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Central nicotinic acetylcholine receptors (nAChRs) represent
major neurotransmitter receptors responsible for various brain
functions, and changes in the density of nAChRs have recently
been reported in several neurodegenerative diseases. Visualiza-
tion of nAChRs in human brain has thus been of great interest,
and the development of radiopharmaceuticals for the imaging
and quantitative assessment of central nAChRs has been de-
sired. In this study, we synthesized 5-11C-methyl-3-(2-(S)-aze-
tidinylmethoxy)pyridine (5MA), a derivative of 3-(2-(S)-azetidi-
nylmethoxy)pyridine (A-85380) 11C-methylated at position 5 of
the pyridyl fragment, and evaluated its potential for investigating
central nAChRs by PET. Methods: 11C-5MA was synthesized
by the incorporation of 11C-methyl iodide into 5-butylstannyl
A-85380, using a Pd-catalyzed coupling reaction. The affinity of
5MA for central nAChRs was measured by displacement of
(�)-3H-cytisine from binding sites in rat cortical membranes.
The biodistribution of 11C-5MA was determined with mice. PET
studies were performed on rhesus monkeys with a high-reso-
lution PET scanner for animals. Results: The overall synthesis
time was 60 min from the end of radionuclide production, and
the radiochemical yield, after purification by high-performance
liquid chromatography, was 30%. The radiochemical purity of
the product was �99%, with a specific radioactivity of �36
GBq/�mol. In vitro receptor-binding assays demonstrated that
5MA has a high, selective binding affinity for nAChRs, being
approximately 1.5-fold higher than that of A-85380, 3.5-fold
higher than that of (�)-cytisine, and 10-fold higher than that of
(�)-nicotine. The distribution studies in mice showed that the
brain uptake of 11C-5MA was profound. Regional cerebral dis-
tribution studies in mice demonstrated that the accumulation of
11C-5MA was consistent with the density of nAChRs, with the
highest uptake observed in the thalamus, a moderate uptake in
the cortex and striatum, and the lowest uptake in the cerebel-
lum. Furthermore, preinjection of nAChR-binding ligands, (�)-
nicotine and (�)-cytisine, reduced the uptake of 11C-5MA in
brain regions of high uptake in the untreated experiment. PET
imaging studies with 11C-5MA in rhesus monkeys demonstrated

clear images consistent with the distribution of nAChRs in the
brain. Conclusion: These results suggest that 11C-5MA is a
potential PET radiopharmaceutical for nuclear medical studies
of nAChRs in the brain.
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Nicotinic acetylcholine receptors (nAChRs) have been
implicated in a variety of brain functions and behavioral
states, including learning, memory, attention, and anxiety
(1–4). Furthermore, a decrease in central nAChRs has been
observed in several neurodegenerative diseases, including
Alzheimer’s disease (5–8) and Parkinson’s disease (9,10).
In addition, increases in nAChRs have been observed in the
brains of smokers (11).

Thus, imaging for nAChRs in the brain with PET or
SPECT has been of great interest for the evaluation of
brain functions and diagnosis of neurodegenerative dis-
eases. For this purpose, several radiotracers for PET or
SPECT of nAChRs have been developed (12–16).
Among these compounds,18F-fluorinated and123I-iodi-
nated derivatives of 3-(2-(S)-azetidinylmethoxy)pyridine
(A-85380) are promising because of their high, selective
affinity for �4�2, the predominant subtype of nAChR in
the brain, high cerebral accumulation, and low toxicity
(12,17–27).

5-Methyl-3-(2-(S)-azetidinylmethoxy)pyridine (5MA), an
A-85380 derivative methylated at position 5 of the pyridyl
fragment, has recently been reported to have high affinity
for nAChRs (28). In this study,11C-5MA was synthesized
and its receptor-binding affinity, biodistribution in rodents,
and imaging with PET in rhesus monkeys were investigated
to evaluate its potential for investigating central nAChRs by
PET.
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MATERIALS AND METHODS

(�)-3H-Cytisine (1.48 TBq/mmol) was purchased from NEN
Life Science Products, Inc. Nonradioactive 5MA was synthesized
according to the method of Karimi and Langstrom (29), and its
structure was confirmed by proton nuclear magnetic resonance,
mass spectrometry, and elemental analyses. All other chemicals
used were of reagent grade. Male ddY mice and Wistar rats were
supplied by Japan SLC Co. Ltd. and male rhesus monkeys (Ma-
caca mulatta) were obtained from Clea Japan, Inc. The animal
studies were conducted according to guidelines stipulated by the
Kyoto University Animal Care and Use Committee.

Radiosynthesis of 11C-5MA
11C was produced via a 14N(p, �)11C reaction with 11.3-MeV

protons on a target of nitrogen gas by an ultracompact cyclotron
(CYPRIS model 325; Sumitomo Heavy Industry Ltd.). The 11CO2

produced was transported to an automated synthesis system of
11C-methyl iodide (CUPID C-100; Sumitomo Heavy Indus-
try Ltd.). The synthesis of 11C-5MA is outlined in Figure 1. A
precursor, 5-(tri-n-butylstannyl)-3-((S)-1-(tert-butoxycarbonyl)-2-
azetidinylmethoxy)pyridine, was prepared according to methods
described in the literature (21,25,27). The precursor (1 mg) was
dissolved in 0.5 mL of freshly distilled N,N-dimethylformamide
and added into the reaction vessel containing tris(dibenzylidene-
acetone)dipalladium (4.6 mg), tri-o-tolylphosphine (6.1 mg), CuCl
(2.0 mg), and K2CO3 (2.8 mg) under argon gas. The 11C-methyl
iodide synthesized was transferred to the reaction vessel via a
nitrogen stream. After heating at 80°C for 3 min, the vessel was
cooled with chilled air. Cleavage of the tert-butoxycarbonyl pro-
tection was achieved by adding 1.0 mL of trifluoroacetic acid and
heating at 100°C for 5 min. After neutralization with the 6N NaOH
solution, the reaction solution was diluted with 10 mL of water and
loaded on an OASIS column (Waters). After the column was
washed with 2 mL of aqueous 5% methanol solution, radioactivity
was eluted with 0.5 mL of methanol. The eluted methanol solution
was then applied to a preparative high-performance liquid chro-
matography column (COSMOSIL 5C18-AR-300, 10 � 250 mm;
Nakalai), and 11C-5MA was eluted with 0.6% triethylamine in
acetonitrile and 0.01 mol/L ammonium acetate (3:1) at a flow rate
3.5 mL/min (retention time � 12 min for 11C-5MA). After collec-
tion of the radioactivity of 11C-5MA, the organic solvent was
removed in vacuo. The residue was diluted with saline and filtered
through a sterile 0.2-�m membrane filter into a sterile vial.

In Vitro nAChR-Binding Studies
The affinity of 5MA for nAChRs was measured on the basis of

the displacement of (�)-3H-cytisine from a preparation of rat
cerebral cortical synaptosomal membranes, according to the

method of Pabreza et al. (30) with a slight modification. In brief,
the cerebral cortex of male Wistar rats (230–250 g) was homog-
enized in 50 mmol/L Tris-HCl buffer (pH 7.4) containing 120
mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, and 2.5 mmol/L
CaCl2 with a Polytron (Brinkmann). The homogenate was then
centrifuged at 45,000g for 10 min at 4°C, and the pellet was
resuspended in fresh buffer to yield a synaptosomal membrane
suspension with a protein concentration of 1 mg/mL.

Binding assays were performed by incubation of 0.1 mL of the
cortical synaptosomal membrane suspension (1 mg protein) at 2°C
with (�)-3H-cytisine (5 nmol/L) and various concentrations of
competing drugs in 0.15 mL of 50 mmol/L Tris-HCl buffer (pH
7.4) containing 120 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L
MgCl2, and 2.5 mmol/L CaCl2. When acetylcholine was used in
competition studies, 200 �mol/L diisopropyl fluorophosphate, a
cholinesterase inhibitor, was added to the tissue homogenate ap-
proximately 30 min before initiation of the assay. Incubation was
performed for 75 min at 2°C, after which the samples were rapidly
filtered through polylysine-soaked Whatman GF/C filters, and the
filters were washed rapidly 3 times with 4 mL of ice-cold assay
buffer. Each filter was then placed into a 20-mL scintillation vial
containing 10 mL ACS II (Amersham) and the radioactivity bound
to the filter was measured with a liquid scintillation counter. The
50% inhibitory concentration (IC50) values were determined from
displacement curves of the percentage inhibition of (�)-3H-cy-
tisine binding versus the inhibitor concentration by means of the
LIGAND curve-fitting computer program (Elsevier-Biosoft). For
calculation of the inhibition constant (Ki), the value of 0.96 nmol/L
obtained by Pabreza et al. was used as the dissociation constant
(Kd) for (�)-cytisine (30).

Determination of Brain Uptake Index (BUI)
To assess the permeability of the blood–brain barrier, a BUI

study was performed in rats using the double-isotope, intracarotid,
single-injection technique of Oldendorf (31). Briefly, a mixture of
200 �L of saline containing 11C-5MA (3,700 kBq) and 14C-butanol
(37 kBq) was injected into the right common carotid artery of male
Wistar rats (250 g), and the rats were killed by decapitation 15 s
after the injection. Part of the cortex was removed from each rat
and the 11C radioactivity was measured in a NaI well scintillation
counter. After all 11C had decayed, the samples were treated with
NCS tissue solubilizer (Amersham) and the 14C radioactivity was
measured in a liquid scintillation counter. Finally, the BUI was
calculated according to the following formula:

BUI � �	11C in brain �kBq
/14C in brain �kBq
�/

	Injected 11C �kBq
/Injected 14C �kBq
�
 � 100.

Biodistribution Studies in Mice
Male ddY mice weighing about 30 g were injected via the tail

vein with 3.7 MBq 11C-5MA in 0.1 mL of saline solution. At the
designated times after injection, the mice were killed by decapi-
tation and their organs were removed. Then the tissues were
weighed and the radioactivity was measured in a NaI well scintil-
lation counter.

The relative binding affinity of 11C-5MA for nicotinic acetyl-
choline receptors was determined with various drugs, which were
injected into mice given 3.7 MBq 11C-5MA. (�)-Cytisine (1
mg/kg), (�)-nicotine (60 �g/kg), dexetimide (10 mg/kg), and
5MA (0.1 mg/kg) were injected intravenously 5 min before the
radioligand, whereas scopolamine (10 mg/kg) and mecamylamine

FIGURE 1. Radiosynthesis of 11C-5MA. TFA � trifluoroacetic
acid.

PET IMAGING AGENT OF NICOTINIC RECEPTORS • Iida et al. 879



(5 mg/kg) were injected subcutaneously 30 min before the radio-
ligand. The mice were killed 30 min after administration of the
radioligand; then the brain regions were dissected and the radio-
activity was measured in a NaI well scintillation counter.

Metabolic Studies
Male ddY mice weighing about 30 g were injected intrave-

nously with 111 MBq 11C-5MA and then decapitated 30 min after
injection. The brains were removed immediately and homogenized
in 1 mL of methanol. After centrifugation at 1,750g for 5 min at
4°C, the precipitate was washed with 1 mL of methanol and the
wash was combined with the supernatant. The combined methanol
extracts were evaporated under a stream of nitrogen to a small
volume and analyzed by thin-layer chromatography (methanol/
10% ammonium acetate aqueous solution, 1:1; Rf � 0.43–0.50 for
11C-5MA).

PET Study of 11C-5MA in Rhesus Monkey
PET studies were performed on a male rhesus monkey (M.

mulatta), 3.9 kg in body weight, with a multislice PET scanner for
animals (SHR-7700; Hamamatsu Photonics K.K.) (32,33). This
scanner provided 31 slices of tomographic images at 3.6-mm
intervals per frame. Transaxial resolution of the system was
2.6-mm full width at half maximum at the center of the field of
view. PET images were reconstructed by the filtered-backprojec-
tion method with a Hanning 4.5-mm filter.

After an overnight fast, a monkey was seated in the monkey
chair and fixed with stereotactic coordinates aligned parallel to the
orbitomeatal line. A cannula was implanted into the posterior tibial
vein for administration of a radiolabeled compound. The PET
scans were performed under dim light. Eight hundred megabec-
querels of 11C-5MA were injected through the posterior tibial vein
cannula. Each PET scan was performed for 121 min with 6 time
frames at 10-s intervals, 6 time frames at 30 s, and 12 time frames
at 1 min, followed by 35 time frames at 3 min. Regions of interest
(ROIs) were identified in 7 cortical regions (frontal, temporal and
occipital cortices, striatum, cingulate gyrus, thalamus, and cere-
bellum) according to MR images, and time–activity curves in ROIs
were obtained. Activities in ROIs were calibrated using the cross-
calibration factor calculated in the phantom study with a 10-cm-
diameter hollow phantom.

In the displacement studies, 5 mg/kg of (�)-cytisine were
injected intravenously 90 min before or 50 min after administra-
tion of 11C-5MA (800 MBq). The scanning was performed with the
same procedure as in the control study.

Statistical Analysis
Data are presented as mean � SD. Comparisons between

groups were performed with the Dunnett multiple comparisons
test. P 
 0.05 was considered statistically significant.

RESULTS

Radiosynthesis of 11C-5MA
11C-5MA was synthesized by the incorporation of 11C-

methyl iodide into the stannyl compound using a Pd-cata-
lyzed coupling reaction, followed by deprotection of the
N-butoxycarbonyl group with acidic condition, referring to
the report of Karimi and Langstrom (29) and the report of
Suzuki et al. (34); we used the tributylstannyl compound
instead of the trimethylstannyl compound as a precursor and

N,N-dimethylformamide instead of dimethyl sulfoxide as a
solvent (Fig. 1). The tributylstannyl compound has the
advantage that it can also be used as a precursor in the
synthesis of 123I-iodinated A-85380 (5IA), a SPECT radio-
pharmaceutical for nAChRs (21,25,27). The overall synthe-
sis time including the final formulation in saline was 60 min
from the end of radionuclide production, and the overall
decay-corrected radiochemical yield of 11C-5MA was 30%
calculated from the amount of 11C-methyl iodide. The ra-
diochemical purity of the product was �99%, with a spe-
cific radioactivity of �36 GBq/�mol, estimated from ultra-
violet absorbance at 274 nm.

In Vitro Binding
Using the reference compounds, A-85380, (�)-cytisine,

(�)-nicotine, acetylcholine, mecamylamine, and �-bunga-
rotoxin, the affinity of 5MA for brain nAChRs was mea-
sured by examining competition with (�)-3H-cytisine for
binding sites in rat cortical membranes. Figure 2 illustrates
competitive binding curves representative of these com-
pounds, and the Ki values determined from IC50 are sum-
marized in Table 1. 5MA showed approximately 1.5-fold
higher affinity than A-85380, 3-fold higher affinity than
(�)-cytisine, and 10-fold higher affinity than (�)-nicotine.
Since A85380, (�)-cytisine, and (�)-nicotine are com-
pounds with high affinity for central nAChRs (12,18,30),
these results indicate that 5MA showed high binding affinity
for nAChRs.

Determination of BUI
The BUI of 11C-5MA was investigated in rats. 11C-5MA

showed a moderate BUI (mean � SD � 9.4 � 3.1 with
respect to the 14C-butanol reference).

Biodistribution Studies in Mice
The results of the radioactivity distribution studies in

mice after intravenous administration of 11C-5MA are sum-
marized in Table 2. 11C-5MA gradually entered the brain

FIGURE 2. Inhibition of (�)-3H-cytisine binding to rat cortical
membranes by various drugs.
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and a high uptake of radioactivity was observed over 15–30
min, after which there was a decline with time. The radio-
activity in blood was cleared rapidly. The brain-to-blood
ratio of radioactivity increased with time, and the highest
ratio was 4.3 at 60 min after injection. A high initial uptake
was also observed in the kidneys, pancreas, liver, and lungs,
but the radioactivity in these organs cleared rapidly. No
abnormality was observed in behavior after injection of
11C-5MA.

The temporal distribution of the radioactivity in various
regions of the mouse brain is shown in Figure 3. Differences
in the regional distribution of radioactivity were observed—
that is, the thalamus showed the highest uptake, followed by
the cortex, striatum, and cerebellum in that order. The
thalamus-to-cerebellum ratio gradually increased with time,
and the highest value was 2.5 at 60 min. The regional
distribution of 11C-5MA at 30 min parallels the distribution
of nAChRs determined by the in vitro binding assay (35)
(r � 0.97) (Fig. 4). Furthermore, the effects of various drugs
on the levels of 11C-5MA in various regions were studied.
As shown in Figure 5, the administration of (�)-nicotine

and (�)-cytisine, compounds with high affinity for central
nAChRs (13,18,30,36), reduced the uptake of radioactivity
at higher magnitude in the region of higher uptake in the
untreated brain and resulted in almost the same level
throughout the brain. Similar results were observed in the
treatment with nonradioactive 5MA. However, the admin-
istration of dexetimide and scopolamine, drugs with high
selective affinity for muscarinic cholinergic receptors (22),
caused no changes in the regional uptake. Similar negative
results were observed for mice treated with mecamylamine,
a noncompetitive nicotinic antagonist (4). None of the com-
pounds tested had an effect on the radioactivity in the blood.

TABLE 1
Ki Values for Inhibiting (�)-3H-Cytisine Binding to Rat

Brain Synaptosomal Membranes

Compound Ki (nmol/L)

5MA 0.27 � 0.16*
A-85380 0.38 � 0.01*
(�)-Cytisine 0.92 � 0.42*
(�)-Nicotine 2.71 � 0.73*
Acetylcholine 13.40 � 2.61*
Mecamylamine �1,000,000†

�-Bungarotoxin �1,000,000†

*Mean � SD of 3 independent experiments.
†Not inhibited at the highest concentration tested (10�4 mol/L).

TABLE 2
Biodistribution of Radioactivity After Administration of 11C-5MA

Biodistribution

Time after injection (min)

2 5 15 30 60

Blood 1.73 � 0.35 1.35 � 0.02 1.09 � 0.06 0.83 � 0.11 0.42 � 0.02
Intestine 3.08 � 0.58 3.22 � 0.56 2.47 � 0.13 2.44 � 0.34 1.90 � 0.39
Liver 7.29 � 1.30 7.80 � 0.36 5.53 � 0.33 4.09 � 0.52 2.34 � 0.24
Kidney 20.0 � 3.99 18.2 � 0.19 21.6 � 4.21 6.94 � 1.09 4.88 � 0.93
Stomach 2.01 � 0.17 2.79 � 0.34 2.56 � 0.13 3.52 � 0.52 2.19 � 1.00
Spleen 3.31 � 0.68 5.46 � 0.97 4.28 � 0.52 4.14 � 1.83 1.57 � 0.82
Pancreas 7.77 � 1.08 7.00 � 1.23 3.30 � 0.12 1.93 � 0.22 0.88 � 0.24
Heart 4.87 � 1.60 2.94 � 0.51 1.53 � 0.21 1.12 � 0.30 0.62 � 0.34
Lung 7.14 � 2.46 5.78 � 0.78 2.42 � 0.46 1.54 � 0.29 0.94 � 0.32
Brain 1.23 � 0.12 1.66 � 0.09 2.24 � 0.12 2.19 � 0.24 1.87 � 0.21
Br/Bl* 0.71 � 0.15 1.23 � 0.07 2.06 � 0.19 2.65 � 0.23 4.28 � 0.46

*Br/Bl � brain-to-blood ratio (percentage of injected 11C dose/gram of organ ratio).
Biodistribution of radioactivity is expressed as percentage of injected 11C dose/gram of organ (mean � SD for 4 mice).

FIGURE 3. Regional brain uptake of 11C-5MA in mice. F,
Thalamus; E, cortex; Œ, striatum; f, cerebellum. Data are pre-
sented as mean � SD.
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The analysis of brain homogenates was performed at 30
min after injection of 11C-5MA. Approximately 90% of the
radioactivity in the homogenate could be extracted with
methanol. No radioactive metabolites were observed in the
brain homogenates, indicating that the cerebral accumula-
tion of radioactivity occurred in the intact form.

PET Study of 11C-5MA in Rhesus Monkey
A PET imaging study with 11C-5MA in a rhesus monkey

demonstrated high uptake and a noticeably heterogeneous
distribution of radioactivity in the brain. Figure 6A shows a
PET image of 11C-5MA in monkey brain slices at 60–90

min after injection. A high accumulation of radioactivity
was observed in the thalamus. Figure 6B shows the effect of
(�)-cytisine on the cerebral distribution of 11C-5MA. Treat-
ment with (�)-cytisine 90 min before injection of the ra-
dioligand reduced the accumulation of radioactivity in re-
gions of high uptake in the untreated experiment and
resulted in nearly identical levels of radioactivity in all
regions. Figure 7 shows time–radioactivity curves in the
thalamus and cerebellum after intravenous injection of 11C-
5MA. After injection of 11C-5MA, the radioactivity was
rapidly taken up by the brain. Thereafter, the radioactivity in
the thalamus increased further with time and then remained
constant after 50 min, whereas that in the cerebellum was
constant at 5–30 min and then decreased gradually with

FIGURE 4. Correlation between radioactivity levels deter-
mined from in vivo distribution of 11C-5MA and density of nic-
otinic cholinergic receptor sites as determined by in vitro (�)-
3H-cytisine binding (35).

FIGURE 5. Effect of various drugs on regional uptake of 11C-
5MA in mice 30 min after injection. 11C-5MA was intravenously
injected 5 min after intravenous administration of (�)-cytisine (1
mg/kg), (�)-nicotine (60 �g/kg), dexetimide (10 mg/kg), 5MA
(0.1 mg/kg), and saline and 30 min after subcutaneous admin-
istration of scopolamine (10 mg/kg) and mecamylamine (5 mg/
kg). Data are presented as mean � SD. *P 
 0.01 as compared
with saline control group (Dunnett multiple comparisons test).

FIGURE 6. Transaxial PET images at 60–90 min after injection
of 11C-5MA in rhesus monkey. (A) 11C-5MA alone. (B) (�)-Cy-
tisine (5 mg/kg) administered 90 min before 11C-5MA injection.

FIGURE 7. Time–radioactivity curves of 11C-5MA in rhesus
monkey. (�)-Cytisine (5.0 mg/kg) was intravenously adminis-
tered 50 min after 11C-5MA injection. F, Thalamus in control
study; f, cerebellum in control study; E, thalamus in (�)-cy-
tisine displacement study; �, cerebellum in (�)-cytisine dis-
placement study.
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time after approximately 30 min. The treatment with (�)-
cytisine (5 mg/kg, intravenous) 50 min after injection of the
radioligand rapidly reduced the radioactivity in the thala-
mus, resulting in nearly the same level of radioactivity as
that in the cerebellum 50 min after (�)-cytisine administra-
tion. In contrast, no change in the level of radioactivity was
observed in the cerebellum on treatment with (�)-cytisine.
The level of radioactivity in the blood was not significantly
different after (�)-cytisine treatment.

DISCUSSION

The basic requirements for the effective use of radioli-
gands for in vivo studies of central nAChRs include high
affinity and selectivity for the receptors, quantitatively sig-
nificant brain uptake after peripheral administration, and a
regional cerebral distribution that is well correlated with the
nAChR density of a site (12).

Since 5IA, an A-85380 analog iodinated at the 5-position
of the pyridine ring, showed high affinity for nAChRs
without a disturbance of receptor binding (12,21,28,37), it
has been suggested that position 5 of the pyridyl fragment is
the appropriate site for introduction of the 11C-methyl group
in A-85380. In fact, Holladay et al. recently found that 5MA
has high affinity for nAChRs (28). Our study on the recep-
tor-binding assay also confirmed high affinity of 5MA for
nAChRs—that is, 5MA has approximately 1.5 times higher
affinity than A-85380, 3.5 times higher affinity than (�)-
cytisine, and 10 times higher affinity than (�)-nicotine (Fig.
2; Table 1). Thus, the results indicate that position 5 is a
suitable site for introduction of the methyl group in the
A-85380 molecule.

In vivo biodistribution studies with 11C-5MA showed
high accumulation in the brain. The radioactivity in the
brain increased with time after injection and the peak level
was reached at 15 min, showing an increase by a factor of
1.8 compared with that at 2 min (Table 2). The slightly slow
uptake kinetics of 11C-5MA by the brain may be responsible
for the moderate BUI.

Studies on the regional brain distribution showed that
5MA had high accumulation of radioactivity in the thala-
mus, intermediate accumulation in the cortex, striatum, and
hippocampus, and low accumulation in the cerebellum (Fig.
3). This regional distribution correlated well with the known
distribution of nAChRs (35) (Fig. 4). In addition, the ad-
ministration of (�)-cytisine and (�)-nicotine, nAChR-bind-
ing agents (13,18,28,30,36), reduced the uptake of radioac-
tivity at higher magnitude in regions of higher uptake in the
untreated brain and resulted in almost the same level
throughout the brain. However, dexetimide, scopolamine,
and mecamylamine did not influence the cerebral distribu-
tion of 11C-5MA. These results indicate the selective bind-
ing of 11C-5MA to nAChRs in the brain. Furthermore,
injection of nonradioactive 5MA (0.1 mg/kg) resulted in a
marked reduction in the uptake of radioactivity in the brain.
This finding demonstrated the saturability of the sites la-

beled with 11C-5MA. These results on selectivity and satu-
rability indicated that 11C-5MA binds to nAChRs in the
brain after intravenous injection.

Imaging studies with PET in rhesus monkey demon-
strated that 11C-5MA can be used to visualize nAChRs in
the brain. Furthermore, 11C-5MA uptake was displaced by
treatment with (�)-cytisine, showing that the binding of
11C-5MA to nAChR sites was reversible.

When the in vivo behavior of 11C-5MA in the mouse
brain was compared with previously published data on other
A85380 derivatives labeled with a positron radionuclide,
2-18F-fluoro-A-85380 (2-18F-FA) and 6-18F-fluoro-A-85380
(6-18F-FA) (38,39), the total uptake and the thalamus-to-
cerebellum ratio, target-to-nontarget ratio, of 11C-5MA in
the mouse brain were lower than those of 2-18F-FA and
6-18F-FA. On the other hand, the uptake rate of 11C-5MA by
the thalamus was comparable with that of 2-18F-FA and
faster than that of 6-18F-FA, and clearance of 11C-5MA from
the thalamus was faster than 6-18F-FA and slower than
2-18F-FA. However, with regard to the accumulation and
clearance in the thalamus, it has been reported that, in the
baboon, 6-18F-FA exhibited faster accumulation followed
by a faster decline compared with that of 2-18F-FA, as
opposed to the data in mice (40). Thus, although a high
uptake and target-to-nontarget ratio of 2-18F-FA and
6-18F-FA in the mouse brain may be preferable to 11C-5MA,
further comparative studies are required on cerebral behav-
ior of the 3 radioligands in other animals.

In addition, displacement studies of 11C-5MA showed
that some radioactivity remained in the brain after treatment
with (�)-nicotine and (�)-cytisine. Although the cause of
this finding is unclear, it may be due to high nonspecific
binding or a large amount of free ligand in the brain. In this
study, the timing of the displacement studies (30 min) may
have been too early to remove completely free ligands from
the brain because the radioactivity in the cerebellum de-
clined further with time after 30 min (Fig. 3). More studies
are required of this high residual uptake.

CONCLUSION

In this study, 11C-5MA, an A-85380 derivative 11C-meth-
ylated at position 5 of the pyridyl fragment, was synthesized
by rapid 11C-methylation using 11C-methyl iodide. In vitro
competitive binding studies showed high affinity of 5MA
for brain nAChRs. In vivo biodistribution studies demon-
strated that 11C-5MA showed high brain uptake and regional
cerebral distribution in association with nAChRs after in-
travenous injection. Furthermore, 11C-5MA allowed visual-
ization of central nAChR sites in the rhesus monkey by
PET. Thus, 11C-5MA is a potential radioligand for use in
PET investigations of central nAChRs in humans.
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