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A novel nicotinic acetylcholine receptor antagonist radioligand
for PET studies
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Abstract—Using positron emission tomography (PET) with a specific and selective radioligand targeting nicotinic acetylcholine
receptor (nAChR) would allow us to better understand various nAChR related CNS disorders. The use of radiolabeled nAChR
antagonists would provide a much safer pharmacological profile, avoiding most peripheral side effects that might be generated from
radiolabeled nAChR agonists even at the tracer level; thus, PET imaging with nAChR antagonists would facilitate clinical applica-
tion. A potent and selective nAChR antagonist was labeled and characterized with PET in non-human primates. Its high brain
uptake, high signal-to-noise ratio, and high specific binding strongly suggest a great potential to carry out imaging studies in
humans. In addition, the use of a C-11 radiotracer would allow us to perform multiple PET studies in the same individual within
a short time frame. The presence of an iodine atom in the molecule also allows the possibility to label with radioiodine for SPECT
studies.
� 2005 Elsevier Ltd. All rights reserved.
Nicotine is one of the most abused reinforcing agents.
Recent studies suggest that collectively, cardiovascular
disease (including stroke), cancer, and diabetes account
for approximately two-thirds of all deaths in the United
States and the prevalence of tobacco use is one of the
major risk factors for these diseases.1 It is well docu-
mented that nicotinic acetylcholine receptors (nAChR)
are the molecular target for nicotinic actions. Since
nAChR plays a role in various neuropathological and
physiological states, including Parkinson�s disease
(PD), Alzheimer�s disease (AD), pain, tobacco depen-
dency, schizophrenia, anxiety, and depression,2–4 the
ability to map this receptor, to measure the density,
and to characterize abnormalities in various disease
states is crucial. Using positron emission tomography
(PET) and a specific and selective radioligand targeting
nAChR would allow us to better understand these
CNS disorders. In the past, most efforts have been
directed toward the development of nAChR ago-
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nists,5–9 and the use of radiolabeled nAChR agonists,
such as 5-123I-A-85380, 2-18F-A-85380, and 6-18F-A-
85380, has proven possible for in vivo imaging in hu-
mans.10–12 However, recent studies show that nAChR
antagonists are effective in the treatment of smoking ces-
sation.13 In addition, the use of radiolabeled nAChR
antagonists would provide a much safer pharmacologi-
cal profile avoiding most peripheral side effects that
might be generated from radiolabeled nAChR agonists
even at the tracer level;14 thus, PET imaging with
nAChR antagonists would facilitate clinical application.

Recently, a series of epibatidine analogues has been
developed.15–17 Some of these analogues showed high
affinity for nAChR; however, relative to epibatidine,
they showed weak agonist activity in the mouse antino-
ciception and body temperature tests. Importantly, all
compounds were potent nAChR functional antagonists
of nicotine�s antinociceptive effects in the tail-flick proce-
dure. The high affinity of the N-methyl-3 0-iodo epibati-
dine analogue (NMI-EPB, 7-methyl-2-exo-(3 0-iodo-5 0-
pyridinyl)-7-azabicyclo[2.2.1]-heptane) combined with
its weak agonist and potent antagonist activity makes
it one of the most promising ligands for this develop-
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ment work. In this paper, we describe the C-11 radiola-
beling of NMI-EPB ([11C]NMI-EPB) and its evaluation
in baboons with PET.
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Figure 1. Test (a, solid symbols) and retest (b, open symbols)

reproducibility after injection of [11C]NMI-EPB in the same baboon

with a 2 h interval between studies: time–activity curves in thalamus

(squares), mid-brain (diamonds), white matter (squares with cross),

basal ganglia (circles), and cerebellum (triangles).
[11C]NMI-EPB was obtained using a procedure similar
to that described in our previous papers for the radio-
synthesis of norepinephrine ligands18,19 by alkylating
1.0 mg of the corresponding demethylated precursor16

of NMI-EPB in DMF (0.25 mL) with [11C]methyl io-
dide. After 5 min at 110 �C, the product was purified
by HPLC using a Phenomenex Luna C-18 semi-prepara-
tive column (250 mm · 10 mm, 5 lm) eluting with 20:80
CH3CN/0.2 M NH4OAc at a flow rate of 3.0 mL/min.
After HPLC purification, [11C]NMI-EPB was obtained
in 40 ± 8% radiochemical yields (n = 22). The radio-
chemical purities were determined by an analytical
radio-HPLC system and a TLC system in the presence
of the unlabeled reference compound as a carrier. The
total radiosynthesis time was 40 min with an average
specific activity of 2–10 Ci/mol at the end of bombard-
ment and the radiochemical purity >98%. The prepared
radiotracers were immediately injected into baboons for
PET studies and the average specific activity at the time
of injection was �0.5–2.5 Ci/lmol.
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We used dynamic PET scanning (Siemen�s HR+ high
resolution, whole body PET scanner with
4.5 · 4.5 · 4.8 mm at center of field of view) in 3-D
mode for a period of 90 min combined with pharmaco-
logic intervention to evaluate [11C]NMI-EPB. Method-
ologies for scanning and image analysis in baboons
generally follow the studies described in our recent pub-
lications for norepinephrine ligands,20,21 Reproducibili-
ty of the tracer binding was demonstrated by a test/
retest pair study on the same baboon on the same day
with a 2 h interval between studies. The saturability
and specificity of the tracer binding to nAChR were
determined by carrying out blocking studies with unla-
beled nicotine, and the tracer reversibility was character-
ized by displacement studies with either unlabeled
nicotine or the unlabeled parent compound (NMI-
EPB). All animal studies were conducted in strict accor-
dance with the NIH Guide for the Care and Use of Lab-
oratory Animals and approved by the BNL Animal
Care Committee. Vital signs including heart rate, blood
pressure, and respiration rate during all drug interven-
tions were continuously monitored and showed no
unusual deviation from the baseline values.

Plasma radioactivity and metabolite analysis. The per-
centage unchanged for the tracer in baboon plasma
was assayed as described previously20,21 via the HPLC
and solid phase extraction methods. The results were
similar for both methods, with 96%, 70%, 46%, and
26% as unchanged [11C]NMI-EPB at 1, 5, 10, and
30 min. Only polar metabolites were found in baboon
plasma following iv injection of the tracer.

Lipophilicity (logP) and plasma protein binding (PPB).
LogP and PPB were determined according to the proce-
dure described previously.20,21 LogP was found to be
1.09. The free fraction in the plasma was 40%, based
on the ratio of the decay-corrected counts of the un-
bound aliquots to the decay-corrected counts of the un-
spun aliquots.

Test/retest reproducibility. The regional distribution of
the radioactivity after injection of [11C]NMI-EPB in
baboon brain is consistent with the known distribution
of nAChR,5,10 with the highest uptake occurring in the
thalamus (TH, �0.05% injected dose/cc, peaked at 3–
5 min), intermediate in midbrain (MB) and brain stem,
lower in cortical regions, and lowest in cerebellum
(CB). The time–activity curves for various brain
regions were very similar for test and retest studies
(Fig. 1), indicating the reproducibility of tracer bind-
ing. The ratio for the radioactivity in TH to that in
CB was greater than 3.0 at about 45 min after injection
for this baboon, and the TH-to-CB ratio plateaued
thereafter.

Blocking studies. Nicotine (0.03 mg/kg) was given intra-
venously at 5 min prior to tracer injection and the time–
activity curves for TH, MB, and CB at baseline and after
treatment with nicotine are shown in Figure 2A. The
corresponding plots for the TH-to-CB ratio are shown
in Figure 2B. Excellent blocking by nicotine was ob-
served, demonstrating the specific binding of the tracer.
This degree of blocking was also dose-dependent (data
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Figure 2. Blocking study: (A) time–activity curves for [11C]NMI-EPB in thalamus (squares), mid-brain (diamonds), white matter (squares with

cross), basal ganglia (circles), and cerebellum (triangles) before (a, solid symbols) and after (b, open symbols) nicotine pretreatment. Thalamus-to-

cerebellum ratios are presented for the same data in (B).
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not shown), indicating the saturability of the tracer
binding to the nAChR.

Displacement studies. In a chase experiment,
[11C]NMI-EPB binding proved to be reversible as
the injection of unlabeled either nicotine (0.03 mg/kg,
Fig. 3A) or parent compound (unlabeled NMI-EPB,
data not shown) at 20 min post to tracer injection in-
duced a large displacement of thalamus activity to a
level of the baseline striatal activity (the timing and
dose for this displacement have not been optimized).
As a result, the TH/CB ratio dropped from 3.7 to
1.9 at the end of the study (Fig. 3B). Corresponding
PET images (summed images for entire frames)
showed a significantly reduced binding in the displace-
ment study as compared to the baseline.

Based on the pharmacological tests (tail-flick, hot plate,
and body temperature), substitution at the 3 0-pyridine
position of a series of deschloroepibatidine analogues
dramatically reduced agonist potency in all behavior
measures as compared to epibatidine analogues. Among
these analogues, N-methyl-3 0-iodo epibatidine (NMI-
EPB) displays high affinity toward a4b2 (Ki = 0.029 nM
against [3H]epibatidine) and potent functional antago-
nist property against nicotine-induced antinociception
(AD50 = 0.04 lg/kg in the tail-flick test). These in vitro
data appear to be more promising than a recent report
for an F-18 labeled putative antagonist nifrolidine22

(Ki = 2.89 nM against [125I]iodoepibatidine). Although
it has been shown that inclusion of alkyl groups (n-pro-
pyl and n-butyl) at the 3 0-pyridine position in pyridyle-
thers changes their agonist character to an antagonist
character,23 the antagonist properties of nifrolidine have
not been confirmed yet.

Our PET studies of [11C]NMI-EPB in baboon re-
vealed its excellent ability to penetrate the blood–brain
barrier and localize selectively in the brain regions
that are consistent with the known concentrations of
nAChR. The % injected dose/cc in the brain after
injection of [11C]NMI-EPB (�0.05%) was much higher
than those obtained from 2-18F-A-85380 and 6-18F-A-
85380 (less than 0.02% based on our comparative
studies in baboon reported previously9), in spite of
the fact that the log P values were 1.09 and 1.25 for
[11C]NMI-EPB and 6-18F-A-85380, respectively. All
of the radiolabeled plasma metabolites of [11C]NMI-
EPB are polar species and are not expected to enter
the brain. The determination of the chemical form
in the brain after tracer injection in mice is currently
under investigation.24–26 The reproducibility, specifici-
ty, saturability, and reversibility of [11C]NMI-EPB
were clearly shown via our characterization studies
in baboon. Interestingly, the binding of [11C]NMI-
EPB in white matter (higher than cerebellum) was also
observed, and the binding can be either blocked or
displaced by nicotine when nicotine is injected either
5 min prior to or 20 min post tracer injection, as indi-
cated in Figures 2A and 3A, respectively. These results
were similar to those we presented in our previous
studies in both baboons and humans,12 suggesting that
this tracer might also be a potential tool to probe the
functional significance of nAChR in white matter.
Most importantly, our studies demonstrate that
[11C]NMI-EPB exhibits relatively faster kinetics (t1/
2 = 60–90 min for clearance) and might possibly be
able to achieve an equilibrium in vivo much faster
than all of the existing radioligands, including 2-18F-
A-85380,11,27 6-18F-A-85380,12 and 18F-nifrolidine.22

Furthermore, the use of a C-11 radiotracer would
allow us to carry out two to three scans on the same
subject on the same day. Graphical analysis of the
tracer binding is in progress, and its affinities toward
different nAChR subtypes are currently under
investigation.



Figure 3. Displacement study: (A) time–activity curves for [11C]NMI-EPB in thalamus (squares), white matter (squares with cross), basal ganglia

(circles), and cerebellum (triangles) at baseline (a, solid symbols) and with nicotine injection at 20 min post tracer injection (b, open symbols).

Thalamus-to-cerebellum ratios are presented for the same data in (B). Comparative PET images (summed images 0–90 min) are presented in (C).
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