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Abstract—A new AChE tracer N-[11C]methyl-3-[[(dimethylamino)carbonyl]oxy]-2-(2 0,2 0-diphenylpropionoxymethyl)pyridinium
([11C]MDDP, [11C]1) has been synthesized in 40–65% radiochemical yield. Initial PET dynamic studies of [11C]MDDP in rat heart
showed rapid heart uptake and blood pool clearance to give high-quality heart images. Blocking studies of [11C]MDDP with pre-
treatment drug neostigmine in rats found only minor reductions in rat heart [11C]MDDP retention. The results suggest that
[11C]MDDP delineates the heart very clearly, and the uptakes of [11C]MDDP in rat heart might be related to non-specific binding.
� 2005 Elsevier Ltd. All rights reserved.
The function of acetylcholinesterase (AChE) is to termi-
nate nerve impulse transmission by hydrolyzing the neu-
rotransmitter acetylcholine. There is overwhelming
consensus that acute exposure to organophosphorus
(OP) agents inhibits AChE and that toxicity and lethal-
ity arise due to inhibition of AChE.1 The protection
against OP poisoning in current prophylactic and thera-
peutic regimens is a pretreatment regimen consisting of
pyridostigmine, the reversible, covalent AChE inhibitor;
the muscarinic receptor antagonist atropine (ATR); and
the AChE reactivator pralidoxime chloride. Additional
treatment with diazepam has proven advantageous in
attempts to prevent convulsions. These regimens pro-
vide extensive protection against OP intoxication in
animals. However, treatment might be considerably
simplified if drugs that possessed multiple protective
functions were used. To test this hypothesis, a group
of pyridophen analogues, binary pyridostigmine-apro-
phen prodrugs with differential inhibition of AChE,
butyrylcholinesterase (BChE), and muscarinic receptors,
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were designed, synthesized, and evaluated as therapeutic
drugs by Leader et al.2 The results show that the com-
pound N-methyl-3-[[(dimethylamino)carbonyl]oxy]-2-
(2 0,2 0-diphenylpropionoxymethyl)pyridinium (MDDP)
iodide inhibited AChE selectively over BChE, with a
bimolecular rate constant similar to that of pyridostig-
mine. Our objective is to develop heart AChE tracers
for biomedical imaging of cardiac neurotransmission
using positron emission tomography (PET).3 Many pos-
itron labeled AChE inhibitors have been developed and
evaluated for the in vivo mapping of AChE. Radiotra-
cers with a low selectivity of AChE over BChE, as well
as moderate binding properties to AChE, have led to
non-specific binding in AChE enzyme over-expressed
areas, such as brain and heart regions.4 It was expected
that this problem could be overcome using radiolabeled
pyridophen analogues with an excellent anti-AChE
activity and a high selectivity of AChE over BChE.
We have previously developed [11C]neostigmine,5

[11C]edrophonium, and their analogues6 as potential
PET heart imaging agents for AChE. These compounds
exhibited either high non-specific accumulation in myo-
cardial tissue or poor myocardial uptake and were con-
sidered unsuitable for imaging the vagal system of the
heart. As part of this project we turned our efforts
toward the development of [11C]pyridostigmine and its
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labeled analogues ([11C]para-pyridostigmine and [11C]-
ortho-pyridostigmine) (Fig. 1).7 In this ongoing study,
we investigated whetherN-[11C]methyl-3-[[(dimethylami-
no)carbonyl]oxy]-2-(20,20-diphenylpropionoxymethyl)pyrid-
inium ([11C]MDDP, [11C]1) could be used to map heart
AChE in vivo. As part of our efforts to evaluate novel
potential heart imaging agents, we synthesized the tracer
[11C]MDDP and performed initial PET imaging studies
of the tracer [11C]MDDP in rat heart.

The synthetic approach for the tracer [11C]MDDP is
shown in Scheme 1. The synthesis of precursor and
reference standard was performed using a modification
of the literature procedure.2 The key intermediate,
2-hydroxymethyl-3-dimethylaminocarbonyl-oxypyridine
(3), was isolated by column chromatography as the
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Scheme 1. Synthesis of N-[11C]methyl-3-[[(dimethylamino)carbonyl]oxy]-2-(2
major product in 31% chemical yield from the carba-
mylation of 3-hydroxy-2-hydroxymethylpyridine HCl
(2) with dimethylcarbamyl chloride. The other two
products isolated from the reaction mixture were
found to be the isomeric carbamate and the bis-carba-
mate. The acylation agent 2,2-diphenylpropionyl chlo-
ride (5) was prepared from 2,2-diphenylpropionic acid
(4) with thionyl chloride in 96% yield. Acylation of 3
with 5 afforded the carbamyl-ester precursor 3-[[(di-
methylamino)carbonyl]oxy]-2-(20,20-diphenylpropionoxy-
methyl)pyridine (6) in 51% yield. The tertiary pyridine
6 was methylated with methyl triflate to give the dimeth-
ylamino)carbonyl]oxy]-2-(2 0,2 0-diphenylpropionoxymeth-
yl)pyridinium triflate (1) in 97% yield. A simple
technique solid-phase extraction (SPE)5–9 for conve-
nient labeling and isolation of [11C-methyl]quaternary
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Figure 2. PET images of the tracer [11C]MDDP in female rats

anesthetized with acepromazine (0.2 mg/kg, im) and torbugesic

(0.2 mg/kg, im), administered with 0.2 mCi radioactivity, and scanned

with IndyPET-II for 60 min. The images are coronal slices from scans

of three rats. The upper three panels show images after injection of

[11C]MDDP without a blocking agent. Image intensity is SUV

averaged from 20 to 60 min after tracer injection. The lower three

panels show images of the same three rats following administration of

neostigmine as described in the text. The color bar indicates approx-

imate SUV for all six images.
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amines by N-[11C]methylation method was employed
in the radiosynthesis of target tracer [11C]MDDP
([11C]1). The tertiary pyridine precursor 6 was labeled
with [11C]methyl triflate to provide quaternary pyridi-
nium tracer [11C]1 in 40–65% radiochemical yields, de-
cay corrected to end of bombardment (EOB), and a
synthesis time of 10–15 min. The key part in this tech-
nique is a SiO2 Sep-Pak cartridge containing 0.5–2 g
of adsorbent. It can be used to remove unreacted ter-
tiary amine precursor 6, reaction solvent acetonitrile,
and unreacted [11C]methyl triflate, which was decom-
posed by eluant ethanol. The final labeled product
[11C-methyl]quaternary amine [11C]1 was eluted with
an aqueous solution of 2% acetic acid, which can also
contain up to 8% ethanol to enhance recovery of some
[11C-methyl]quaternary cations. The SPE technique
was used for fast, efficient preparative separation of
labeled product from its unlabeled precursor with
large polarity difference, which shortened total synthe-
sis and formulation time and afforded higher overall
radiochemical yields. Chemical purity, radiochemical
purity, and specific radioactivity were determined by
the analytical HPLC method. The chemical purities
of the precursor 6 and the reference standard 1 were
>95%. The radiochemical purity of the target tracer
[11C]1 was >99%, and the chemical purity of the tar-
get tracer [11C]1 was >93%. The specific radioactivity
of the tracer [11C]1 was 1.0–1.5 Ci/lmol at end-of-syn-
thesis (EOS).

In vivo dynamic PET imaging studies10 of the tracer
[11C]MDDP in young adult female Sprague–Dawley
rats were performed in an IndyPET-II scanner11,12 for
60 min post iv injection of 0.2 mCi of the tracer in a
rat, and the heart images in three rats are shown in
the upper three panels in Figure 2. All PET images are
coronal views. The image intensity is standard uptake
value (SUV), averaged from 20 to 60 min after tracer
injection. The color bar indicates approximate SUV
for all three images. All PET images of the tracer
[11C]MDDP in rats 1, 2, and 3 showed that the heart
was visible with the tracer. These images indicate that
the new tracer delineates the heart very clearly. All imag-
es were acquired in list-mode and sorted into 15 · 20 s
frames, 10 · 60 s frames, and 9 · 300 s frames. Images
were reconstructed using filtered back projection with
a 70% Hanning filter (4.242 cm�1 cutoff frequency).

In vivo competitive inhibition studies were performed to
assess the in vivo specificity of the tracer [11C]MDDP to
heart tissue AChE and whether the tracer distribution is
susceptible to indirect pharmacological or pharmacody-
namic effects that could complicate uptake site measure-
ments. Competition or ‘‘blocking’’ study was carried out
by pretreating groups of animals with drugs, unlabeled
AChE inhibitors, which compete, or are believed to
compete for the same binding site that the tracer inter-
acts within the body. For the blocking imaging studies,10

the same three rats were pretreated by an intravenous
injection of neostigmine prior to intravenous injection
of the tracer [11C]MDDP. The heart images in three rats
are shown in the lower three panels in Figure 2. Like-
wise, all PET images are coronal views, the image inten-
sity is SUV averaged from 20 to 60 min after tracer
injection, and the color bar indicates approximate
SUV for all three images. All PET images of the tracer
[11C]MDDP in rats 1, 2, and 3 showed that the heart
was visible in blocking studies. A color scale normalizes
all sets of data including unblocked control study and
blocked with neostigmine study. Comparing the drug
study with the control study, the partial blocking effect
can be seen from the images.

The dynamic PET data of the tracer [11C]MDDP with
no blocker and with blocker neostigmine are shown in
Figure 3. The plot Figure 3 is the individualized tracer
heart uptake (y-axis) versus time from injection (x-axis),
which indicated the kinetics of the tracer [11C]MDDP
with no blocker and with blocker neostigmine in three
rats. The tracer uptake is expressed as the values, which
are approximate SUV in the cardiac region of interest
(ROI) plotted versus each time point in 60 min of entire
scan time. The initial peak is the first pass of the tracer
following the tail vein injection. The open symbols are
values with no blocking agent in rats 1, 2, and 3 (control
group). The filled symbols are values from scans, follow-
ing the administration of the blocking agent neostigmine
in the same three rats (blocking group). The tracer up-
take was changed in the blocking study, which indicates
a blocking drug effect on the binding of the radiotracer.

The mean and standard deviation (SD) SUV for heart
ROIs of three rats in two different experimental groups
(control group and blocking group) are given in Table 1,
which shows the comparison of average tracer
[11C]MDDP uptake in the heart with no blocker and
with blocker neostigmine in three rats. Likewise, Table
1 suggests that the partial blocking effect appeared in



Table 1. Mean and standard deviation (SD) SUV for heart ROIs of

three rats

Experimental group Mean SD

Control 0.125 0.034

Blocking with neostigmine 0.128 0.066

p value 0.87
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Figure 3. Kinetics of [11C]MDDP in three rats. Values are approxi-

mate SUV in cardiac ROI plotted versus time from the beginning of

scan. The initial peak is the first pass of the tracer, following the tail

vein injection. The open symbols are values with no blocking agent.

The filled symbols are values from scans, following the administration

of neostigmine, as described in the text.
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the blocking study. A t test comparing the means of the
tracer [11C]MDDP with no blocker and with blocker
neostigmine gave a p value of 0.87, which did not denote
the presence of a statistically significant difference. Ini-
tial PET blocking studies of the tracer [11C]MDDP with
pretreatment drug neostigmine in rats found only minor
reductions in rat heart [11C]MDDP retention. Therefore,
we conclude there was no significant blocking in the
data set and the uptakes of the tracer [11C]MDDP in
rat heart might be the results of non-specific binding.
Based on the data available from the in vivo PET stud-
ies, we can assume that while in vitro experiments indi-
cate efficacy of an AChE inhibitor MDDP iodide,
kinetic factors, and rapid blood clearance make
[11C]MDDP unsuitable as tracers for PET imaging of
AChE enzyme in the heart. This work demonstrates that
the therapeutic drug and imaging tracer have different
pharmacokinetic profiles. Further studies will determine
whether the uptake site is AChE or if other binding sites
are also involved.

Because of the high concentrations of AChE and
BuChE in blood, as well as in heart and brain, it is
extremely difficult to measure the blockade of cholines-
terase function in these latter tissues. Typically, there is a
narrow window between measurable blockade and
lethality. In fact, it has been shown that blockade of
blood AChE binding sites with neostigmine can increase
the amount of AChE radiotracers available for binding
in brain and likely heart as well. As 2 out of 3 of the rats
used in this study actually exhibited increases in
[11C]MDDP retention after administration of neostig-
mine, the possibility that what we describe as non-specif-
ic binding may actually be insufficient blockade of
cholinesterase binding sites.

The experimental details are given for the new com-
pound 1 and new tracer [11C]1, and only characteriza-
tion data are given for other known compounds 3, 5,
and 6.13 The experimental details for PET imaging stud-
ies are also given.14

In summary, the synthetic procedures that provide ter-
tiary pyridine precursor 6, quaternary pyridinium refer-
ence standard 1, and quaternary pyridinium target
tracer [11C]1 have been well-developed. Initial PET
dynamic studies of the tracer [11C]1 in rat heart showed
rapid heart uptake and blood pool clearance to give
high-quality heart images. However, the results from
the blocking studies of [11C]MDDP with pretreatment
drug neostigmine showed that no specific binding is
present. These results suggest that the new tracer delin-
eates the heart very clearly, the localization of
[11C]MDDP in rat heart might be mediated either by
non-specific processes or by insufficient blockade of cho-
linesterase binding sites, and the visualization of
[11C]MDDP-PET on rat heart might be associated with
non-specific binding or insufficient blockade of cholines-
terase binding sites.
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14. (a) Dynamic IndyPET-II imaging of the tracer [11C]MDDP
in the rats. All animal experiments were performed under a
protocol approved by the Indiana University Institutional
Animal Care and Use Committee. The female Sprague–
Dawley rat (250–300 g) was anesthetized with aceproma-
zine (0.2 mg/kg, im) and torbugesic (0.2 mg/kg, im). 0.2 mCi
of [11C]MDDP was administered intravenously to the rat
via the tail vein. The micro-PET images of the tracer were
acquired in IndyPET-II scanner by the ordered subset
expectation maximization (OSEM) using 6 subsets/4 itera-
tions for 60 min dynamic scans from a rat post intravenous
injection of 0.2 mCi of the tracer, and frame durations were
defined as 300 s for entire 3600 s scan. (b) Blocking
IndyPET-II imaging of the tracer [11C]MDDP in the rats
with pretreatment drug neostigmine. For the blocking
experiments, the rats (250–300 g) were pretreated by an
intravenous injection in the tail vein with 3.0 mg/kg of
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analysis. Differences between neostigmine pretreated group
and control group were examined for statistical significance
using Student�s t test. A p value less than 0.05 denoted the
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