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Abstract
(S)-5-[123I]iodo-3-(2-azetidinylmethoxy)pyridine (5-[123I]IA), a novel potent radioligand for high-
affinity α4β2* neuronal nicotinic acetylcholine receptors (nAChRs), provides a means to evaluate
the density and the distribution of nAChRs in the living human brain. We sought in healthy adult
smokers and nonsmokers to (1) evaluate the safety, tolerability, and efficacy of 5-[123I]IA in an
open nonblind trial and (2) to estimate the density and distribution of α4β2* nAChRs in the brain.
Single photon emission computed tomography (SPECT) was performed for five hours after the
intravenous administration of approximately 0.001 μg/kg (approximately 10 mCi) 5-[123I]IA.
Blood pressure, heart rate, and neurobehavioral status were monitored before, during, and after the
administration of 5-[123I]IA to twelve healthy adults (8 men and 4 women) (6 smokers and 6
nonsmokers) ranging in age from 19 to 46 years (mean = 28.25, standard deviation = 8.20). High
plasma nicotine level was significantly associated with low 5-[123I]IA binding in (1) the caudate
head, the cerebellum, the cortex, and the putamen, utilizing both the Sign and Mann-Whitney U
tests, (2) the fusiform gyrus, the hippocampus, the parahippocampus, and the pons utilizing the
Mann-Whitney U test, and (3)the thalamus utilizing the Sign test. We conclude that 5-[123I]IA is a
safe, well-tolerated, and effective pharmacologic agent for human subjects to estimate high-
affinity α4/β2 nAChRs in the living human brain.
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INTRODUCTION
Neuronal nicotinic acetylcholine receptors (nAChRs), excitatory ligand-gated ion channels
(Hui et al., 2005; Kassiou et al., 2001) composed of five parts (Mogg et al., 2004; Rueter et
al., 2006; Tuzun, 2006; Zaniewska et al., 2006) with at least twelve subtypes (α2 to α10 and
β2 to β4) (Kassiou et al., 2001; Smith et al., 2007), form a pore through which pass Na+, K+,
and Ca++ (Hui et al., 2005). In the brain there exist two forms of nAChRs, homomeric and
heteromeric. Homomeric neuronal nAChRs containing five α7 units exhibit high affinity for
α-bungarotoxin, an antagonist of nAChRs (Huang and Winzer-Serhan, 2006; Smith et al.,
2007). Heteromeric neuronal nAChRs containing mainly α4 and β2 units exhibit high
affinity for nicotinic receptors (Huang and Winzer-Serhan, 2006; Mogg et al., 2004; Smith
et al., 2007). The stoichiometry of two α4 and three β2 subunits is two orders of magnitude
more sensitive to acetylcholine than the stoichiometry of three α4 and two β2 subunits
(Zwart et al., 2006).

The pharmacological effects of nicotine occur through the action of nicotine on α4β2*
nAChRs (Smith et al., 2007). The principle pharmacological sites of action of nicotine
appear to be the high-affinity α4β2* nAChRs. In rats, exposure to nicotine in the neonatal
period (Huang and Winzer-Serhan, 2006) and in adolescence is associated with upregulation
of nAChRs (Trauth et al., 1999). Nicotine up-regulates high specificity α4β2* nAChRs
likely through promoting the assembly of receptors (Moroni et al., 2006). Upregulation of
nAChRs, but not muscarinic acetylcholine receptors, has been demonstrated in response to
nicotine. Chronic exposure to low doses of nicotine may upregulate nAChRs, while high
doses may downregulate them (Wonnacott, 1990). In particular, chronic nicotine exposure
produces functional upregulation of α4β2* nAChRs in baboons (Kassiou et al., 2001) and
humans (Buisson and Bertrand, 2001). Thus, dysfunction of nAChRs likely follows nicotine
exposure.

In the human brain the α4β2* nAChR subtype is distributed densely in the thalamus, the
basal ganglia, the dentate gyrus, and moderately densely in the cortex, the hippocampal
pyramidal layer, and the limbic system (Gotti et al., 1997; Léna and Changeux, 1998;
Paterson and Nordberg, 2000). α4β2* nAChRs are sensitive to micromolar amounts of
acetylcholine and nicotine (Leonard and Bertrand, 2001). The actions of nAChRs include
the promotion of serotonin release in portions of the central nervous system (Zaniewska et
al., 2007).

High-affinity α4β2* neuronal nAChRs bind [3H]nicotine and [3H]cytisine. Exposure to
nicotine may precipitate dysfunction of high-affinity α4β2* nAChRs. While increased
stimulation by agonists typically reduces the number of cell surface receptors, chronic
exposure to nicotine through cigarette smoking increases the density (Bmax) of high-affinity
α4β2* nAChRs in the cortex, the hippocampus, the cerebellum, and the striatum (Breese et
al., 2000; Court et al., 1998; Gotti et al., 1997; Perry et al., 1999). Furthermore, human
cigarette smokers exhibit a dose-dependent increase in high-affinity α4β2* nAChRs
([3H]nicotine) binding in the hippocampus and the thalamus (Breese et al., 1997) due to
increased receptor density (Bmax) without altered affinity (Kd) (Benwell et al., 1988;
Wonnacott, 1990).

nAChRs are implicated in the development and maintenance of multiple neuropsychiatric
disorders including alcohol-related (Wong et al., 2003). and nicotine-related disorders,
schizophrenia, Alzheimer’s disease (O’Brien et al., 2007; Yoshida et al., 2002; Zamani and
Allen, 2001), Parkinson’s disease (Bordia et al., 2006; Fujita et al., 2006; Leonard and
Bertrand, 2001; O’Brien et al., 2007; Valette et al., 1999), dementia with Lewy body disease
(O’Brien et al., 2007); and tic disorders (American Psychiatric Association, 2000). In
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particular in many brain regions, people with schizophrenia who smoke cigarettes
demonstrate markedly less binding of high affinity nAChRs than people without
schizophrenia (Breese et al., 2000; Voineskos et al., 2007). The development of in vivo
techniques to visualize particular nAChRs is likely to facilitate establishing the diagnosis, to
determine how changes in nAChRs may reflect alterations in clinical status, to develop
interventions targeted for the involved nAChRs, and to monitor the effects of treatments.

A highly specific probe for high affinity α4β2* and α6β2* nAChRs (Mogg et al., 2004)
without the toxic limitations of epibatidine, 3-(2(S)-azetidinylmethoxy)pyridine (A-85380)
offers promise as a ligand for human studies (Rueter et al., 2006). A-85380 can be utilized
as a radiotracer for single photon emission computed tomography (SPECT) in the form of 5-
[123I]iodo-3-(2(S)-azetidinylmethoxy)pyridine (5-[123I]IA) (Rueter et al., 2006). The wide
availability of SPECT favors the usefulness of 5-[123I]IA brain imaging as a diagnostic tool
for the general population.

In rats the binding affinity of 5-[123I]IA is comparable to A-85380 and seven times greater
than (−)-nicotine (Saji et al., 2002). In rats 5-[123I]IA binds selectively to α4β2* nAChRs
with high uptake in the thalamus, moderate uptake in the cortex, and low uptake in the
cerebellum (Saji et al., 2002). In rats the accumulation of 5-[123I]IA was blocked in all brain
regions by nicotine agonists, (−)-cysteine and (−)-nicotine (Saji et al., 2002). In monkeys
chronic oral administration of nicotine produced upregulation of α4β2*, but not α3α6β2*,
nAChRs (McCallum et al., 2006). Ninety minutes after the intravenous administration of 5-
[123I]IA to baboons, most of the tracer remained unchanged in brain tissue after 90 minutes
(Baldwin et al., 2006). The concentration of 5-[123I]IA is 5.8 times greater in the thalamus
than in the cerebellum ninety minutes after the intravenous administration of 5-[123I]IA to
baboons (Baldwin et al., 2006). In humans, intravenous administration of 5-[123I]IA
produced radioactivity, highest in the thalamus (Fujita et al., 2002;Ueda et al., 2004), high in
the brainstem, moderate in the cerebellum (Ueda et al., 2004), the brainstem (Fujita et al.,
2002), and basal ganglia (Mamede et al., 2004), and low in cortical regions (Mamede et al.,
2004; Ueda et al., 2004).

The many advantages of a radiotracer for single photon emission computed tomography
(SPECT), specifically 123I, include the general wide availability of equipment to conduct the
SPECT protocols and the longer half life of the radionuclide, e. g., 13.2 h for 123I (Paterson
and Nordberg, 2000; Wong and Brašić, 2001). Moreover, of all the newly developed
radiolabeled 3-pyridyl ethers, 5-[123I]IA has been extensively studied in rodents (Mukhin et
al., 2000; Musachio et al., 1998; Vaupel et al., 1998; Ueda et al., 2004) and primates
(Zoghbi et al., 1999) including pigs (Deuther-Conrad et al., 2006), baboons (Fujita et al.,
2000; Kassiou et al., 2001; Musachio et al., 1999; Zoghbi et al., 2001), Rhesus monkeys
(Chefer et al., 1998), and humans (Musachio et al., 2001; Ueda et al., 2004). This agent with
a ki of approximately 11 pM (Koren et al., 1998) seems the most specific ligand for the
α4β2* nAChR system (Gozzi et al., 2006) and has been the first to visualize nAChRs in
human subjects.

Although considerable research has been performed utilizing 5-[123I]IA SPECT in humans,
several questions remain unanswered. Table I summarizes the key points of prior studies.
Table I differentiates prior research from the current study. We note the wide variability of
the key scientific aspects of prior research. There exists no established protocol for
diagnostic procedures for the in vivo visualization of the α4β2* nAChR system in primates
and man. In particular we have developed an optimal method to model 5-[123I]IA SPECT
data (Zhou et al., 2001). The safety, tolerability, pharmacology, and efficacy of 5-[123I]IA
SPECT in humans, including smokers and nonsmokers must be established. For these
reasons we share with our colleagues our unique experiences in to assess the safety,
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tolerability, pharmacology, quantitative modeling, and efficacy of 5-[123I]IA SPECT in
humans. We incidentally had the opportunity to examine 5-[123I]IA SPECT in a couple of
healthy nonsmokers who experienced considerable secondhand smoke exposure. Therefore,
we seek to determine whether 5-[123I]IA can safely be administered to human beings to
estimate the density and the distribution of high-affinity α4β2* nAChRs in the living human
brain of light smokers and nonsmokers. We hypothesize that 5-[123I]IA SPECT is a safe
efficacious agent to estimate the density and the distribution of high-affinity α4β2* nAChRs
in the living human brain of smokers and nonsmokers utilizing an optimal quantitative
modeling method (Zhou et al., 2001).

MATERIALS AND METHODS
The safety, tolerability, pharmacology, and efficacy of (S)-5-[123I]iodo-3-(2-
azetidinylmethoxy)pyridine (5-[123I]IA) (Musachio et al., 2001) was assessed on twelve
healthy adults, 6 light smokers and 6 nonsmokers (Wong et al., 2001).

At baseline before the administration of 5-[123I]IA and at follow-up after the administration
of 5-[123I]IA, complete blood counts, comprehensive metabolic profiles, hepatic function
profiles, thyroid function profiles, routine and microscopic urinalyses, urine toxicologies,
and electrocardiograms were normal (Wong et al., 2001). Serum for human chorionic
gonadotropin (HCG) demonstrated the absence of pregnancy in female subjects before the
administration of 5-[123I]IA (Wong et al., 2001). At baseline before the administration of 5-
[123I]IA, magnetic resonance imaging (MRI) of the brain was obtained (Wong et al., 2001).
Subjects with cerebral abnormalities detected on MRI were excluded from further
participation. To facilitate the co-registration of the magnetic resonance imaging (MRI) and
the single photon emission computed tomography (SPECT) scans, subjects were fitted with
thermoplastic face masks. The thermoplastic face mask was worn during the MRI and
SPECT scans to maintain the head in the same position throughout each scan. Three MRI
sequences were obtained as outlined in Table II. Because movement artifacts occur when the
subjects talked or performed physical motions during the scans, we restricted our serial
assessments to the short breaks between the scans. Therefore, the evaluation protocol used
hourly was a brief battery that can be administered in seven minutes. Because subjects had
at least one line in each arm and electrocardiogram leads in place, we limited the assessment
battery to procedures administered while the subject sat quietly in order to minimize the risk
of dislodging the lines in each arm and the electrocardiogram leads. Therefore subjects were
observed sitting in chairs with feet flat on the floor.

Before the administration of 5-[123I]IA and for the subsequent 24 hours, the vital signs and
electrocardiograms of the subjects were monitored and were normal (Wong et al., 2001).
Before the administration of 5-[123I]IA, the subjects were administered Lugol’s solution
(potassium iodide) to block entry of 123I into the thyroid (Ueda et al., 2004).. Before the
administration of 5-[123I]IA and for the subsequent 24 hours, subjects were regularly
monitored for possible adverse events by open-ended questions about their subjective states,
e. g., “How are you feeling?” On the day of the administration of 5-[123I]IA, subjects were
assessed for the presence of behavioral aberrations and abnormal movements by the
administration of the Abnormal Involuntary Movement Scale (AIMS) (Brašić, 2003; Brasic
et al., 2001, 2007a; National Institute of Mental Health, 1988) and the Brief Psychiatric
Rating Scale (BPRS) (Overall and Gorham, 1962) at baseline before the start of the
administration of 5-[123I]IA and during breaks occurring approximately at one, two, and
three hours after the start of the administration of 5-[123I]IA. The administration of the
AIMS during the breaks after the initiation of the administration of 5-[123I]IA was limited
by the short time of the break and the presence of lines in both arms. Although the AIMS
was fully administered at baseline before the commencement of the administration of 5-
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[123I]IA, the hourly administrations of the AIMS after the start of the administration of 5-
[123I]IA were limited to the items listed in Table III (Brašić, 2003; Brasic et al., 2001,
2007a; National Institute of Mental Health, 1988). At baseline before the administration of
5-[123I]IA, items of the BPRS listed in Table IV were preceded by the phrase, “During the
past week….” Due to the short period of time in the breaks, the BPRS was administered by
asking the screening questions indicated in Table IV preceded by the phrase, “Since I last
asked you, ….”. If the response to any item in Table IV was abnormal, then questions were
asked to probe for details to determine the appropriate score for each item of the BPRS
(Brasic et al., 2001; Overall and Gorham, 1962). The items of the BPRS omitted from Table
IV were scored by observation only (Brasic et al., 2001; Overall and Gorham, 1962). All
subjects were monitored for electrocardiogram, blood pressure, and pulse during each study.
Subjects 1 through 5 and 11 and 12 received the dose of 5-[123I]IA as a rapid intravenous
bolus injection. Subjects 6 through 10 received the 5-[123I]IA as a rapid intravenous bolus
injection followed by a continuous infusion to maintain a constant plasma concentration of
5-[123I]IA throughout the course of the study (Table V). To obtain dynamic measurements
of plasma radioactivity, 1.5mL aliquots of arterial blood were sampled as rapidly as possible
during the initial 2 min following the commencement of the 5IA injection, then at less
frequent intervals during the scans. Arterial blood was obtained frequently for radioactivity
determination and metabolite analysis. Arterial blood (5mL) was sampled at 0, 5, 10, 15, 30,
60, 90, 120, 180, 240, and 300 min following the bolus administration of 5-[123I]IA and
added to heparinized tubes containing 15mg sodium azide, and, following centrifugation,
0.5mL plasma was counted in a well counter.

In several studies blood was sampled up to 22 hours after 5-[123I]IA administration. In those
studies where 5-[123I]IA was delivered by bolus followed by continuous infusion (Table V),
blood samples were taken at 30 min intervals between 3 and 5 hours after the beginning of
the infusion. Plasma prepared by centrifugation was immediately analyzed for 5-[123I]IA
and its metabolites by column-switch high performance lipid chromatography (HPLC)
(Hilton et al., 2000). The plasma, diluted to 4mL with water, was passed through a small
capture column packed with Oasis sorbent (Waters Corporation, Milford, Massachusetts)
which was then washed with 1% acetonitrile. The eluate and wash, which contain
metabolites too polar to be captured by the Oasis column, flowed through dual bismuth
germanate (BGO) detector and the amount of radioactivity recorded by computer software
(Laura, Bioscan Inc., Washington, DC)). More lipophilic metabolites and unchanged 5-
[123I]IA were swept from the capture column onto an analytical column (Zorbax Extend
C18, Agilent Technologies, Palo Alto, CA) by 50% acetonitrile: 0.25M triethylamine-HCl
buffer pH 11.0. Effluent from the analytical column was also passed through the dual BGO
detector (Hilton et al., 2000).

Cross calibration between the SPECT images and the well counter used for counting the
time radioactivity plasma samples was carried out by counting a series of samples from the
phantom which contains 5-[123I]IA solution and relating those values to SPECT images of
the phantom acquired under conditions used for the imaging of human subjects.

Inter-frame head motion was corrected through a detailed process. First, brain outlines were
defined automatically on each SPECT frame after smoothed with a gaussian kernel (full
width half maximum = 8 mm). For this purpose, a threshold was defined to maximize the
difference in mean radioactivity between the two shells one layer inside and outside the
volumes of voxels equal to or above the threshold. Then the threshold was increased
stepwise by 5% increments until the volume of voxels greater than the revised threshold
attained a target brain volume of 1450 ml after the elimination of non-brain portions. Then,
between-frame head movement was estimated by minimizing the square sum of differences
between the radioactivities in outline voxels in the original frame and those given by
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interpolation and normalization by equating the means in the alignment frame using three
linear and three rotational parameters. Inter-frame alignment was performed on successive
frames because of similar radioactivity distributions between them. The distribution volume
(DV) was estimated by kinetic analysis for all subjects save three (Zhou et al., 2001). The
distribution volume (DV) was estimated by the ratio of tracer activity in the brain regions
and the plasma around 300 minutes for subjects 6, 7, and 9 due to missing data (Zhou et al.,
2001).

Regional radioactivity time-profiles were obtained by applying volumes of interest (VOIs)
to head-movement corrected SPECT frames. VOIs of regions of particular interest, namely
the head of the caudate nucleus, the cerebellum, the cingulate gyrus, the cortex, the frontal
lobe, the fusiform gyrus, the hippocampus, the occipital lobe, the parahippocampus, the
parietal lobe, the pons, the putamen, the temporal lobe, and the thalamus, were defined using
a locally developed three-dimensional region-defining tool. Remaining VOIs were obtained
by individual local standard VOI template. For this purpose, the volumes of the MRIs of
individual subject were spatially normalized to a standard brain. The parameters for the
spatial normalization were inversely applied to transform standard VOIs to the MRI space of
each subject (Zhou et al., 2001).

RESULTS
Table VI records the sex, age, lateral preferences (Brasic et al., 2007b;Denckla, 1985),
smoking status by self-report, nicotine exposure by self-report, and self-rated scores on the
Fagerstrom Test for Nicotine Dependence (FTND) (Balfour and Fagerstrom, 1966) and the
Tobacco Dependence Questionnaire (TDQ) (Kawakami et al., 1999) of the twelve subjects
of this study.

Sex
There were 8 males and 4 females (Table VI).

Age
Subjects ranged in age from 19 to 46 years (mean = 28.25, standard deviation = 8.20) (Table
VI).

Lateral preferences
Eight subjects displayed a preference for the right eye, right hand, and right foot. One
subject displayed the preference for the right eye, the left hand, and the left foot. Another
subject displayed the preference for the left eye, the right hand, and the right foot. Laterality
was not assessed in two subjects (Brasic et al., 2007b; Denckla, 1985) (Table VI).

Cigarette smoking
Each subject was interviewed about current and past use of cigarettes, cigars, pipes, and
other forms of tobacco. Six subjects were non-smokers. Of the non-smokers, four denied
secondhand smoke exposure and incidentally two reported extensive secondhand smoke
exposure. Subject 4, a non-smoker with a smoking roommate, and Subject 10, a non-smoker
without smoking roommates who inhaled second-hand smoke frequently in restaurants
where he worked as a waiter, are classified as experiencing secondhand smoke nicotine
exposure. Six subjects were light smokers (Table VI). All subjects were asked to refrain
from nicotine use on the day of the study. Subject 7 last smoked a cigarette at 2:30 am on
the day of the study. Other subjects refrained from the use of nicotine on the day of the
study. Table V summarizes the characteristics of the radiotracer dose of 5-[123I]IA
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administered to each subject. Table VII summarizes the plasma, salivary, and urinary levels
of nicotine, cotinine, and caffeine obtained on each subject before injection of 5-[123I]IA.

Metabolism of 5-[123I]IA
Analysis of plasma from arterial blood revealed that 5-[123I]IA was rapidly metabolized in
human subjects. Unlike prior studies of 5-[123I]IA metabolism, we utilize a column switch
high performance lipid chromatography(HPLC) method, which separates polar and
lipophilic metabolites from the parent compound without concern for extraction efficiencies
associated with solvent extraction, detected the presence of highly polar labeled species and
a single lipophilic metabolite which elutes before the parent compound (Hilton et al., 2000)
(Table I). For example, a graph of the plasma radioactivity in counts per second and time in
minutes of the in vitro mixture of an aliquot of 5-[123I]IA and an aliquot of the plasma of a
32-year-old male nonsmoker (Subject 4) is presented in Figure 1.

Additionally, a graph of the plasma radioactivity in counts per second and time in minutes of
an aliquot of the plasma of a 32-year-old male nonsmoker (Subject 4) is presented in Figure
2.

Thus, these finding are graphed for a 32-year-old male nonsmoker (Subject 4) (Figures 1
and 2).

Figure 3 shows a typical time course of 5-[123I]IA metabolism. Figure 3 presents a graph of
the radioactivity counts of the metabolites of 5-[123I]IA after the intravenous bolus
administration of 9.3 mCi 5IA to a 22-year-old male light smoker (Subject 3). Within 30
minutes after the commencement of the administration of 5-[123I]IA, approximately half of
the 5-[123I]IA has been metabolized with the extent of metabolism leveling to 75% after 2
hours with a very slow increase to 80% metabolized after 20 hours. In some studies both
arterial and venous blood samples, drawn simultaneously 30 minutes or later after 5-[123I]IA
administration, showed identical extents of metabolism.

The activity of 5-[123I]IA injected ranged from 2.14 to 9.34 mCi (Table V). The specific
activity of 5-[123I]IA injected ranged from 7,522 to 43,160 mCi/μmol (Table V). The mass
of 5-[123I]IA injected ranged from 0.0006 to 0.39 μg (Table V). Dynamic SPECT (Trionix
TriadXLT) collected images over 6 h with 20 acquisitions. A two-compartmental (plasma
and brain tissue) model was used for the kinetic analysis and parametric imaging of VOIs
drawn on co-registered MRI scans. The plasma radioactivity of centrifuged whole arterial
blood obtained during the scan was measured with gamma counter. Plasma radiotracer
metabolites were also assayed with high performance lipid chromatography (HPLC) The
metabolite-corrected plasma input fraction was used for kinetic modeling. Binding potentials
was calculated by mathematical modeling of μ utilizing the procedures employed for other
radioligands of this series (Yokoi et al., 1999). Additionally, the concentration of nAChR
binding sites was estimated utilizing kinetic modeling (Fujita et al., 2000).

Distribution of 5-[123I]IA in the brain
For each brain region of each each subject VOI kinetic analysis yielded distribution volumes
(DVs) (mL/mL) as listed on Table VIII. To examine the DV as a function of recent nicotine
exposure, we separated the subjects in high and low plasma nicotine groups utilizing the
median value for plasma nicotine as the dividing point. For each brain region VOI kinetic
analysis yielded distribution volumes (DVs) (mL/mL) (mean ± standard error of the mean
(SEM)) for the six subjects with high and the six subjects with low plasma nicotine levels as
listed on Table IX. Then we performed the Sign Test (Conover, 1980) and the Mann-
Whitney U Test (Conover, 1980) on the VOIs and status as high or low nicotine plasma
level. The effect size of the Mann-Whitney U statistic (Rosenthal, 1991) was also computed
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(SPSS Inc., 2007). Utilizing the one-tailed Sign Test, high plasma nicotine levels were
associated with low receptor binding in all regions except the fusiform gyrus, the
hippocampus, the parahippocampus, and the pons (SPSS Inc., 2007). Utilizing the Mann-
Whitney U Test, high plasma nicotine levels were associated with low receptor binding in
all regions except the thalamus (SPSS Inc., 2007). Please refer to Table IX. Peak thalamic
binding occurred at 2.5 h and reversible binding with substantial dissociation by 6 h is
demonstrated by time activity curves. Thus, 5-[123I]IA appears to label nAChRs in humans
(Musachio et al., 2001; Wong et al., 2001).

The efficacy of 5-[123I]IA as a nAChR radioligand in the living human brain is indicated by
good brain uptake and a distribution profile consistent with nAChR density. After the
intravenous bolus administration of 5-[123I]IA to a healthy 35-year-old male nonsmoker
(Subject 1), the SPECT images of the nAChRs are illustrated in the cerebral cortex and the
thalamus in Figure 4 and in the temporal lobes and the cerebellum in Figure 5.

Peak thalamic uptake occurred approximately 140 minutes after injection. Total volumes of
distribution (DVs) were 28.23 in the thalamus and 13.06 in the cerebellum (Musachio et al.,
2001). Maximal cerebellar uptake of 5-[123I]IA occurred 40 minutes after injection of the
radiotracer. Clearance in the thalamus (t2 = 117 minutes) is slower than in cerebellum (t2 =
64 minutes). Figure 6 illustrates parametric images of the nAChRs at three time points after
the administration of 5-[123I]IA to a 35-year-old male non-smoker (Subject 1).

Simultaneous arterial and venous blood samples of radiotracer and metabolites demonstrated
that an equilibrium in the distribution volume of 5-[123I]IA was attained in arterial and
venous samples at 300 minutes.

Safety of 5-[123I]5IA in humans
Electrocardiogram, blood pressure, and pulse did not change for any subject during any
study. Therefore, no subject demonstrated any adverse physiological effect of 5-[123I]IA.
Subjects displayed no abnormalities of behavior or movement before or after the
administration of 5-[123I]IA (Brasic et al., 2001).

In summary, there were no physical, physiological, behavioral, emotional, psychological, or
movement abnormalities (Brasic et al., 2001) before or after the administration of 5-
[123I]5IA (Wong et al., 2001). Furthermore, high plasma nicotine level was significantly
associated with low 5-[123I]IA binding in (1) the caudate head, the cerebellum, the cortex,
and the putamen, utilizing both the Sign and the Mann-Whitney U tests, (2) the fusiform
gyrus, the hippocampus, the parahippocampus, and the pons utilizing the Mann-Whitney U
test, and (3) the thalamus utilizing the Sign test.

DISCUSSION
Twelve healthy adults, 6 smokers, 2 nonsmokers with secondhand smoke exposure, and 4
nonsmokers without secondhand smoke exposure, were studied with SPECT for five hours
after the intravenous administration of 5-[123I]IA. No subject demonstrated adverse effects
of 5-[123I]IA during the monitoring for the first 24 hours after the administration of 5-
[123I]IA or on subsequent follow-up visits. Thus, we conclude that 5-[123I]IA is a safe,
effective agent to administer to human subjects to estimate the high-affinity α4/β2 nAChRs
in the living human brain and to discriminate humans with and without recent exposure to
nicotine.

All subjects were categorized in low or high plasma nicotine level groups using the median
plasma nicotine level obtained on the day of scan as the midpoint. High plasma nicotine
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level was associated with low 5-[123I]IA binding in (1) the caudate head, the cerebellum, the
cingulate cortex, the cortex, the frontal cortex, the occipital cortex, the parietal cortex, the
putamen, and the temporal cortex utilizing both the one-tailed Sign test and the Mann-
Whitney U test, (2) the fusiform gyrus, the hippocampus, the parahippocampus, and the
pons utilizing the Mann-Whitney U test, but not the one-tailed Sign test, and (3) the
thalamus utilizing the one-tailed Sign test, but not the Mann-Whitney U test (SPSS Inc.,
2007) (See Table IX). Since high plasma nicotine levels indicate recent exposure to nicotine,
people with high plasma nicotine levels apparently have high intrasynaptic nicotine and high
nAChR binding with nicotine so few nAChRs are unoccupied when the radiotracer is
administered. However, up-regulation and down-regulation of nAChRs cannot be
determined by this study because these subjects apparently had recent exposure to nicotine.
People apparently must abstain from nicotine for at least seven days in order to estimate the
density of unoccupied nicotinic receptors without the effect of residual nicotine (Staley et
al., 2006). Thus, these findings confirm the efficacy of 5-[123I]IA to bind to nAChRs in the
living human brain. Chronic exposure to nicotine is known to sensitize nicotinic AChRs
(Buisson and Bertrand, 2001; Wonnacott, 1990) so this is an expected finding (Table VIII).
The selective binding in particular parts of the brain in this study is consistent with animal
findings. In rats chronic nicotinic exposure caused up-regulation of α4β2* nAChRs in many
brain regions except habenulopeduncular structures, particular thalamic nuclei, and many
brainstem areas (Nguyen et al., 2003). In a baboon, acute treatment with (−)-nicotine led to
reductions in α4β2* nAChR uptake of 32% in the frontal cortex and of 52 % in the thalamus
(Kassiou et al., 2001), while chronic treatment with (−)-nicotine 2.0 mg/kg//24h for 14 days
produced increments in volume of distribution by 52% in the thalamus and 50% in the
cerebellum seven days after the stop of the treatment (Kassiou et al., 2001). Therefore, in the
baboon acute treatment with (−)-nicotine produces occupancy of α4β2* nAChRs and
chronic treatment produces upregulation of the receptors (Kassiou et al., 2001). Thus, we
conclude that 5-[123I]IA is an effective agent to identify the density and the distribution of
α4β2* nAChRs in the living human brain of smokers and nonsmokers.

Therefore, we have demonstrated the safety of 5-[123I]IA to identify the density and the
distribution of α4β2* nAChRs in the living human brain during a five-hour SPECT
evaluation of healthy adults including smokers and nonsmokers.

These results are the basis to study the safety and the efficacy of 5-[123I]IA in other
populations, including healthy adults who are heavy smokers, senior citizens, children, and
adolescents. Additionally future investigations of subjects with neuropsychiatric disorders
that are hypothesized to involve nicotinic acetylcholine dysfunction (Mihailescu and
Drucker-Colin, 2000), including Parkinson’s disease (Durany et al., 2000; Fujita et al.,
2006), schizophrenia (Durany et al., 2000; Leonard et al., 1998, 1999), Tourette’s disorder
(Dursun and Reveley, 1996, 1997; Sanberg et al., 1997; Shytle et al., 2000; Silver et al.,
1996.), Rett’s disorder, Alzheimer’s disease (O’Brien et al., 2007; Wong, et al., 2002a), and
alcohol dependence (Wong, et al., 2003).

We note that incidentally two of the healthy controls actually had marked secondhand
smoke exposure. This serendipitous occurrence provides the means to test 5-[123I]IA SPECT
as a tool to estimate the density and the distribution of high-affinity α4β2* nAChRs in a
small number of healthy adults who experience environmental exposure to cigarette smoke.
Secondhand smoke exposure is a devastating public health problem resulting in marked
pulmonary morbidity and cardiovascular mortality (Eisner et al., 2007). Reduction in
secondhand smoke exposure results in reduction in the risk of acute myocardial infarction
(Bruintjes and Krantz, 2007; Stranges et al., 2007). Additionally exposure to secondhand
smoke is associated with reductions in the health-related quality of life of nonsmokers,
particularly women (Bridevaux et al., 2007). Victims of secondhand smoking, particularly
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children, may be unaware of secondhand smoke exposure. Also victims of secondhand
smoke exposure may be unaware of the extent of the alterations of the central nervous
system induced by secondhand smoke exposure.

Multiple neuronal nAChRs and agonists for nAChRs (Schapira et al., 2002), including a
variety developed by means of computer technology (Nicolotti et al., 2001), may merit
clinical trials for the treatment of neuropsychiatric disorders associated with dysfunction of
nAChRs (Bordia et al., 2006; Nicolotti et al., 2001). Therefore, estimation of the density and
the distribution of α4/β2 nAChRs by means of SPECT after the administration of 5-[123I]IA
before, during, and after the administration of potential therapeutic interventions for
neuropsychiatric disorders will likely be a useful diagnostic and therapeutic guage.

Utilizing 2-[18F]FA, Brody and colleagues (2006) demonstrated that in human smokers
inhalation of one or two mouthfuls of cigarette smoke led to uptake in half the α4β2*
nAChRs and that uptake of half the α4β2* nAChRs occurred with plasma nicotine levels of
0.87 ng/mL (Brody et al., 2006). Additionally PET with 2-[18F]FA demonstrated greater
regional uptake in the brainstem and the cerebellum in smokers than in nonsmokers
(Wullner et al., 2007). PET with 2-[18F]FA is a promising agent to quantify the density and
the distribution of α4β2* nAChRs in humans. However, the limited availability of PET
restrict the usefulness 2-[18F]FA imaging in the general population.

Other pharmacological agents also offer promise estimate the density and the distribution of
α4/β2 nAChRs in the living human brain. Although [11C](S)-(−)-nicotine has been used in
the past in an attempt to visualize human nAChRs, this radiotracer suffers from a high
degree of non-specific binding that makes it far from ideal as a specific nAChR probe
(Scheffel et al., 2000; Villemagne et al., 1998). [79Br]Norchlorobromoepibatidine (Kassiou
et al., 2002) and [18F]norchloro-fluoro-homoepibatidine are being evaluated as a specific
high-affinity radioligands for nAChRs (Brust et al., 2008). However, the toxic effects of
epibatidine and its congeners may prohibit its use in humans (Horti et al., 2000; Rueter et
al., 2006; Scheffel et al., 2000). A-85380 in the form of 2-[18F]fluoro-3-(2(S)-
azetidinylmethoxy)pyridine (2-[18F]FA) has been demonstrated to be a safe and efficacious
agent to visualize high affinity β4β2* nAChRs in monkeys (Chefer et al., 1999; Vaupel et
al., 2005), baboons (Valette et al., 1999), and humans (Bottlaender et al., 2003; Gallezot et
al., 2005; Kimes et al., 2003; Mitkovski et al., 2005; Schildan et al., 2007; Sorger et al.,
2007).

In nonsmokers uptake of 5-[123I]IA is comparable in men and women across the estrous
cycle (Cosgrove et al., 2007). There are no differences in 5-[123I]IA uptake in women in
follicular and luteal phases of their estrous cycles (Cosgrove et al., 2007). Uptake of 5-
[123I]IA is inversely proportional to age in healthy humans with the most marked reductions
in the thalamus, frontal cortex, parietal cortex, and anterior cingulate (Mitsis et al., 2007). In
ten healthy nonsmokers the administration of 5-[123I]IA by bolus followed by continuous
infusion produced reliable stability of 5-[123I]IA time-activity curves in brain and plasma at
5 hours after the beginning of the infusion (Staley et al., 2005).

5-[123I]IA has been a valuable agent to monitor the density and distribution of α4β2*
nAChRs in people with a variety of neuropsychiatric disorders. Uptake of 5-[123I]IA is
reduced in the pons and both frontal and both striatal region in addition to the right medial
temporal region of people with Alzheimer’s disease (AD) (O’Brien et al., 2007).
Furthermore uptake of 5-[123I]IA in people with Parkinson’s disease (PD) without dementia
is reduced in cortical and subcortical regions (Fujita et al., 2006) and in the brainstem and
frontal cortex (Oishi et al., 2006, 2007). Furthermore, upregulation of nAChRs occurred in
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smokers subsiding after 21 days of smoking abstinence by means of scans after the
administration of 5-[123I]IA (Ishizu et al., 2004; Mamede et al., 2007).

Limitations of this study include the inclusion of subjects with variable nicotine exposure.
Except for subject 7, all the smokers were apparently extremely light smokers so there were
limited differences in nicotine exposure between the smokers and the nonsmokers.
Additionally subjects 4 and 10 were nonsmokers with considerable environmental exposure
to nicotine through second-hand cigarette smoke. Rating scales to determine nicotine
dependence, i.e., the Fagerstrom Test for Nicotine Dependence (FTND) (Balfour and
Fagerstrom, 1996) and the Tobacco Dependence Questionnaire (TDQ) (Kawakami et al.,
1999), yielded low scores for most subjects (Table V) to confirm that none of the subjects
exhibited nicotine dependence. The differentiation of subjects with and without nicotine
exposure was difficult to determine. Likely all participants in the study had minimal to low
nicotine exposure. Additional research with larger sample sizes of nonsmokers with and
without secondhand smoke exposure and smokers, both light and heavy will facilitate the
confirmation of the findings of this pilot study. We finally concluded that plasma nicotine
level is the best indication of recent nicotine exposure regardless of the source of nicotine
(Table VII). High plasma nicotine was associated with low binding for 5-[123I]5IA in all
brain regions studied, particularly the caudate head, the cerebellum, the cortical regions, and
the putamen (Table IX). These associations likely reflect acute recent exposure to nicotine.
Utilization of heavy smokers and nonsmokers in future studies will likely produce more
marked contrasts in nicotine exposures. Utilization of heavy smokers with long histories of
cigarette smoking will likely provide the basis to study chronic nicotine exposure in the
human brain. In sum, this study was limited by the small sample sizes and the variability in
radiotracer administration and nicotine exposure. This preliminary study suggests the
SPECT with 5-[123I]IA is a safe, effective tool to estimate the density and the distribution of
α4β2* nAChRs in the brains of smokers as well as nonsmokers with and without
secondhand smoke exposure.

Future research is needed to compare and contrast the safety and efficacy of 5-[123I]IA and
other α4β2* nAChR radiotracers, including 2-[18F]fluoro-3-[2-((S)-3-
pyrrolinyl)methoxy]pyridine, and [18F]6-chloro-3-((2-(S)-azetidinyl)methoxy)-5-(2-
fluoropyridin-4-yl)pyridine (NIDA522131) (Chefer et al., 2008), and [18F]nifene
(Easwaramoorthy et al., 2007).

Additionally, we hypothesize that the visualization of neuronal nAChRs utilizing nuclear
neuroimaging techniques (Wong and Brašić, 2001) will facilitate the development of
pharmacological interventions for Rett’s disorder, Alzheimer’s disease (Wong et al., 2002a),
Tourette’s disorder, and other neuropsychiatric disorders (Wong et al., 2002b). Since
nicotine increases α4β2* nAChRs in the striata of monkeys, 5-[123I]IA and 2-[18F]FA
neuronuclear imaging may provide the tools to monitor beneficial effects of treatment of
individuals with neuropsychiatric disorders with nicotine and nicotine agonists (Bordia et
al., 2006). Since cognitive deficits in laboratory animals are associated with reductions in
nAChRs in the hippocampus (Pocivavsek et al., 2006), experiments to look for reductions in
nAChR density in the hippocampus and related limbic structures in schizophrenia and other
neuropsychiatric disorders with cognitive deficits may be useful. Possible therapeutic agents
include those with favorable effects for young monkeys such as nAChRs for α4β2*
receptors, including ((R)-5-(2-azetidinylmethoxy)-2-chloropyridine (ABT-594), and for α7
receptors, including 2-methyl-5-(6-phenyl-pyridazin-3-yl)-octahydro-pyrrolo[3,4-c]pyrrole
(A-582491) (Buccafusco et al., 2007).

The finding that uptake of 5-[123I]IA is reduced in the cerebellum and temporal, parietal and
occipital cortices in people with Parkinson’s disease (PD) who receive high daily doses of
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dopamine agonists (Oishi et al., 2006, 2007) merits development in other patient populations
treated with dopamine agonists including restless legs syndrome and migraine headaches. 5-
[123I]IA can be administered at baseline, during, and after the course of treatment of people
with PD and other neuropsychiatric disorders with dopamine agonists, dopamine
antagonists, and related agents to determine the occupancy of α4/β2* nAChRs. Additionally,
5-[123I]IA SPECT offers promise as an objective measurement tool to monitor the
progression of patients with PD for clinical purposes.

Since people with autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) exhibit
greater uptake of 2-[18F]FA in mesencephalon, the pons, and the cerebellum than healthy
adults (Picard et al., 2006), 2-[18F]FA PET and 5-[123I]IA SPECT will likely represent
promising tools to identify progression and remission of the disorder during clinical trials.

Although treatment with donepezil, an anticholinesterase inhibitor, produced no change in
α4β2* nAChR uptake with 5-[123I]IA SPECT in small samples of patients with Alzheimer’s
disease (AD) and diffuse Lewy body (DLB) disease (Colloby et al., 2008), other
acetylcholine modulators likely will demonstrate beneficial effects in clinical trials.
Additionally, 5-[123I]IA SPECT offers promise as an objective measurement tool to monitor
the progression of patients with AD and related dementias for clinical purposes.

Furthermore, since A-85380 is an analgesic, A-85380 may be developed for the treatment of
pain conditions (Rueter et al., 2006). Then, 5-[123I]IA and other radiotracers for nAChRs
may be useful to determine the possible dysfunction of α4β2* nAChRs in patients with
chronic pain before, during, and after treatments with A-85380 and other analgesics.

The similarity of A-85380 to antidepressants in mice and rats suggests the possible
therapeutic role of A-85380 for human depression (Rueter et al., 2006). Then, 5-[123I]IA and
other radiotracers for nAChRs may be useful to determine the possible dysfunction of α4β2*
nAChRs in patients with depression and related disorders before, during, and after
treatments with A-85380 and other antidepressants..

Genetic studies provide evidence that genetic interaction between α4 and β2 subunits of the
high affinity nicotinic receptor may be linked to schizophrenia. In combination CHRNA4
and CHRNB2 genes, monitors of the expression of neuronal high-affinity nicotinic
receptors, may be linked to schizophrenia (De Luca et al., 2006). In people with
schizophrenia heavy cigarette smoking daily was associated with the CHRNA4 rs3746372
allele 1 (Voineskos et al., 2007). Heavy cigarette smoking in people with schizophrenia is
associated with the intragenic interaction between rs3787116 and rs3746372 (Voineskos et
al., 2007). These findings suggest a genetic basis for heavy cigarette smoking in people with
schizophrenia (Voineskos et al., 2007). Additionally utilization of 5-[123I]IA SPECT will
likely constitute a useful tool to monitor the effects of interventions for schizophrenia and
nicotine dependence. In contrast to other nuclear neuroimaging studies of α4β2* nAChRs,
we have utilized an optimal method on quantitative modeling (Zhou et al., 2001) to
demonstrate the safety, efficacy, and tolerability of 5-[123I]IA SPECT in smokers as well as
in nonsmokers.
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Fig. 1.
Column-switch chromatography of (S)-5-[123I]iodo-3-(2-azetidinylmethoxy)pyridine (5-
[123I]IA) added to human plasma of a 32-year-old male nonsmoker (Subject 4). In the first 4
minutes of the column-switch method (Hilton et al., 2000), 4mL of plasma is passed through
a capture column (Oasis Sorbent, Waters Associates, 4.6 × 19 mm) at 2mL/min followed by
a wash with 1% acetonitrile in water. The effluent containing polar species passes through
the flow cell of a radiation detector. The parent compound and lipophilic metabolites (if
present), which bind to the capture column, are eluted and transferred to the analytical
column (Zorbax Extend C18 4.6 × 250 mm) in 50% acetonitrile in triethylamine-HCl buffer
pH 11 at a flow rate of 1 mL/min. Radioactivity in this effluent is measured by passage
through the radiation detector. The column-switching procedure (Hilton et al., 2000) permits
the identification of 5IA after the switch.
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Fig. 2.
Chromatography of an aliquot of the plasma of a 32-year-old male nonsmoker (Subject 4)
obtained 60 min after the intravenous bolus administration of 8.8 mCi (S)-5-[123I]iodo-3-(2-
azetidinylmethoxy)pyridine (5-[123I]IA). In the first 4 minutes of the column-switch method
(Hilton et al., 2000), 4 mL of plasma passes through a capture column (Oasis Sorbent,
Waters Associates, 4.6 × 19 mm) at 2 mL/min followed by a wash with 1% acetonitrile in
water. The effluent containing polar species is passed through the flow cell of a radiation
detector. The parent compound and lipophilic metabolites (if present), which bind to the
capture column, are eluted and transferred to the analytical column (Zorbax Extend C18 4.6
× 250 mm) in 50% acetonitrile in triethylamine-HCl buffer pH 11 at a flow rate of 1 mL/
min. Radioactivity in this effluent is measured by passage through the radiation detector.
The column-switching procedure (Hilton et al., 2000) permits the identification of 5IA after
the switch.
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Fig. 3.
Graph of the time course of the percent of plasma radioactivity present as (S)-5-[123I]iodo-3-
(2-azetidinylmethoxy)pyridine (5-[123I]IA) metabolites after the intravenous bolus
administration of 9.3 mCi 5-[123I]IA to a 22-year-old male light smoker (Subject 3).
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Fig. 4.
Single photon emission computed tomography (SPECT) images of the high-affinity α4β2*
neuronal nicotinic acetylcholine receptors (nAChRs) in the cerebral cortex, thalamus,
temporal lobes, and cerebellum on a transverse section through the thalamus after the
intravenous bolus administration of 8.1 mCi (S)-5-[123I]iodo-3-(2-
azetidinylmethoxy)pyridine (5-[123I]IA) to a healthy 35-year-old male nonsmoker (Subject
1). The anterior part of the brain is on top of the image. The right side of the brain is
illustrated on the left side of the image.
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Fig. 5.
Single photon emission computed tomography (SPECT) images of the high-affinity α4β2*
neuronal nicotinic acetylcholine receptors (nAChRs) in the cerebral cortex, the thalamus, the
temporal lobes, and the cerebellum on a transverse section through the cerebellum after the
intravenous bolus administration of 8.1 mCi (S)-5-[123I]iodo-3-(2-
azetidinylmethoxy)pyridine (5-[123I]IA) to a healthy 35-year-old male nonsmoker (Subject
1). The anterior part of the brain is on top of the image. The right side of the brain is
illustrated on the left side of the image.
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Fig. 6.
Parametric single photon emission computed tomography (SPECT) images of the high-
affinity α4β2* neuronal nicotinic acetylcholine receptors (nAChRs) in the cerebral cortex,
the thalamus, the temporal lobes, and the cerebellum on a transverse sections through the
brain at three time points (columns) after the intravenous bolus administration of 8.1 mCi
(S)-5-[123I]iodo-3-(2-azetidinylmethoxy)pyridine (5-[123I]IA) to a healthy 35-year-old male
nonsmoker (Subject 1). The superior part of the brain is on top of the image. The right side
of the brain is illustrated on the left side of the image.
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TABLE III

Items of the Abnormal Involuntary Movement Scale (AIMS)1 assessed at one, two, and three hours after the
commencement of the administration of (S)-5-[123I]iodo-3-(2-azetidinylmethoxy)pyridine (5-[123I]IA) to
twelve healthy adult volunteers

Item number Examiner’s statement to subject

2. “Is there anything like gum or candy in your mouth?” (“Please remove it.”)2

3. “What is the current condition of your teeth?” “Do your teeth (or dentures) bother you now?”

4. “Do you notice any movements in your mouth, face, hands, or feet?” (“Describe them to me.”)2 (“How do they currently
bother you?”)2 (“How do they currently interfere with your activities?”)2

7.3 “Open your mouth.”

8.3,4 “Stick out your tongue. Keep it out.”

1
Modified from Brašić, 2003.

2
The statements in parentheses were spoken only if applicable.

3
Items 7 and 8 were performed twice.

4
For item 8 the subject was told to keep the tongue out for at least ten seconds.
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TABLE IV

Items of the Brief Psychiatric Rating Scale (BPRS)1 administered at baseline before and at one, two, and three
hours after the start of the administration of (S)-5-[123I]iodo-3-(2-azetidinylmethoxy)pyridine (5-[123I]IA) to
twelve healthy adult volunteers

Item number Concluding phrase of question

1. “… have you been concerned about your present bodily health?”

5. “… have you been overly concerned or remorseful for past behavior?”

8. “… have you felt that you have unusual powers or abilities?”

9. “… have you been depressed, low, blue, or down in the dumps?”

11. “… have you felt that other people are out to hurt you?”

12. “… have you heard voices talking to you that other people who were present did not hear?”
“… have you seen things that other people who were present did not see?”

18. “I need to check your memory. What is your full name?”
“What is the name of the place where we are right now?”

“What year are we in?” “What month are we in?” “What is today’s date?”

1
Modified from Overall and Gorham, 1962.
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TABLE V

Injected activity, specific activity, and mass of (S)-5-[123I]iodo-3-(2-azetidinylmethoxy)pyridine (5-[123I]IA)
administered to twelve healthy adult volunteers

Subject number Method of administration
Activity injected in
mCi

Specific activity in mCi/
micromol Mass in micrograms

1 Bolus 8.1 7, 522 0.39

2 Bolus 9.1 >33, 600 <0.10

3 Bolus 9.3 >27, 064 <0.13

4 Bolus 8.8 >29, 340 <0.12

5 Bolus 8.6 43, 160 0.07

6 Bolus followed by continuous infusion 7.8 20, 815 0.11

7 Bolus followed by continuous infusion 7.6 16, 207 0.13

8 Bolus followed by continuous infusion 5.2 21, 141 0.07

9 Bolus followed by continuous infusion 8.1 25,948 0.09

10 Bolus followed by continuous infusion 7.7 10,070 0.003

11 Bolus 2.1 16,117 0.0006

12 Bolus 7.35 8400 0.275
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