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Evaluation of radioiodinated 5-iodo-3-(2§)-azetidinylmethoxy)pyridine
as a ligand for SPECT investigations of brain nicotinic acetylcholine receptors
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5-lodo-3-(2§)-azetidinylmethoxy)pyridine (51A), an A-85380 analog iodinated at the 5-position
of the pyridine ring, was evaluated as a radiopharmaceutical for investigating brain nicotinic
acethylcholine receptors (nAChRs) by single photon emission computed tomography (SPECT).
[123/129]51A was synthesized by the iododestannylation reaction under no-carrier-added conditions
and purified by high-performance liquid chromatography (HPLC) with high radiochemical yield
(50%), high radiochemical purity (> 98%), and high specific radioactivity (> 55/@&xd). The
binding affinity of 5IA for brain nAChRs was measured in terms of displacemettijof/fisine

and [29]51A from binding sites in rat cortical membranes. The binding data revealed that the
affinity of 51A was the same as that of A-85380 and more than seven fold higher than)at of (
nicotine, and that 51A bound selectively to th32 nAChR subtype. Biodistribution studies in rats
indicated that the brain uptake &¥]5IA was rapid and profound. Regional cerebral distribution
studies in rats demonstrated that the accumulatiof¥BJA was consistent with the density of

high affinity nAChRs with highest uptake observed in the nAChR-rich thalamus, moderate uptake
in the cortex and lowest uptake in the cerebellum. Administration of the nAChR agelsts (
cytisine and €)-nicotine reduced the uptake dfl]5IA in all regions studied with most
pronounced reduction in the thalamus, and resulted in similar levels of radioactivity throughout the
brain. F29]51A binding sites were shown to be saturable with unlabeled 51A. Behavioral studies in
mice demonstrated that 51A did not show signs of behavioral toxicity. Furthermore, SPECT studies
with [123]51A in the common marmoset demonstrated appropriate brain uptake and regional
localization for a high-affinity NAChR imaging radiopharmaceutical. These results suggested that
[123]51A is a promising radiopharmaceutical for SPECT studies of central nAChRs in human
subjects.
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INTRODUCTION sity of nicotine receptors has also been reported in the
brains of smokers:-*3In addition, evidence of an impor-
CHANGES IN THE DENSITY Of nicotinic acetylcholine recep- tant role of NAChRs in cognition and improvement of
tors (NAChRs) have recently been reported in the brains otognitive function by nicotine have been report&d®
patients with various disorders, including Alzheimer’'s These observations and the superior radiation properties
disease and Parkinson’s dise&3€ An increased den-  of 123 for single photon emission computed tomography
(SPECT) prompted us to develop a radioiodinated ligand
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was the same as that ej-icotine, the parent compound, pharmacophoric elements and A-85380 was superim-
and deiodinationn vivowas minimized. These results posed on<)-5-iodonicotine, the position of iodine iB){
indicated that position 5 of the pyridine ring &f){ 5-iodonicotine was superimposed on position 5 of the 3-
nicotine was the most practical site for iodination from the pyridyl fragment in A85380 as shown in Figure 1. Tfozes
viewpoints of minimum disturbance of receptor binding since ¢)-5-iodonicotine showed the same affinity 8s (
and maximurmin vivo stability, but its usefulness was nicotine without disturbance of receptor binding, it has
significantly impaired by high nonspecific uptake and been suggested that the 5 position of the 3-pyridyl frag-
rapid clearance from the brain. Impetus for further work ment is the best site for iodination in A-85380.
on the development of a radioligand fovivoimaging In fact, Koren et al. recently synthesized all of the A-
of nAChRs has been provided by the discovery of 85380 derivatives iodinated at possible positions of the 3-
epibatidine, an alkaloid from the skin of the poisonous pyridyl fragment, that is 2-, 4-, 5- and 6-iodinated deriva-
Ecuadorian frogpipedobatus tricolowith extremely  tives of A-85380 and found that an A-85380 derivative
high affinity for NnAChRs in the braift=3! The radio- iodinated at the 5 position of the 3-pyridyl fragment, 5-
iodinated epibatidine derivatives)texo-2-(2-}?3]iodo- iodo-3-(2@)-azetidinylmethoxy)pyridine (51A), had the
5-pyridyl)-7-azabicyclo[2.2.1]heptane (IPH) has been highest affinity for nAChRs among all synthesized de-
synthesized and shown to be a highly specific and selecrivatives3® Furthermore, they performed biodistribution
tive nAChRs ligand with favorable brain accumulation studies in mice and SPECT image studies in baboons, and
and kinetics’®31 But IPH displayed a narrow safety suggested that{3]5IA is a promising SPECT imaging
margin as it produced catecholamine release and proagent of nAChRS/#!
nounced cardiovascular effects at a very low dose of In this study, to evaluate the applicability &]5I1A
approximately 30 times that neededifovivo imaging?® to the clinical nuclear medical imaging studies of neu-
More recently, 3-[2f)-2-azetidinylmethoxy]pyridine (A-  ronal nAChR, 5IA was synthesized andiitvitro recep-
85380) has been developed, which has high affinity com-tor binding affinity and selectivity, biodistribution in rats
parable to that of epibatidine at nAChRs but with much including regional cerebral distribution, acute toxicity
less toxicity>? The favorable properties forvivonAChR and imaging with SPECT in the common marmoset were
imaging therefore prompted us to synthesize a radioio-investigated. A part of this work was presented at the
dinated A-85380 analog. 119th meeting of The Pharmaceutical Society of Japan,
The selection of the site introduced radioiodine is held in 1999 (Tokushima).
important for the development of a radioiodinated nAChR
imaging agent, as demonstrated in design—9f5- MATERIALS AND METHODS
iodonicotinel®29With regard to the nicotinic phar-
macophore, the recently developed model suggests thaBodium [?H]iodide (specific activity: 81.4 GBginol)
the binding of nicotine to NAChRs is associated with a and PH](-)-cytisine (1.13 TBg/mmol) were purchased
pyrrolidine nitrogen atom (a cationic center), a pyridine from Amersham International, Plc. Ammonium
nitrogen atom (an electronegative atom), planarity of the[*?3]iodide produced by the indirect method witiXe
pyridine ring (a dummy point or an atom to define a line (p,2n) *>Cs and/or*?*Xe (p,pn) ?3Xe reactions was
along which the hydrogen bond may form), and the obtained from Nihon Medi-Physics Co. Ltd. (specific
distance between the two nitrogen atéi18>Therefore, activity : 8.88 TBgumol). All other chemicals used were
when a cationic center, a pyridine nitrogen atom andof reagent grade. Male Wistar rats were supplied by Japan
planarity of the pyridine ring were selected as essentialSLC Co. Ltd. (Hamamatsu, Japan) and a male common
marmoset Callithrix jacchug was obtained from
Sumitomo Chemical Co. Ltd. (Osaka, Japan). The animal
studies were conducted in accordance with our institu-
tional guidelines and approved by Kyoto University Ani-
mal Care Committee.

Synthesis of 5-iodo-3-(3f-azetidinylmethoxy)pyridine

i TR (51A)
;-_th 8| i i T 5IA was synthesized according to the methods of Koren
' M “'"“_5 et al. and Musachio et &:*°Briefly, the procedures for
RimE——— T preparation of 5IA are described below (Fig. 2).

(9)-1-(tert-Butoxycarbonyl)-2-azetidine-2-carboxylic acid

Fig. 1 Chemical structures of 5-iodo-3-Qfazetidinyl- 2

methoxy)pyridine (51A) and related compounds and superposi- To an ice-cold solution of§j-2-azetidinecarboxylic acid

tion of A-85380 on <)-5-iodonicotine. (1) (600 mg, 5.94 mmol) in 1,4-dioxane : water (18 m
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Fig. 2 Synthesis of unlabeled 51A and¥!23]51A.

1: 1) was added dert-butyl dicalbonate (1.69 g, 7.72 ml) was added diethyl azodicarboxylate (3.8 &5
mmol) at 0C, followed by triethylamine (9521, 6.83 mmol) at 0C under an argon atmosphere, followed by
mmol). The reaction mixture was stirred for 18 h, with triphenylphosphine (2.2 g, 8.5 mmol). After 10 min,
gradual warming to room temperati2evas yieldedasa compound (1.5 g, 8.5 mmol) was added to the reaction
white semisolid by extraction with ethyl acetate (1.16 g, mixture and stirred for 40 b.was yielded as a colorless
97% yield).!H-NMR (CDCls): 1.48 (s, 9H), 2.37-2.60 oil by purification by flash silica gel column chromatog-
(m, 2H), 3.99-3.83 (m, 2H), 4.78-4.84 (t, 1H). FAB MS raphy (0.73 g, 37% yield}H-NMR (CDCls): 1.43 (s,

m/z: 202 (M + HJ. 9H), 2.25-2.42 (m, 2H), 3.90 (t, 2H), 4.12 (dd, 1H), 4.32—
4.33 (m, 1H), 4.51-4.53 (m, 1H), 7.43-7.44 (t, 1H), 8.29
(S)-1-(tert-Butoxycarbonyl)-2-azetidinemethan8) ( (m, 2H). FAB MS m/z: 343, 346 (M + H)Anal.Calcd for

To a solution of the compoura(1.97 g, 9.82 mmol) in  C14H19N203Br: C, 48.99; H, 5.58; N, 8.16. Found: C,
tetrahydrofuran (THF) (21 lhwas added borane/THF 48.90; H, 5.66; N, 8.30.

complex (1M, 10 M 4.5 equiv.) at C under an argon

atmosphere. The mixture was allowed to gradually warm5-(Tri-n-butylstannyl)-3-($)-1-(tert-butoxycarbonyl)-2-

to room temperature and was stirred for 48 lwas azetidinylmethoxy)pyridiner)

yielded as a colorless oil by extraction with ethyl acetate Compounds (500 mg, 1.46 mmol) and hexabutylditin
(1.65 g, 90% yield)*H-NMR (CDCl): 1.45 (s, 9H), (2.11 g, 3.64 mmol) were dissolved in dry toluene (4 m
1.96-2.12 (m, 1H), 2.14-2.27 (m, 1H), 3.72-3.92 (m, and a catalytic amount of tetrakis(triphenylphosphine)

4H), 4.43 (m, 1H). palladium (16.8 mg, 0.015 mmol) was added. The mixture
was refluxed with stirring for 18 h under an argon atmos-
3-Hydroxy-5-bromopyridinesj phere.7 was yielded as a colorless oil by purification by

Over a period of 5 h, 5.5Ir(0.108 mol) of bromine was  silica gel column chromatography (0.47 g, 58%)-
added dropwise to a solution of 0.05 mol (4.86 g) of 2- NMR (CDCls): 0.86-1.59 (m, 36H), 2.00-2.05 (m, 1H),
furfurylamine @) in 21.7 g of 11.5% hydrobromic acid 2.26—2.39 (m, 2H), 3.90 (dd, 2H), 4.15 (dd, 1H), 4.32 (dd,
(0.031 mol) at-12°C. The solution was subsequently 1H), 4.52—4.54 (m, 1H), 7.28-7.30 (dd, 1H), 8.21 (dd,
stirred under nitrogen for 17 h-&20°C. After a stream of ~ 1H), 8.23 (dd, 1H). FAB-MS m/z: 553, 555 (M +*H)
nitrogen was passed through the resulting solution, theAnal. Calcd for GeH4sN203Sn: C, 56.43; H, 8.38; N,
solution obtained was brought to pH 1, followed by 5.06. Found: C, 56.23; H, 8.54; N, 5.16.
refluxing for 5 min at 13C. 5 was yielded as a white
powder by recrystallizing from toluene (1.29 g, 15% 5-lodo-3-()-1-(tert-butoxycarbonyl)-2-azetidinyl-
yield. 'H-NMR (CDCh): 7.43-7.44 (t, 1H), 8.18-8.19 (d, methoxy)pyridine8)
1H), 8.23-8.24 (d, 1H). FAB MS m/z: 174, 176 (M +H) A solution of iodine monochloride (11 mg, 0.068 mmol)
Anal. Calcd for GH4NOBr: C, 34.51; H, 2.32; N, 8.05. in 10 ml of chloroform was added dropwise to a stirred
Found: C, 36.33; H, 2.71; N, 8.26. suspension of (31.2 mg, 0.056 mmol) in chloroform (2
ml). The reaction mixture was stirred at ambient tempera-
5-Bromo-3-(8)-1-(tert-butoxycarbonyl)-2-azetidinyl-  ture for an additional 1h and yield8ds a colorless oil.
methoxy)pyridineq) 'H-NMR (CDClk): 1.43 (s, 9H), 2.28-2.35 (m, 2H), 3.90
To a solution of compour®i(1.1 g, 5.7 mmol) in THF (30  (t, 2H), 4.09-4.13 (dd, 1H), 4.31-4.32 (m, 1H), 4.50-4.52
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(m, 1H), 7.60-7.61 (dd, 1H), 8.29-8.30 (d, 1H), 8.43 (d, mM NaCl, 5 mM KCI, 1 mM Mgd, and 2.5 mM CagGl

1H). with a Polytron. The homogenates were then centrifuged
at 45,000x g for 10 min at 4C, and the pellets resus-

5-lodo-3-(26)-azetidinylmethoxy)pyridine dihydro- pended in fresh buffer to yield a synaptosomal membrane

chloride (51A) Q) suspension with a protein concentration of 10 nhgfine

To a solution of compound (107 mg, 0.27 mmol) in  protein concentration was measured by the method of

absolute ethanol (3.5ljnat ®C under an argon atmos- Lowry et al*3

phere was added a saturated solution of hydrogen chloride

in ethanol (3.5 ). The reaction mixture was stirred Inhibition of [®H]cytisine and [?A]51A binding to rat

for 4.5 h while gradually warming to room temperature. cortical membranes by various drugs

The resulting white powder was obtained by filtration, Aliquots of 100ul of the cortical membrane preparation

and washed with ethyl ether, yieldi8d10.6 mg, 11% (1 mg protein) were incubated &2with various con-

yield) as a white powdetH-NMR (D20): 2.72 (dd, 2H),  centrations of competing drugs and the radioligand (5 nM

4.07-4.22 (m, 2H), 4.50 (d, 2H), 4.80—4.84 (m, 1H), 4.95— [3H](-)-cytisine or 0.6 nME3]51A) in 0.15 m of 50 mM

5.01 (m, 1H), 4.32 (dd, 1H), 4.52—-4.54 (m, 1H), 8.35 (d, Tris-HCI buffer (pH 7.4) containing 120 mM NaCl, 5 mM

1H), 8.50 (d, 1H), 8.65 (d, 1H). FAB-MS m/z: 291 KCI, 1 mM MgCh, and 2.5 mM CaGl When acetylcho-

CoH11N20I1 (M + H)*. Anal Calcd for GH11N2O[2HCI: line was used in competition studies, 200 diisopropyl

C, 29.78; H, 3.61; N, 7.72. Found: C, 29.30; H, 3.53; N, fluorophosphate, a cholinesterase inhibitor, was added to

7.53. the tissue homogenate approximately 30 min before
starting the assay. Incubation was performed for 75 min

Radiosynthesis of{3]51A and [*23]5IA (11) at 2°C, after which the samples were rapidly filtered

[*29]51A through polylysine-soaked Whatman GF/C filters, and

To a mixture of sodiumfJiodide was added compound  the filters were washed rapidly three times with 4o

7 (0.1 mg in ethanol), 1.5% aqueous acetic acid and 30%ce-cold assay buffer. FotH](-)-cytisine, the filter was
aqueous hydrogen peroxide, and the mixture was stirreplaced in a 20-mscintillation vial containing 10 hof

for 30 min at room temperature. Concentrated hydrochlo-ACS Il (Amersham), and the radioactivity bound to the
ric acid was then added, and stirred for 5 min at roomfilter was counted. Fot3]5IA, the radioactivity bound
temperature. The mixture was then bacified with 3N to the filter was measured in a Nal well scintillation
sodium hydroxide, the product was extracted with ethyl counter. Nonspecific binding was determined in the pres-
acetate, and the combined organic layers were evapoence of 1 mM €)-nicotine. The |G values were deter-
rated. The residue was dissolved in methanol, and purifiednined from displacement curves of the percent inhibition
by reverse-phase HPLC [Cosmosil:5300 10x 250  of [3H](-)-cytisine or [?A]5IA binding versusthe inhibi-
mm, Nacalai Tesque, Kyoto, Japan, eluted with methanol:tor concentration by means of the LIGAND curve-fitting
10 mM ammonium acetate : triethylamine (375 : 376 : 1) computer program (Elsevier-Biosoft, Cambridge, U.K.).

at a flow rate of 1.5 himin (tr = 40 min for [?A]51A)]. Ki values were calculated by the method of Cheng and
Prusoff4* To calculate K the value of 0.96 nM reported
[*23]51A by Pabreza et al. was used as tbddf cytisine?? and the

After an ammonium'f3Jiodide solution was heated and value obtained in this study (0.22 nM) was used as the K
the solvent was removed, compouh(.1 mg in etha-  for 5IA.

nol), 1.5% aqueous acetic acid, 3N hydrochloric acid and

30% aqueous hydrogen peroxide were added to a vial an®iodistribution studies

stirred for 30 min at 6. To the resulting solution was Male Wistar rats weighing about 230 g were injected via
added concentrated hydrochloric acid, followed by stir- the tail vein with f?2]51A (111 kBq) in 0.2 nhof ethanolic

ring for 5 min at 60C. The mixture was then bacified with  saline solution (< 0.5% ethanol). At the designated time
3N sodium hydroxide, the product was extracted with points after injection, the rats were killed by decapitation
ethyl acetate, and the combined organic layers wereand their organs were removed. The tissues were then
evaporated. The residue was purified by the same proceweighed and the radioactivity was counted in a Nal well

dure as described folfl]51A by HPLC. scintillation counter.
The relative binding affinity of*P3]5IA for nicotinic
Preparation of rat brain synaptosomes acetylcholine receptors was determined with various drugs,

Preparation of synaptosomal membranes from the ratwhich were injected into rats given 111 kBq Bf5IA.
cortex, thalamus, striatum, superior colliculus and cer- (-)-Cytisine (1 mg/kg), €)-nicotine (60ug/kg), (+)-
ebellum were carried out according to the method of nicotine (0.3 mg/kg), dexetimide (10 mg/kg) and 5IA (0.1
Pabreza et al. with slight modificatioffsBriefly, each mg/kg) were injected intravenously 5 min before the
tissue sample from male Wistar rats (230 g) was homog-adioligand, and scopolamine (10 mg/kg) and mecamil-
enized in 50 mM Tris-HCI buffer (pH 7.4) containing 120 amine (5 mg/kg) were injected subcutaneously 30 min
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before the radioligand. The rats were killed 60 min after formula:
radioligand administration. The brain regions were dis- 128 or 34 in brain4C in brain

i ivi BUI = — _ x 100
sected and the radioactivity was counted. Injected™ or 3H/Injected™C

Ex vivo autoradiographic studies Measurement of the octanol/water partition coefficient
Two groups of male Wistar rats weighting about 250 g The partition coefficient for'f3]5IA and [*H]nicotine

were used. One group was intravenously injected with 1.7was determined according to the previously reported
MBq of [*29]5IA, and the other group received the same method?® Briefly, a 104l aliquot of the sample was mixed
dose of }?9]51A 5 min after intravenous injection of - with 3 ml each of 1-octanol and 0.1 M phosphate buffer in
cytisine (1 mg/kg). At 60 min after radioligand injection, a test tube. The tube was shaken vigorousby 13min)

the rats were decapitated, and their brains were quicklyand incubated for 20 min at room temperature, shaken and
removed, frozen, and cut into sectiong@0thick with a incubated again twice. After these procedures, the tube
cryomicrotome. The sections were thaw-mounted on gela-was centrifuged at 1,750g for 5 min at 4C. Then 1-rh
tin-coated slides, which were then placed on autoradiog-aliquots of each phase were removed, and the samples
raphy film (Hyperfilm2H type, Amersham) for 8 days from [*?3]5IA were counted in a Nal well scintillation
along with calibrated?-labeled external standards counter and those fromH]nicotine were counted in a

([**™]Microscales, Amersham). liquid scintillation counter.
Metabolic studies Acute toxicity experiments
Male Wistar rats weighing about 230 g were injected Male ICR mice weighing 28-32 g (five per group) were
intravenously with 111 kBq ot{9]5IA and then decapi-  injected via the tail vein with one of three doses of 5I1A: 0.1

tated 60 min after injection. The brains were removed ug/kg, 1ug/kg or 10 g/kg. For 60 min after administration
immediately and homogenized in 2 o methanol. After  of 51A, the pharmacological effects were observed.
centrifugation at 1,758 gfor 10 min at 4C, the precipi-

tate was washed with 1l af methanol and the wash was SPECT studies of43]5IA in the common marmoset
combined with the supernatant. The combined methanolA male common marmoset (410 g) was first anesthetized
extracts were evaporated under a stream of nitrogen to antramuscularly with 20 mg/kg ketamine and 3mg/kg
small volume, and analyzed by HPLC on a Cosmosil xylazine intramuscularly. Anesthesia was maintained
5C1e-300 column (16 250 mm, Nacalai Tesque, Kyoto, throughout the study by intraperitoneal injection of so-
Japan) eluted with methanol : 10 mM ammonium acetatedium pentobarbital. The animal was placed in the SPECT
(45 : 55) at a flow rate of 1.5lfmin (r = 22 min for bed and the head was restrained in a stereotaxic apparatus
[*?9]51A). The blood samples were collected in heparin- specifically designed for the SPECT scanner.

ized tubes and centrifuged at 1,009 for 10 min at 2C A two-scan protocol was used. In the control study, 300
to collect plasma samples. These plasma samples werbIBq of [123]51A was injected into the tail vein. For the
extracted twice with 2 hof methanol, and the combined displacement study, 6 mg/kg ef){cytisine was injected
methanol extracts were analyzed by HPLC as describedubcutaneously at 60 min after administratiod&f]pIA

above. (260 MBq). Sequential images of the brain were obtained
over 4 hr with a SPECT-2000H scanner (Hitachi Medical
Determination of the brain uptake Index (BUI) Co., Tokyo, Japan) with specially designed pinhole colli-

The BUI values for PA]51A and [PH]nicotine were  mators?’ The energy window was symmetricali0%),
determined by the method of Oldend$IfA mixture of and centered on the iodine-123 photopeak (159 keV).
200 ul of saline containing the labeled compounds (37 Images were reconstructed with a standard filtered
kBq) and }“C]butanol was injected into the right common back projection algorithm. Regions of interest (ROIs)
carotid artery of male Wistar rats (250 g) and the rats werewere placed over different areas of the common marmoset
killed by decapitation 15 sec after injection. Part of the brain with reference to a stereotaxic atlas and magnetic
cortex was removed from each rat and"®eradioactiv- resonance imaging data. Radioactivity, expressed as counts
ity (A) was counted in a Nal well scintillation counter. The per minute per mfor each ROI was decay-corrected to
samples were then treated with NCS tissue solubilizerthe time of injection and corrected for the injected dose.
(Amersham) and théH or 'C radioactivity B) was

counted in a liquid scintillation counter. In the cas&®f RESULTS

labeled compounds, the radioactivity of suitably diluted

aliquots of the injected sample was also counted in both &Chemistry

Nal well scintillation counter@) and a liquid scintillation ~ The precursor for radioiodinatioN;tert-butoxycarbonyl
counter D), and thé*C radioactivity of the brain tissue (N-Boc)-protected tributylstannan@)(was synthesized
was determined as follow¥C radioactivity =B — (A x in a two-step sequence (Fig. 2). First, Mitsunobu coupling
D/C). Finally, the BUI was calculated with the following of the 3-hydroxy-5-bromopyridinedf with N-Boc-pro-
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tected §)-2-azetidinemethanoB) gaveN-Boc-protected ~ modification (10% yield§®
5-bromo analog of A-8538®)(in 37% yield. Palladium-
catalyzed stannyldebromination of the heteroaromaticln vitro binding

ring gaver as a colorless oil in 58% yield. With the reference compounds A-85386)-¢ytisine,
Preparation of f3]5IA and [**34]51A (11) involved a  (-)-nicotine and acetylcholine, we measured the affinity
two-step radiosynthetic sequence (Fig. 2). FMsBoc- of 5IA for brain nicotine receptors by examining compe-

protected ?¥123]51A analog (L0) was prepared in excel-  tition with [3H]cytisine for sites in rat cortical membranes.
lent radiochemical yield (> 80%) by an electrophilic Table 1 summarizesikKalues determined from kgof
iododestannylation reaction dfl-Boc-protected  competitive binding curves of these compounds. 5IA
tributylstannyl derivative{). The second step of the showed very high binding affinity, which was the same as
reaction sequence involved removal of Bh8oc group that of A-85380, 2.5-fold higher than that ej{cytisine
of the radioiodinated 5IA analod@@ with hydrochloric and more than seven fold higher than that-pinjcotine.
acid to yield [2¥123]5IA (11), which was purified by  Furthermore, in competition assays witRq]51A, A-
reverse-phase HPLC. The total radiochemical yield, after85380 and-)-cytisine, nicotinic agonists selective for the
HPLC purification, was approximately 50%. The radio- a42 subtype, inhibited the binding df{l]5IA, whereas
chemical purity of the product was greater than 98% asa-bungarotoxin, an antagonist selective for ¢fresub-
determined by HPLC, and the specific radioactivities of type of nAChR, mecamylamine, a non-competitive
[*2%1]51A and [*23]51A were determined from the UV nicotinic antagonist, and scopolamine, an antagonist at
absorbance at 254 nm as more than 55 @Bgl (the muscarinic acetylcholine receptors, did not inhibit the
limit of detection of this method){]5IA remained  binding of [1?3]5IA (Table 2).
stable for at least one month-&20°C after labeling.

Unlabeled 5IA 9) was synthesized by iododestannyla- Lipophilicity
tion of N-Boc-protected tributylstannan@) (with iodine The lipophilicity of 51A was assessed yoctanol-phos-
monochloride, followed by deprotection of thert- phate buffer (pH 7.4) extraction. The partition coefficient
butoxycarbonyl protection group under acidic conditions, of 5IA was lower than that of nicotine (log P; 5IA: 044
according to the method of Koren et al. with a slight 0.01, nicotine: 1.3& 0.02) (mearx S.D.).

Table 1 Inhibition of PH]cytisine binding to rat brain mem-  Table 2 Inhibition of [29]5IA binding to rat cortical mem-

branes by various compounds branes by various compounds
Ki (nM) Ki (nM)

5I1A 0.37+0.13 51A 0.40+0.13
A-85380 0.38t 0.01 (-)-Cytisine 1.40+ 0.47
(-)-Cytisine 0.92+ 0.42 (-)-Nicotine 1.32+ 0.25
(-)-Nicotine 2.71£0.73 Acetylcholine 41.4+1.80
Acetylcholine 13.4G- 2.61 Scopolamine > 100000
Mecamylamine > 100000 Spiperone > 100000
a-Bungarotoxin > 100000 a-Bungarotoxin > 100000

Mecamylamine > 100000

Each value represents the meeD. of three independent
experiments. Each value represents the me&B.D. of three independent
experiments.

Table 3 Biodistribution of radioactivity after administration &#9]5IA in rats®

Time after injection (min)

5 15 30 60 120 180
Blood 0.24+ 0.02 0.23+ 0.02 0.21+ 0.01 0.14+0.02 0.14-0.01 0.150.01
Liver 1.34+0.13 1.71+ 0.13 150+ 0.11 1.55+ 0.08 0.7/ 0.09 0.88:0.14
Kidney 3.06+ 0.22 3.86+ 0.56 493t 0.73 5.09+1.14 1.79+ 0.62 1.15:0.14
Heart 0.49+ 0.04 0.30+ 0.03 0.22+ 0.01 0.19+ 0.01 0.0+ 0.01 0.07+0.01
Thyroid® 0.02+ 0.004 0.05: 0.01 0.16+ 0.03 0.44+ 0.14 1.95+ 0.44 2.39+0.43
Brain 0.61+ 0.06 0.73t 0.07 0.87+ 0.09 1.05+ 0.13 0.66+ 0.04 0.71+0.01
Br/BI® 2.41+0.12 3.08t 0.36 4.09+ 0.57 7.89% 1.45 4.78+ 0.39 4.49+0.30

a) percent of injectet?™ dose/g of organ; the mears.D. for four rats?) Percent of injecte#d dose/organ; the meanS.D.
for four rats® Br/Bl = Brain-to-blood ratio (percent of injecté® dose/g of tissue ratio).
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Brain uptake index The temporal distribution profile of the radioactivity in
The penetration of 51A across the blood-brain barrier wasvarious rat brain regions is shown in Figure 3. Differences
assessed by the brain uptake index (BUI). 51A had ain the regional distribution of radioactivity were ob-
moderate BUI (3% 6), which was lower than that of served. At 60 min after injection, the highest concentra-

nicotine (103t 12) (meant S.D.). tion of radioactivity was detected in the thalamus, fol-
lowed by moderate uptake in the cortex and striatum.
Biodistribution in rats Cerebellar accumulation was the lowest. The regional

The biodistribution of radioactivity after intravenous in- distribution paralleled the distribution of nAChRs deter-
jection of 23]51A is shown in Table 3. Marked accumu- mined byin vitro studies’?3¢Furthermore, different rates
lation of radioactivity in the brain was seen with time after of radioactivity clearance were noted in the various brain
injection and the peak concentration was observed at 6@egions. For example, clearance of radioactivity in the
min, declining gradually over the next 120 min. The thalamus was relatively slow from 60 min to 180 min, but
radioactivity in blood was cleared rapidly, and the highestthat in the cerebellum was rather rapid. Therefore, region
brain-to-blood ratio of 7.5 was obtained at 60 min after to cerebellum ratios progressively increased over 180
injection. High uptake was observed in the kidneys, whichmin, with the most dramatic changes occurring in the
was cleared rapidly after 60 min. The liver showed mod- thalamus, attaining a value of 6.3. The regional distribu-
erate initial uptake and a gradual decrease with time.tion of [*2%]5IA at 60 min postinjection correlated well
Uptake in the thyroid was low during the early phase andwith the known distribution of NnAChRs determinediby
gradually increased with time, but was not particularly vitro receptor assdy (y= 0.97) (Fig. 4). Moreover, the
high (0.44+ 0.14, 1.95 0.44, 2.3% 0.43% injected dose/  effects of various drugs on the levels &[]5IA in
organ at 60, 120, 180 min, respectively) (me&hD.). various brain regions were studied. In these experiments,
the uptake of radioactivity in brain regions was measured
at 60 min and compared to that of saline-treated controls.
As shown in Figure 5, the administration of cytisinrg; (

0 Carstaban nicotine and 5IA, drugs with high affinity for nAChR,
is Srifimang significantly reduced the uptake of radioactivity in all

18 =~ Thawvis regions, and resulted in similar levels of radioactivity
throughout the brain. In particular, the reduction in the
radioactivity level was most pronounced in the thalamus
with a reduction of more than 85%. The administration of
(+)-nicotine with lower affinity for nAChR moderately

% [oeniy

o r] 100 1550 oD
Tl wher infeofior omir

Fig. 3 Regional brain uptake offl]5IA in rats. Each point
represents the meanS.D. for four rats.
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aB 076 1  $.85 15 |.:'5 Fig. 5 Effects of various drugs on the regional uptake of
Flogioral uptoho of [P1]54A [*24]51A in rats 60 min after injection1f4]51A was intrave-
Mo gl nously injected 5 min after intravenous administration of cytisine
(1 mg/kg), €)-nicotine (60ug/kg), (+)-nicotine (0.3 mg/kg),
Fig. 4 Correlation between radioactivity levels determined dexetimide (10 mg/kg), 5IA (0.1 mg/kg) and saline, and 30 min

from thein vivo regional distribution of £3]5IA at 60 min after subcutaneous administration of scopolamine (10 mg/kg)
postinjection in rats and density of nicotinic cholinergic receptor and mecamylamine (5 mg/kg). *p < 0.01 as compared with
sites as determined iy vitro [3H]cytisine binding. saline control group (Dunnett’'s multiple comparisons test).
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Fig. 6 Ex vivoautoradiograms of rat coronal brain sections at 60 min after injectidfPigBIA.
(A) [*A]51A alone and (B) cytisine (1 mg/kg) administered 5 min bef&#]5IA injection.
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Fig. 7 (A) Sagittal SPECT images and (B) time-radioactivity curved?f3IA in the common
marmoset brain—)-Cytisine (6 mg/kg s.c.) was administered 60 min aff8jpIA injection. (A) The

figure on the right shows a SPECT image superposed on MRI images. Time on each figure is the time
after injection of {23]51A. (B) e : thalamus in control study,: cerebellum in control study,: thalamus

in (-)-cytisine displacement study,: cerebellum in<{)-cytisine displacement study.

reduced the uptake of radioactivity. Dexetimide and sco-inhibited by treatment of)-cytisine.

polamine, drugs with high selective affinity for musca-

rinic acethylcholine receptors, caused no changes in theMetabolism

accumulation. Similar negative results were observed forAnalysis of brain homogenates was carried out at various

rats treated with mecamylamine, a non-competitive nico-intervals until 60 min after injection o¥J1]5IA in rats.

tinic antagonist. None of the compounds tested showedApproximately 90% of the radioactivity in the homoge-

any effect on the radioactivity in the blood. nate could be extracted with methanol and the methanol-
Ex vivoautoradiographic studies in the rat brain were in extracted fraction displayed a single peak on HPLC with

agreement with the results of the biodistribution studiesthe same retention time as that of unlabeled 5IA at all

described above. Figure 6A shows the autoradiograms ofested times.

[129]51A in rat brain sections at 60 min postinjection. The  Blood samples were also taken at various times after

highest level of accumulation of radioactivity was ob- [129]5IA injection in rats and analyzed by HPLC. HPLC

served in the thalamus. Figure 6B shows the effects ofanalyses revealed a high level of the original compound in

(-)-cytisine on radioligand brain distribution. Binding of the early period, but its relative contribution to total blood

[1231]51A throughout the brain was nearly completely radioactivity declined sharply with time; i.e. the amounts
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of unchanged'fA]5IA were 90+ 9, 60+ 8, 18+ 5, 13+ mylamine, a non-competitive nicotinic antagonist, and
5and 3 1% (meart S.D., n = 4), respectively, at 2, 5, 15, scopolamine, an antagonist at muscarinic acetylcholine
30 and 60 min postinjection. The radioactivity other than receptors, did not inhibit the binding 6f}]51A (Table
[*29]51A was attributable mainly to two more hydrophilic  2). Results of the competition assay indicated the high
metabolites with shorter retention times in the reverse-selectivity of 5IA for thea432 nAChR subtype. The

phase column. excellent affinity and selectivity of 5IA for the central
a4B2 nAChR subtype is in agreement with the results of
Acute toxicity experiments other groups?36.41:48

Three different doses of unlabeled 5IA ranging from 0.1 A simple oxidant-promoted electrophilic iodode-
ua/kg to 10ug/kg were intravenously injected in separate stannylation reaction offers several advantages for
groups of mice to gauge the acute toxicity of this ligand. radioiodination, since it is performed under very mild
No convulsions or death were observed in any animalsconditions and with very high regional selectivity, as well
studied although the temporary decrease in locomotoras affording a high specific radioactivity. For radiosynthesis
activity that was undetectable 30 min after injection was of [123123]5]A (11) from compound, we therefore tried

observed in mice treated with a k§/kg dose. two methods which employ electrophilic radioiodo-
destannylation reaction. In our first efforts at the prepara-
SPECT imaging in the common marmoset tion of [123129]5]A, we synthesized aNh-deprotected

Figure 7 shows SPECT images of a common marmoset atri-butylstannyl derivative by removing tiNeBoc group
45-60, 105-120 and 225-240 min, and time-radioactivity and then performed the radioiododestannylation reaction
curves in the thalamus and cerebellum after intravenougmethod A), since this required only one step of treatment
injection of [?3]51A. After injection of [F23I]5IA, there with radioiodine. But subsequent experiments revealed
was a rapid and high level of accumulation of radioactiv- that the reaction sequence of radioiododestannylation
ity in the brain. Soon after injection, the radioactivity was followed by deprotection (method B) gave higher total
distributed according to the regional cerebral blood flow, radiochemical yields (approximately 50%) than method
but the elimination rate was different in the various A (approximately 15%) since the radiochemical yield of
regions, and therefore a noticeably heterogeneous distrithe radioiododestannylation df-deprotected tri-
bution of radioactivity was observed after 60 min, with the butylstannyl derivative was low. These results indicated
highest levels observed in the thalamus, intermediatethat method B is preferable to method A for routine
levels in the cortex, and lowest levels in the cerebellum.radiosynthesis off¥123]51A. Musachio et al. and Hori et
Treatment with cytisine (6 mg/kg, subcutaneous) 60 minal. also synthesized?fi]5IA by method B in the almost
after injection of the radioligand accelerated the elimina- same yield as ours although, as an oxidizing agent, chlor-
tion rate in the thalamus and cortex, but not in the amines T was used instead of hydrogen pero¥ideé,
cerebellum. At 180 min after cytisine administration, indicating that the type of oxidizing agent does not affect
radioactivity was reduced by 74% in the thalamus in the yield of this iododestannylation reaction.
comparison with the control study and nearly identical  The biodistribution of {?9]5IA was evaluated in rats
levels of radioactivity were observed in all brain regions. since there are many useful models in rats for various
neurodegenerative disordéfddigh accumulation in the
DISCUSSION brain was observed; i.e. the radioactivity in the brain
increased sharply with time after injection and the peak
Recently, Koren et al. reported that 5IA shows high level in the brain was reached at 60 min, showing an
affinity for central nAChRsn vitro andin vivo and increase by a factor of 1.7 as compared with that at 5 min
[*23]51A is a promising SPECT imaging agent of (Table 3). By comparison;)-[*C]nicotine enters the
NAChRs26-4! Furthermore, our previous study of the brain rapidly with peak levels occurring soon after injec-
structure-activity relationship in nicotine derivatives has tion, whereas after 30 min only 30% of the maximal
supported the potentiality of 51A as a radioligand for activity remains! The slightly lower initial uptake and
NAChR study:?2%:37In the present studyjn vitro andin slower uptake kinetics of 51A by the brain may be respon-
vivostudies were performed to evaluate the clinical appli- sible for the lower BUI than--nicotine (% of injected
cability of [*?3]5IA as a radiopharmaceutical for SPECT dose at 5 min after injection; 1.1% for 5IA, 2.3% fe)-(
studies of central NAChRs. nicotine) (BUI; 31 for 5IA, 103 for<)-nicotine).
In vitro receptor binding studies showed that 51A had ~ Studies of the regional brain distribution &]5IA
the same high receptor affinity as the parent compoundshowed high accumulation of radioactivity in the thala-
A-85380 (Table 1). Furthermore, in competition assays mus, intermediate in the cortex and striatum, and lowest
with [*2%]51A, A-85380 and €)-cytisine, nicotinic ago-  in the cerebellum (Fig. 3). This regional distribution was
nists selective for the432 subtype’?*€inhibited the  correlated well with the distribution of NAChRs deter-
binding of ?9]51A, whereasa-bungarotoxin, an antago-  mined byin vitro receptor assay (Fig. 4)#?525More-
nist selective for ther7 subtype of nAChR) meca-  over, brain uptake of{3]5IA was significantly blocked
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by nAChR agonists,~-nicotine and <€)-cytisine, but NAChR subtype. Furthermore, 5IA showed high brain
scopolamine or dexetimide, competitive antagonists atuptake, regional cerebral distribution in association with
muscarinic acetylcholine receptors, or mecamylamine, anAChRs and low toxicity. In additiont§3]5IA allowed
blocker of nAChR channels, did not influence the accu- visualization of central nAChR sites in the common
mulation of 23]5IA in the brain (Fig. 5). Injection of  marmoset by SPECTfi]5IA therefore appears prom-
unlabeled 5IA (0.1 mg/kg) resulted in an approximately ising for human imaging studies of central nAChRSs in
90% reduction in radiotracer accumulation in the thala- normal and disease states.

mus. This finding demonstrated the saturability of the
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