed in the blood, producing the
radiolabeled metabolite N-["C]methy-
lpiperidinol. Direct comparison of the rates
of hydrolysis of these two esters in rat blood
shown complete hydrolysis of both by 60
minutes, but faster hydrolysis of [nC]PMP
(Fig. 2). This is consistent with the reported
faster rate of hydrolysis of [nC]PMP by rat
brain cortical acetylcholinesterase (5).

In human blood, [UC]PMP hydrolysis is also
rapid and essentially complete by 60 minutes
in vitro (Fig. 3). More importantly, the rate
of tracer metabolism in the blood is also very
rapid after bolus intravenous injection in
man, such that the residual amounts of
authentic tracer are very low (< 5%) at times
greater than 60 minutes.
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Fig. 2 . Metabolite studies of in vitro rat
blood metabolism of [UC]PMP and
[uC]iBMP. Fraction of authentic at various
time points was determined by TLC analysis
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Fig. 3. Metabolite studies of human blood
metabolism of [llC]PMP. Data are shown for
two in vitro studies and one in vivo study.
Fraction of authentic ester (1 = 100% ester)
at various time points was determined by
TLC analysis.

Mouse Brain Biodistribution Studies.

Upon hydrolysis of these radiolabeled esters
by brain cholinesterases, the hydrolysis
product N-["C]methylpiperidinol is
effectively trapped. At later time points, the
distribution of trapped radioactivity reflects
the relative proportions of acetyl-

cholinesterase in different brain regions. The
time-dependent concentrations of
radioactivity in mouse striatum and cortex
for the radiolabeled esters [llC]PMP,
[nC]iBMP, and [UC]MEIP are shown in Fig
4.

The nipecotic acid ester, ["C]MEIP, shows no
retention in the mouse brain, and essentially
99% of the radioactivity initially taken up
into the brain washes out within a 30 minute
time period. This is consistent not only with
no hydrolysis of the ester by any esterases
(including AChE), but no significant binding
to any other sites in the brain. A comparison
of the structures of [UC]MEIP and [UC]PMP
shows that they are reverse esters, that is, they
differ only by the relative positions of the
carbonyl and ester oxygens. This
demonstrates that there is structural
specificity to the hydrolysis of [UC]AMP
(and [uC]iBMP and [l1C]PMP) by the
cholinesterases, likely due to a required
spacing between the heteroatoms of the ester
function and the nitrogen of the piperidine
ring.

Monkey PET imaging Studies.

The mouse studies suggest a significant
difference between the in vivo hydrolysis
rates for the different piperidinyl esters, but
obtaining complete pharmacokinetic data in
mice is time and resource consuming. Such
pharmacokinetic studies are, however,
relatively simple using PET and primates. In
Fig 5. are shown the tissue time-activity
curves for [UC]PMP and [nC]iBMP in a
monkey brain following bolus intravenous
injections of the radiotracers. As can now be
clearly seen, there is quite a difference
between the two radiotracers: for ["C]iBMP,
which has a slower rate of hydrolysis (as
measured in vitro), there is a less complete
retention of the hydrolysis product in the
striatum and the cortex. Estimates of the
rates of hydrolysis, obtained using a new
method of curve shape analysis, (4) support a
quantitative difference between the
radiotracers, with striatal hydrolysis rates for
["C]PMP estimated to be 0.075 min'1, and
for [uC]iBMP a slower rate of 0.044 min"1.
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Fig. 4. Tissue concentrations of radioactivity in mouse brain striatum (str) and cortex (ctx)
following bolus intravenous injections of ["C]PMP, ["C]iBMP, and ["C]MEIP.
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Fig. 5. Tissue time-activity curves obtained from PET imaging of radioactivity distribution in
monkey brain follwoing administration of [11C]PMP or [HC]iBMP. Data are shown for the
striatum (STR) and the cortex (CTX) for each radiotracer.



CONCLUSIONS

Piperidinyl esters, such as [nC]AMP,
[UC]PMP, and ["C]iBMP, can be utilized as
in vivo substrates for acetylcholinesterase.
External imaging of the pharmacokinetics of
these radiotracers, using PET, provides a
method for estimating regional brain rates of
acetylcholinesterase activity. Recent studies
have demonstrated the utility of this
approach to the studies of this important
enzyme in elderly patients and Alzheimer's
disease patients (9,10). Future applications
of this approach to the study of
neurodegenerative disease, and therapeutic
approaches to these diseases, can be
expected.
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