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Abstract

Purpose

To develop a superior VAChT imaging probe for SPECT, radiolabeled (-)-OIDV and

(+)-OIDV were isolated and investigated for differences in their binding affinity and selectiv-

ity to VAChT, as well as their in vivo activities.

Procedures

Radioiodinated o-iodo-trans-decalinvesamicol ([125I]OIDV) has a high binding affinity for

vesicular acetylcholine transporter (VAChT) both in vitro and in vivo. Racemic [125I]OIDV

was separated into its two optical isomers (-)-[125I]OIDV and (+)-[125I]OIDV by HPLC. To

investigate VAChT binding affinity (Ki) of two OIDV isomers, in vitro binding assays were

performed. In vivo biodistribution study of each [125I]OIDV isomer in blood, brain regions

and major organs of rats was performed at 2,30 and 60 min post-injection. In vivo blocking

study were performed to reveal the binding selectivity of two [125I]OIDV isomers to VAChT

in vivo. Ex vivo autoradiography were performed to reveal the regional brain distribution of

two [125I]OIDV isomers and (-)-[123I]OIDV for SPECT at 60 min postinjection.

Results

VAChT binding affinity (Ki) of (-)-[125I]OIDV and (+)-[125I]OIDV was 22.1 nM and 79.0 nM,

respectively. At 2 min post-injection, accumulation of (-)-[125I]OIDV was the same as that of

(+)-[125I]OIDV. However, (+)-[125I]OIDV clearance from the brain was faster than (-)-[125I]

OIDV. At 30 min post-injection, accumulation of (-)-[125I]OIDV (0.62 ± 0.10%ID/g) was

higher than (+)-[125I]OIDV (0.46 ± 0.07%ID/g) in the cortex. Inhibition of OIDV binding

showed that (-)-[125I]OIDV was selectively accumulated in regions known to express
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VAChT in the rat brain, and ex vivo autoradiography further confirmed these results showing

similar accumulation of (-)-[125I]OIDV in these regions. Furthermore, (-)-[123I]OIDV for

SPECT showed the same regional brain distribution as (-)-[125I]OIDV.

Conclusion

These results suggest that radioiodinated (-)-OIDV may be a potentially useful tool for

studying presynaptic cholinergic neurons in the brain.

Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive reduc-
tion in cognitive function and memory, and is associated with amyloid-β[1,2] and tau protein
deposits[3,4] and the dysfunction of cholinergic neurons and synapses[5–10]. Hence, visualiza-
tion of any changes in cholinergic neurotransmission as well as amyloid accumulation in the
brain is important for more accurate diagnosis of AD. Many amyloid imaging clinical trials,
using compounds such as 11C-Pittsburgh Compound B (PIB)[11–13], are currently being per-
formed. While there have been reports on the usefulness of amyloid imaging for earlier diagno-
sis of AD, other reports have shown no significant association between PIB accumulation and
pathological amyloid density in the brain and the severity of dementia in AD[14–19]. Evalua-
tion of the therapeutic efficacy of AD treatment will require future development of suitable
imaging agents. The cholinergic system is thought to be highly associated with cognition, mem-
ory, and learning. At present, acetylcholine esterase inhibitors are commonly used for the treat-
ment of cognitive dysfunction in AD patients. Presynaptic cholinergic function such as loss of
choline acetyl transferase (ChAT) remarkably changed in AD[5,6]. Imaging of the presynaptic
cholinergic function for diagnosis of AD is still an interesting research field in nuclear medi-
cine. Among these cholinergic neuronal parameters, vesicular acetylcholine transporter
(VAChT)[8–10] has been considered a cholinergic neuron terminals marker. In the central
nervous system (CNS), VAChT is involved in the transportation of acetylcholine (ACh) in the
synaptic vesicles. VAChT deficiency leads to lack of release of Ach to synaptic cleft in the
brain, and alters cognitive functions such as social recognition, learning, and memory. Because
synapse loss and dysfunction occur before fibrillary tau tangles emerge in the tauopathy mouse
AD model[20], VAChT may be used as a possible in vivo target for diagnoses of AD.

It has been shown that vesamicol (2-(4-phenylpiperidino) cyclohexanol) binds to the ACh
transporter on presynaptic acetylcholine storage vesicles and inhibits ACh uptake into the vesi-
cle[21,22]. Many vesamicol analogs have been studied as putative VAChT imaging agents for
use in the diagnosis of AD[23–29]. However, none of these analogues, as well as vesamicol
itself, were shown to be suitable to proceed to clinical trials due to specific binding to σ recep-
tors (σ-1, σ-2)[30]. In a recent report, we synthesized 2-Hydroxy-3-(4-(o-Iodo-phenylpiperi-
dino))-trans-decalinvesamicol (OIDV), a new vesamicol analog with the framework of
decalinvesamicol (DV)[31] and with radioiodine at the ortho-position of the 4-phenylpiperi-
dine moiety. We demonstrated the high affinity and selectivity of the radioiodinated OIDV for
VAChT both in vitro and in vivo[32,33]. In many cases, it is not uncommon for the optical iso-
mers of a neuroreceptor agonist or antagonist to differ in their affinities and activities. As such,
several radiolabeled vesamicol analogs developed for VAChT imaging have been shown to
have one optical isomer having a higher affinity for VAChT than the other[31,34,35]. There-
fore, to develop a superior VAChT imaging probe for SPECT, radiolabeled (-)-OIDV and
(+)-OIDV were isolated and investigated for differences in their binding affinity and selectivity
to VAChT, as well as their in vivo activities.
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Materials and Methods

General
(+/-)-Vesamicol, (+)-pentazocine and DTG were purchased from Sigma-Aldrich Co.
(St. Louis, MO). Radioisotopes were purchased from PerkinElmer, Inc. (Waltham, MA), unless
otherwise noted.

The HPLC column (Chiralpak IA, 9.6 mm × 250 mm) was purchased from DAICEL Co.
(Osaka, Japan). The reverse phase HPLC column (Zorbax-ODS RX-18, 9.6 mm × 250 mm)
was purchased from Agilent Technologies Inc. (Santa Clara, CA). [125I]NaI was purchased
from PerkinElmer Inc. (Waltham, MA)). [123I]NaI was supplied by Nihon Medi-Physics Co
(Nishinomiya Japan). Specific rotation was obtained on a Nippon Bunko DIP-181 digital
polarimeter. Sprague-Dawley (SD) rats were purchased from Sankyo Labo Service Co. (Tokyo,
Japan). Animal experiments were performed in compliance with the Guidelines for the Care
and Use of Laboratory Animals at the Takara-machi Campus of Kanazawa University. The ani-
mal experimental protocols used were approved by the Committee on Animal Experimenta-
tion of Kanazawa University (Permit Number: AP-153454). In animal studies, the animals
were sacrificed by decapitation under ether anesthesia. The structures of the two OIDV optical
isomers were determined by X-ray crystallographic analysis (APEX II ULTRA, Bruker AXS K.
K. Japan) performed by Bruker AXS K. K. company (Fig 1) (S1 and S2 Files).

Isolation of the OIDV optical isomers
Racemic OIDV was separated into its two optical isomers using a normal phase HPLC column
(Chiralpak IA, 9.6 mm × 250 mm), with a mobile phase of hexane/dichloromethane/triethylamine
(80/20/0.1) at a flow rate of 1.9 mL/min at 35°C. The UV detector wavelength was set to 230 nm.
Twomajor peaks of equal magnitude were separated, with the first peak (retention time: 23.7 min)

as (-)-OIDV ([α]D
19

= -13.2 (c = 0.67, chloroform)), and the second peak (retention time: 27.0

min) as (+)-OIDV ([α]D
19

= + 14.5 (c = 0.67, chloroform)), determined by polarimetric analysis.

Radiosynthesis and Isolation of [125I]OIDV optical isomers
[125I]OIDV was prepared from o-trimethylstannyl-trans-decalinvesamicol (OTDV) and
[125I]NaI by the iodo-destannylation reaction under no-carrier-added conditions[32]. (-)-
[125I]OIDV and (+)-[125I]OIDV were separated using a normal phase HPLC column (Chiral-
pak IA, 9.6 mm × 250 mm) with a mobile phase of hexane/dichloromethane/triethylamine
(80/20/0.1) at a flow rate of 1.9 mL/min at 40°C, following purification with a reverse phase
HPLC column (Zorbax-ODS RX-C18, 9.6 mm × 250 mm), with a mobile phase of acetonitrile/
H2O/monoethanolamine (90/10/0.2) at a flow rate of 4.0 mL/min at 40°C. The retention times
of (-)-[125I]OIDV and (+)-[125I]OIDV were 25 min and 28 min, respectively. The radiochemi-
cal yield of (-)-[125I]OIDV and (+)-[125I]OIDV was 37%, and 39%, respectively. The radio-
chemical purity of both two [125I]OIDV isomers was> 99%.

Radiosynthesis of (-)-[123I]OIDV
Racemic o-trimethylstannyl-trans-decalinvesamicol (OTDV) was separated into its two optical
isomers using a normal phase HPLC column (Chiralpak IA, 9.6 mm × 250 mm), with a mobile
phase of hexane/dichloromethane/triethylamine (90/10/0.1) at a flow rate of 1.9 mL/min at
35°C. To a solution of HCl (0.5 N, 10 μL) and (-)-OTDV (2 mg/mL, 25 μL) in a vial, [123I]NH4I
(111 MBq/150 μL) and 30% H2O2 (10 μL) were added. The reaction mixture was shaken at room
temperature for 20 min. Quenching, neutralization and purification was performed by the same
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method reported previously[32]. The radiochemical yield of (-)-[123I]OIDV was 88%. The radio-
chemical purity of (-)-[123I]OIDV was> 96%.

Tissue preparations
Rat brain and liver tissue preparations were prepared from dissected brains (not including the
cerebellum) and livers frommale Sprague-Dawley rats (250–300 g), as previously described[34].

In vitro competitive binding study
VAChT binding. Binding assay was performed as reported previously[34]. Briefly,

(-)-[3H]vesamicol (Kd = 7.40 nM) was used as a radioligand. Various concentrations of

Fig 1. Chemical structure and X-ray crystal structure of (-)-OIDV and (+)-OIDV. A:2R,3R,4aR,8aR)-3-(4-
(2-iodophenyl)piperidin-1-yl)decahydronaphthalen-2-ol ((-)-OIDV). B: (2S,3S,4aS,8aS)-3-(4-(2-iodophenyl)
piperidin -1-yl)decahydronaphthalen-2-ol ((+)-OIDV).

doi:10.1371/journal.pone.0146719.g001
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(-)-OIDV, (+)-OIDV), decalinvesamicol or vesamicol (from 10−10 to 10−5 M) were added to
rat brain preparations (430–480 μg protein) on ice, and then incubated at 37°C for 60 min in
the presence of 200 nM 1,3-di-o-tolylguanidine (DTG) to mask the sigma receptors (σ-1 and
σ-2). The incubated samples were collected by rapid filtration through Whatman GF/F glass
fiber filters presoaked in 0.3% polyethylenimine using a cell harvester. The filters were washed
three times with 5 mL of 50 mM Tris-HCl buffer (pH 7.8). Nonspecific binding was deter-
mined in the presence of 10 μM (-)-vesamicol. Radioactivity retained on the filters was mea-
sured using a liquid scintillation counter (Aloka, LSC-5100).

σ-1 receptor binding. Rat cerebrum preparations (430–480 μg protein) were incubated in
quadruplicate with 5 nM (+)-[3H]pentazocine (Kd = 19.9 nM) and various concentrations of
(-)-OIDV, (+)-OIDV), decalinvesamicol or vesamicol (from 10−10 to 10−5 M), or with sigma
receptor ligands, in 0.5 ml of 50 mM Tris-HCl (pH 7.8) for 90 min at 37°C. Nonspecific bind-
ing was determined in the presence of 10 μM (+)-pentazocine. The incubated samples were
treated in the same manner as described for the VAChT binding assays, except that Whatman
GF/B glass fiber filters were used.

σ-2 receptor binding. Rat liver preparations (about 100 μg protein) were incubated in
quadruplicate with 5 nM [3H]DTG (Kd = 22.3 nM) and various concentrations of (-)-OIDV,
(+)-OIDV, decalinvesamicol or vesamicol (from 10−10 to 10−5 M), or with sigma receptor
ligands, in 0.5 ml of 50 mM Tris- HCl (pH 7.8) for 90 min at 37°C in the presence of 1 μM
(+)-pentazocine to mask the σ-1 sites. Nonspecific binding was determined in the presence of
10 μMDTG and 1 μM (+)-pentazocine. The incubated samples were treated in the same man-
ner as described for the σ-1 receptor binding assay.

Data analysis
Ki values were calculated using Graphpad Prism (GraphPad Software, Inc. San Diego, USA).

Biodistribution study
Three groups of male Sprague-Dawley (SD) rats (n = 4 in each group), weighing 250–300 g,
were anesthetized with ether and given an intravenous (i.v.) injection of (-)-[125I]OIDV or
(+)-[125I]OIDV (0.4 mL, 185 kBq). At 2, 30, and 60 min post-injection, the animals were sacri-
ficed by decapitation under ether anesthesia. The organs of interest were dissected, weighed,
and the radioactivity levels were measured in a gamma scintillation counter (AccuFLEX γ7010,
Aloka, Tokyo). The degree of accumulation of radiotracer was expressed as a percentage of the
injected dose per gram of tissue (% ID/g).

In vivo blocking study
To evaluate the in vivo uptake of (-)-[125I]OIDV and (+)-[125I]OIDV in the brain, four groups
of male SD rats (n = 4 in each group), weighing 250–300 g, received an intravenous injection of
either (-)-[125I]OIDV or (+)-[125I]OIDV (0.4 mL, 185 kBq) alone (control) or with 0.25μmol
(+/–)-vesamicol, 0.25 μmol (+)-pentazocine, or 0.25 μmol (+)-3-(3-hydroxyphenyl)-N-propyl-
piperidine ((+)-3-PPP). (+)-3-PPP was used as σ-1 and σ-2 receptor ligand instead of DTG,
because (+)-3-PPP penetrates the blood–brain barrier (BBB) in vivo [36–38] (S1 Table).

The rats were sacrificed 60 minutes after injection and their brains collected. The cortex,
striatum, cerebellum, and the remainder of the brain were dissected and separated, and their
weights and radioactivity measured.
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Ex vivo autoradiography
Four SD rats were injected intravenously with either (-)-[125I]OIDV or (+)-[125I]OIDV
(0.4 mL, 1.85 MBq) either alone as a control or with 0.25 μmol (+/–)-vesamicol via the tail
vein. At 60 min post-injection, the rats were sacrificed by exsanguination, and perfused via the
left ventricle with saline solution (50 mL) followed by 4% paraformaldehyde (pH 7.4, 0.1 M phos-
phate buffer, 100 mL). Whole brains were removed, frozen in embedding medium at -78°C and
cut into 20 μm sections at -25°C using a cryostat microtome. The sections were apposed to an
imaging plate (Fujifilm, BAS-IP SR 2025) for eight days. The imaging plates were scanned by a
BAS-5000 phosphor image reader (Fujifilm). Ex vivo autoradiograhy of (-)-[123I]OIDV(0.4 mL,
111 MBq) was performed by the same method of two [125I]OIDV isomers.

Statistical analysis
The results of biodistribution study were statistically analyzed using one-way ANOVA (non-
parametric) followed by a MannWhitney test. Statistical comparisons for the in vivo blocking
experiments were performed using one-way ANOVA (non-parametric), Kruskal-Wallis test,
and Dunn’s Multiple Comparison test.

Results
Fig 1 shows the absolute configuration of the enantiomers of OIDV determined by X-ray crys-
tallographic analysis.

In vitro competitive binding study
Binding affinity (Ki) of (-)-OIDV, (+)-OIDV, decalinvesamicol, and reference compounds to
the VAChT binding sites and sigma receptors (σ-1, σ-2) are shown in Table 1. (-)-OIDV
showed a higher affinity for VAChT than (+)-OIDV. (+)-OIDV showed lower affinity for the
sigma receptors (σ-1, σ-2) than (-)-OIDV. (-)-OIDV bound to VAChT more selectively than
(+/-)-vesamicol.

In vivo biodistribution
Table 2 shows the tissue distribution of (-)-[125I]OIDV and (+)-[125I]OIDV at 2 min, 30 min,
and 60 min postinjection in the SD rats. No significant differences in intracerebral distribution
were observed 2 minutes post-injection. The accumulation of (-)-[125I]OIDV and (+)-[125I]OIDV
in the cerebral cortex was 0.55 ± 0.11%ID/g and 0.56 ± 0.16%ID/g, respectively. (-)-[125I]OIDV

Table 1. Binding Affinities of the OIDV optical isomers to VAChT, and the σ-1 and σ-2 receptors.

Compounds Ki (nM)

VAChT σ-1 σ-2

(-)-OIDV 22.1 ± 4.3 168 ± 47.2 59.9 ± 10.6

(+)-OIDV 79.0 ± 19.9 316 ± 26.3 101 ± 18.8

DV 8.6 ± 2.5 74.4 ± 12.0 65.9 ± 12.1

(+/-)-vesamicol 23.3 ± 3.3 19.4 ± 3.0 70.0 ± 16.6

(+)-pentazocine - 8.7 ± 1.9 2210 ± 653

DTG - 94.3 ± 19.4 36.5 ± 4.4

Ki = IC50 (1+C/Kd), C = Concentration of radioligand.

Values are the mean ± standard deviation.

doi:10.1371/journal.pone.0146719.t001
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accumulation in the brain was highest at 30 minutes post-injection. On the other hand, accumu-
lation of (+)-[125I]OIDV decreased over time. At 60 min postinjection, (+)-[125I]OIDV accumula-
tion in the cerebral cortex decreased to 0.31%ID/g. The accumulatiom of radioactivity in cerebral
cortex and striatum, at 30min and 60min post-injection was statistically different between
(-)-[125I]OIDV and (+)-[125I]OIDV. (+)-[125I]OIDV showed a higher uptake in the blood, heart,
lungs, spleen, kidneys, and liver than (-)-[125I]OIDV at 2 min postinjection. In particular,
(+)-[125I]OIDV showed more accumulation in the lung (9.82 ± 1.78%ID/g) at 2 min post-injec-
tion compared with (-)-[125I]OIDV (5.84 ± 0.44%ID/g).

In vivo blocking study
To investigate the binding characteristics of (-)-[125I]OIDV and (+)-[125I]OIDV in vivo, we
studied the blocking effect of three agents [(+/–)-vesamicol (VAChT ligand), (+)-pentazocine
(σ-1 receptor ligand), or (+)-3-PPP (σ-1, σ-2 receptor ligands)] on the regional brain uptake of
(-)-[125I]OIDV and (+)-[125I]OIDV (Fig 2). The uptake of (-)-[125I]OIDV was remarkably
decreased (approximately 25% of control) in all four brain regions investigated with co-
injection of vesamicol, compared to (+)-[125I]OIDV (approximately 50% of control). On the
other hand, co-injection of (+)-pentazocine or (+)-3PPP only slightly reduced the uptake of
(-)-[125I]OIDV in all four brain regions (72–82% of control). No decrease in uptake of
(+)-[125I]OIDV with co-injection of (+)-pentazocine was observed. Co-injection of (+)-3PPP
slightly reduced the uptake of (+)-[125I]OIDV in all four brain regions (81–88% of control).

Ex vivo autoradiography
Fig 3 shows coronal images of rat brains visualized by ex vivo autoradiography with (-)-
[125I]OIDV or (+)-[125I]OIDV 60 min after injection. (-)-[125I]OIDV was distributed in

Table 2. Biodistribution of (-)-[125I]OIDV and (+)-[125I]OIDV in rats.

Organs (-)-125I-OIDV (+)-125I-OIDV

% ID/g % ID/g

Time post-injection Time post-injection

2 min 30 min 60 min 2 min 30 min 60 min

Blood 0.13 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.22 ± 0.03 0.06 ± 0.00 0.05 ± 0.00

Heart 2.34 ± 0.23 0.44 ± 0.06 0.25 ± 0.05 2.79 ± 0.97 0.45 ± 0.04 0.27 ± 0.01

Lung 5.84 ± 0.44 2.51 ± 0.90 1.54 ± 0.41 9.82 ± 1.78 2.59 ± 0.38 1.32 ± 0.08

Pancreas 2.66 ± 0.40 4.67 ± 0.58 4.21 ± 0.20 2.54 ± 0.57 3.51 ± 0.30 2.81 ± 0.49

Spleen 0.94 ± 0.40 1.37 ± 0.27 0.91 ± 0.08 1.51 ± 0.37 2.33 ± 0.25 1.99 ± 0.18

Kidney 2.84 ± 0.63 2.35 ± 0.38 2.21 ± 0.17 3.46 ± 0.76 2.25 ± 0.07 1.47 ± 0.06

Small intestine 0.89 ± 0.12 1.45 ± 0.50 1.85 ± 0.14 1.15 ± 1.31 1.68 ± 0.13 1.60 ± 0.29

Stomach 0.18 ± 0.09 0.22 ± 0.23 0.24 ± 0.22 0.17 ± 0.07 0.78 ± 0.73 0.29 ± 0.33

Liver 2.07 ± 0.63 2.60 ± 0.75 2.19 ± 0.17 2.20 ± 0.22 2.74 ± 0.20 1.94 ± 0.22

Cortex 0.55 ± 0.10 0.62 ± 0.10* 0.51 ± 0.06! 0.56 ± 0.16 0.46 ± 0.07* 0.31 ± 0.02!

Striatum 0.47 ± 0.10 0.63 ± 0.09# 0.50 ± 0.07$ 0.49 ± 0.15 0.45 ± 0.07# 0.31 ± 0.02$

Cerebellum 0.53 ± 0.04 0.55 ± 0.11 0.41 ± 0.07 0.54 ± 0.15 0.46 ± 0.08 0.36 ± 0.05

Rest brain 0.48 ± 0.07 0.55 ± 0.09 0.47 ± 0.06+ 0.50 ± 0.13 0.44 ± 0.06 0.32 ± 0.02+

Values are mean ± standard deviation (SD) of four rats (n = 4) at each time post-injection

*,!,#,$,+: A one-way ANOVA followed by a Mann Whitney test was performed by GraphPad Prism Version 4 software, compared with the control. P <0.05

(n = 4).

doi:10.1371/journal.pone.0146719.t002
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Fig 2. Uptake inhibition of (-)-[125I]OIDV (A) and (+)-[125I]OIDV (B). The vertical axis shows the mean radioactivity signal in the brain region (cerebral
cortex, striatum, cerebellum, and the remainder) of each group injected with either (-)-[125I]OIDV or (+)-[125I]OIDV alone (control) or with (+/-)-vesamicol
(0.250 µmol), (+)-pentazocine (0.250 µmol), or (+)-3-PPP (0.250 µmol). Uptake of (-)-[125I]OIDV or (+)-[125I]OIDV alone was arbitrarily set to 100%. A one-
way ANOVA followed by a Kruskal-Wallis test, and Dunn’s Multiple Comparison test was performed by GraphPad Prism Version 4 software, compared with
the control. Here, *P <0.01.

doi:10.1371/journal.pone.0146719.g002

Fig 3. Ex vivo autoradiograms of (-)-[125I]OIDV and (+)-[125I]OIDV in the rat brain 60 min post-injection with (-)-[125I]OIDV or (+)-[125I]OIDV alone or
with 0.250 μmol (+/-)-vesamicol. Abbreviations: Crx: Cortex, St: Striatum, Diag: Diagonal band, Thal: Thalamus, Amyg: Amygdaloid nucleus, 5: Trigeminal
nucleus,7: Facial nucleus.

doi:10.1371/journal.pone.0146719.g003
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characteristically VAChT-rich regions, such as the cortex, striatum, diagonal band, amygdaloid
nucleus, and trigeminal and facial nucleus. This accumulation of (-)-[125I]OIDV was remark-
ably decreased with co-injection of 0.25 μmol vesamicol. On the other hand, accumulation of
(+)-[125I]OIDV in characteristically VAChT-rich regions was not observed, and radioactive
signal of (+)-[125I]OIDV was uniformly low throughout the entire rat brain. Fig 4 shows coro-
nal images of rat brains visualized by ex vivo autoradiography with (-)-[123I]OIDV, showing
the same regional distribution as that of (-)-[125I]OIDV.

Discussion
OIDV was separated into its two optical isomers, (-)-OIDV and (+)-OIDV, with high purity
using HPLC with a normal phase column Chiralpak IA (DAICEL Co., Japan). The structures
of the two isomers were determined by X-ray crystallographic analysis, and showed that a
hydroxyl group at the 2-position and a hydrogen at the 10-position of decalin, located close to
the hydroxyl group, were arranged in cis configuration (Fig 1).

(-)-OIDV showed a higher binding affinity for VAChT than (+)-OIDV under in vitro con-
dition. The binding selectivity of (-)-OIDV to VAChT was superior to that of (+)-OIDV,
although the binding affinity of (+)-OIDV to the sigma receptors was lower than (-)-OIDV
(Table 1). Uptake of (-)-[125I]OIDV in the cerebral cortex was 0.55 ± 0.10, 0.62 ± 0.10, and
0.51 ± 0.06%ID/g at 2, 30, and 60 min post-injection, respectively. Uptake of (-)-[125I]OIDV in
all regions (cerebral cortex, striatum, cerebellum, and the remainder) was highest 30 min post-

Fig 4. Ex vivo autoradiograms of the rat brain 60 min post-injection of (-)-[123I]OIDV alone (A); or with
0.250 μmol (±)-vesamicol as an inhibitor (B). Abbreviations: Crx: Cortex, St: Striatum, Diag: Diagonal
band, Thal: Thalamus, Amyg: Amygdaloid nucleus, 5: Trigeminal nucleus, 7: Facial nucleus.

doi:10.1371/journal.pone.0146719.g004
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injection. The long retention (greater than 60 min) of the accumulated (-)-[125I]OIDV, and the
low level of radioactivity detected in the blood may be advantageous for VAChT imaging for
SPECT (Table 2). On the other hand, the uptake of (+)-[125I]OIDV in the cerebral cortex was
0.56 ± 0.16%ID/g 2 min post-injection and 0.32 ± 0.02%ID/g 60 min post-injection, demon-
strating the rapid clearance of (+)-[125I]OIDV from rat brain in vivo (Table 2). Two isomers of
[125I]OIDV showed the same regional brain distribution 2 min post-injection, because regional
brain distribution of two optical isomers reflected more strongly blood flow than VAChT den-
sity. However, at 30 min and 60 min post-injection, (-)-[125I]OIDV showed 1.4–1.6 times
higher striatum distribution than (+)-[125I]OIDV. Other regional brain distribution of
(-)-[125I]OIDV differed also clearly with those of (+)-[125I]OIDV. Thus, (-)-[125I]OIDV bound
to VAChT with higher affinity than (+)-[125I]OIDV. However, the difference of binding prop-
erty of [125I]OIDV was fewer than that of [11C]HATP[35] in vivo. That will be because the dif-
ference of binding affinity of two optical isomers of [125I]OIDV to VAChT was fewer than that
of [11C]HATP. In our previous paper, 0.250 μmol of vesamicol blocked more strongly than
0.125 μmol of vesamicol. 0.125 μmol of (+)-pentazocine and (+)-3-PPP was considered to be
not enough concentration to blocked sigma-1 and/or sigma-2 receptor in in vivo blocking
study. In this study, 0.250 μmol of inhibitors were used to in vivo blocking study[33]. In the in
vivo blocking study, vesamicol inhibited brain uptake of (-)-[125I]OIDV (decrease in uptake of
71–73%) to a greater extent than (+)-[125I]OIDV uptake (decrease in uptake of 50–55%). The
inhibition of (-)-[125I]OIDV brain uptake by the sigma ligands (pentazocine, 3-PPP) was also
more pronounced than inhibition of (+)-[125I]OIDV uptake, however this difference was not
statistically significant. The decrease of regional brain accumulation of two [125I]OIDV isomers
by 0.250 μmol of (+)-pentazocine and (+)-3PPP was greater than that of racemic [125I]OIDV
by 0.125 μmol of (+)-pentazocine and (+)-3PPP[33], which might show that regional brain
accumulation of [125I]OIDV decreases depending on the concentration of sigma ligands. How-
ever, the decrease of regional brain accumulation of two [125I]OIDV isomers by 0.250 μmol of
(+)-pentazocine and (+)-3PPP was not statistically significant. Thus, the in vivo accumulation of
(-)-[125I]OIDV in the brain appears to be due to the selective binding of (-)-[125I]OIDV to
VAChT, although binding to the sigma receptors cannot be entirely dismissed. The decrease in
accumulation of (+)-[125I]OIDV in the brain by co-administration of vesamicol was weak due in
part to the high non-specific binding and quick clearance of (+)-[125I]OIDV from the brain, as
well as a relatively low affinity of (+)-[125I]OIDV to VAChT (Fig 2). In vitro and in vivo charac-
teristics of (-)-[125I]OIDV was not significantly different from that of racemic [125I]OIDV[33] in
experiments using normal animal. However, in experiments using genetically modified mice or
in clinical application in future, some difference between (-)-[125I]OIDV and racemic [125I]
OIDV will be observed, because unlike racemic [125I]OIDV, (-)-[125I]OIDV did not include
(+)-[125I]OIDV disturbing the in vivo VAChT accumulation of [125I]OIDV in the brain.

The present study did not perform in vivometabolite analysis, because we were unable to
observe the presence of radiolabeled metabolites in the brain derived from racemic [125I]OIDV
in our previous report33). The metabolic process of both of the OIDV optical isomers appeared
to be similar, with similar increases in radioactivity in the pancreas, small intestines, and liver.

In the ex vivo autoradiographic experiments (Figs 3 and 4), brain distribution of (-)-[125I]
OIDV, particularly in the cerebral cortex, lateral striatum, diagonal band, thalamus, amygdaloi-
dal nucleus, cerebellum, and nuclei of the cranial nerves, was similar to the brain distribution
of (-)-[3H]vesamicol in rats ex vivo[39]. We also synthesized (-)-[123I]OIDVsuitable for clinical
application. (-)-[123I]OIDV for SPECT showed the same regional brain distribution as
(-)-[125I]OIDV in the ex vivo autoradiographic study.

Regional brain distribution of (-)-[3H]vesamicol was shown to be similar to that of [3H]
hemicholinium-3, which itself has been shown to have a high binding affinity for choline
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transporter (ChT) by in vitro autoradiography, localized to the pre-synapse of cholinergic
nerve terminals[40,41]. Signaling in the cholinergic system utilizing ACh as neurotransmitter
involves the muscarinic acetylcholine receptor (mAChR) (M1-5) and nicotinic acetylcholine
receptor systems. A high density of muscarinic acetylcholine M1 receptor is found in forebrain
areas including the cerebral cortex, striatum, hippocampus, and amygdala, and the muscarinic
acetylcholine M2 receptor in the anterior & intralaminar nuclei of the thalamus, all motor
nuclei of the cranial nerves, and the granule and Purkinje cell layers of the cerebellum[42,43].
The M1, M2, and M4 muscarinic acetylcholine receptors are differentially localized in the stria-
tum[44], and the diagonal band has been shown to be a muscarinic acetylcholine M2 –M5

receptor-abundant area[45]. The nicotinic receptor is widely distributed in the anteroventral
nucleus of the thalamus[46]. Therefore, it is thought that VAChT, localized in the pre-synapses
of both the muscarinic nerve systems (M1 –M5 receptors) and the nicotinic nerve systems, is
widely distributed throughout various regions of the brain, including the cerebral cortex, stria-
tum, diagonal band, hippocampus, thalamus, amygdaloidal nucleus, cerebellum, and nuclei of
the cranial nerves. Due to the similar regional distribution of (-)-[125I/123I]OIDV, this may
reflect the VAChT-rich regions of the rat brain. However, various VAChT radioligands includ-
ing IBVM [47], MIBT[23][18F]FEOBV [25], [18F]FBMV [48] or [18F]FBT [24] accumulated in
striatum much higher levels than in cerebral cortex. The uptake ratio of striatum to cerebral
cortex of those VAChT radioligands was different from that of (-)-[125I/123I]OIDV. Expres-
sions of VAChT in brain were characterized by higher concentration of VAChT in striatum
than cerebral cortex, by regional brain distribution of VAChT imaging ligands and [3H]vesa-
micol in in vivo or in vitro [26,41,47]. However, cholinergic neurons in striatum are not neces-
sarily related to cognitive impairment in Alzheimer’s disease because cholinergic neurons in
striatum consist of local circuit cells, which mean a nerve signal is transmitted only in striatum.
On the other hand, because cholinergic neurons in cerebral cortex belong to projection neu-
rons which the basal forebrain cholinergic neuron complex such as the nucleus basalis of Mey-
nert (NMB) [49,50], the medial septal nucleus and the diagonal band nuclei projects to, and
the function of cerebral cortex is associated with a cognitive, learning and memory functions,
VAChT in cerebral cortex will be suitable to the target for early diagnosis of Alzheimer’s dis-
ease. On the other hand, because cholinergic neurons in striatum consist of local circuit cells,
which mean a nerve signal is transmitted only in striatum, cholinergic neurons in striatum are
not necessarily related to cognitive impairment in Alzheimer’s disease.

Conclusion
(-)-OIDV, one of the optical isomers of OIDV, showed higher binding affinity and selectivity to
VAChT in comparison with (+)-OIDV in vitro. In vivo, (-)-[125I]OIDV was distributed in
regions of the rat brain thought to be VAChT-rich. (-)-[123I]OIDV suitable for clinical applica-
tion was able to be easily synthesized and purified using (-)-OTDV as precursor. (-)-[123I]OIDV
may be a suitable radioligand for the study of dementia, which is characterized by the degenera-
tion of the cholinergic neurotransmitter system.

Supporting Information
S1 File. Crystal data and structure refinement for (-)-OIDV.
(PDF)

S2 File. Crystal data and structure refinement for (+)-OIDV.
(PDF)

In Vivo Differences between Two Optical Isomers of Radioiodinated OIDV

PLOSONE | DOI:10.1371/journal.pone.0146719 January 11, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146719.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146719.s002


S1 Table. The regional biodistribution of (+)-[3H]-3-PPP in rat’s brain.
(DOC)

Acknowledgments
The authors would like to thank Nihon Medi-Physics Co., Ltd which provided the authors
with [123I]NH4I. All of this work was supported by a Grant-in-Aid for Scientific Research (B)
(No.26293273) from the Ministry of Education, Culture, Sports, Science and Technology of
Japan.

Author Contributions
Conceived and designed the experiments: KS IU. Performed the experiments: KS IU TK DM
YKMAA. Analyzed the data: KS IU. Contributed reagents/materials/analysis tools: KO JT SK.
Wrote the paper: KS.

References
1. Hardy JA, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the

road to therapeutics. Science 2002 297: 353–356. PMID: 12130773

2. Masters CL, Cappai R, Barnham KJ, Villemagene VL. Molecular mechanisms for Alzheimer’s disease:
implications for neuroimaging and therapeutics. Journal of Neurochemistry 2006 97: 1700–1725.
PMID: 16805778

3. Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary tangles but not senile pla-
ques parallel duration and severity of Alzheimer’s disease. Neurology 1992 42: 631–639. PMID:
1549228

4. Ballatore C, Lee VMY, Trojanowski JQ. Tau-mediated neurodegeneration in Alzheimer’s disease and
related disorders. Nat. Rev. Neurosci. 2007 8: 663–672. PMID: 17684513

5. McGeer PL. Aging, Alzheimer's Disease, and the cholinergic system. Can J Physiol Pharmacol.1984
62: 741–754. PMID: 6149804

6. Reinikainen KJ, Soininen H, Riekkinen PJ. Neurotransmitter changes in Alzheimer's Disease: Implica-
tions to diagnostics. J Neurosci Res. 1990 27: 576–586. PMID: 1981917

7. Pascual J, Fontan A, Zarranz JJ, Beeciano J, Florez J, Pazos A. High-affinity choline uptake carrier in
Alzheimer's disease: Implications for the cholinergic hypothesis of dementia. Brain Res. 1991 21: 170–
174.

8. Efange SM, Garland EM, Staley JK, Khare AB, Mash DC. Vesicular acetylcholine transporter density
and Alzheimer's disease. Neurobiology of aging 1997 18(4):407–413. PMID: 9330972

9. Kuhl DE, Minoshima S, Fessler JA, Frey KA, Foster NL, Ficaro EP, et al. In vivo mapping of cholinergic
terminals in normal aging, Alzheimer's disease, and Parkinson's disease. Annals of neurology 1996 40
(3):399–410. PMID: 8797529

10. Prado VF, Martins-Silva C, de Castro BM, Lima RF, Barros DM, Amaral E, et al. Mice deficient for the
vesicular acetylcholine transporter are myasthenic and have deficits in object and social recognition.
Neuron 2006 51(5):601–612. PMID: 16950158

11. Archer HA, Edison P, Brooks DJ, Barnes J, Frost C, Yeatman T, et al. Amyloid load and cerebral atro-
phy in Alzheimer's disease: an 11C-PIB positron emission tomography study. Ann Neurol. 2006
60:145–7. PMID: 16802294

12. Fripp J, Bourgeat P, Acosta O, Raniga P, Modat M, Pike KE, et al. Appearance modeling of 11C PiB
PET images: characterizing amyloid deposition in Alzheimer's disease, mild cognitive impairment and
healthy aging. Neuroimage 2008 43:430–9. doi: 10.1016/j.neuroimage.2008.07.053 PMID: 18789389

13. Hatashita S, Yamasaki H. Clinically different stages of Alzheimer's disease associated by amyloid
deposition with [11C]-PIB PET imaging. Journal of Alzheimer's Disease. 2010 21: 995–1003. doi: 10.
3233/JAD-2010-100222 PMID: 20693641

14. Rowe CC, Ellis KA, Rimajova M, Bourgeat P, Pike KE, Jones G, et al. Amyloid imaging results from the
Australian Imaging, Biomarkers and Lifestyle (AIBL) study of aging. Neurobiology of Aging 2010 31:
1275–1283. doi: 10.1016/j.neurobiolaging.2010.04.007 PMID: 20472326

In Vivo Differences between Two Optical Isomers of Radioiodinated OIDV

PLOSONE | DOI:10.1371/journal.pone.0146719 January 11, 2016 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146719.s003
http://www.ncbi.nlm.nih.gov/pubmed/12130773
http://www.ncbi.nlm.nih.gov/pubmed/16805778
http://www.ncbi.nlm.nih.gov/pubmed/1549228
http://www.ncbi.nlm.nih.gov/pubmed/17684513
http://www.ncbi.nlm.nih.gov/pubmed/6149804
http://www.ncbi.nlm.nih.gov/pubmed/1981917
http://www.ncbi.nlm.nih.gov/pubmed/9330972
http://www.ncbi.nlm.nih.gov/pubmed/8797529
http://www.ncbi.nlm.nih.gov/pubmed/16950158
http://www.ncbi.nlm.nih.gov/pubmed/16802294
http://dx.doi.org/10.1016/j.neuroimage.2008.07.053
http://www.ncbi.nlm.nih.gov/pubmed/18789389
http://dx.doi.org/10.3233/JAD-2010-100222
http://dx.doi.org/10.3233/JAD-2010-100222
http://www.ncbi.nlm.nih.gov/pubmed/20693641
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20472326


15. Maruyama M, Shimada H, Suhara T, Shinotoh H, Ji B, Maeda J, et al. Imaging of Tau Pathology in a
Tauopathy Mouse Model and in Alzheimer Patients Compared to Normal Controls. Neuron 2013 79:
1094–1108. doi: 10.1016/j.neuron.2013.07.037 PMID: 24050400

16. Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary tangles but not senile pla-
ques parallel duration and severity of Alzheimer’s disease. Neurology 1992 42: 631–9. PMID: 1549228

17. Bierer LM, Hof PR, Purohit DP, Carlin L, Schmeidler J, Davis KL. Neocortical neurofibrillary tangles cor-
relate with dementia severity in Alzheimer’s disease. Arch Neurol 1995 52: 81–8. PMID: 7826280

18. Gomez-Isla T, Hollister R, West H, Mui S, Growdon JH, Petersen RC. Neuronal loss correlates with but
exceeds neurofibrillary tangles in Alzheimer’s disease. Ann Neurol 1997 41: 17–24. PMID: 9005861

19. Bennett DA, Schneider JA, Arvanitakis Z, Kelly JF, Aggarwal NT, Shah RC, et al. Neuropathology of
older persons without cognitive impairment from two community-based studies. Neurology 2006 66,
1837–1844. PMID: 16801647

20. Yoshiyama Y, Higuchi M, Zhang B, Huang SM, Iwata N, Saido TC, et al. Synapse loss and microglial
activation precede tangles in a P 301 S tauopathy mouse model. Neuron 2007 53: 337—351. PMID:
17270732

21. Bar BA, Parsons SM. Demonstration of a receptor in Torpedo synaptic vesicles for the acetylcholine
storage blocker L-trans-2-(4-phenyl[3,4-3H]-piperidino) cyclohexanol. Proc Natl Acad Sci USA. 1986
83: 2267–2270. PMID: 3457385

22. Marshall IG, Parsons SM. The vesicular acetylcholine transport system. TINS 1987 10: 174–177.

23. Efange SM, Michelson RH, Khare AB, Thomas JR. Synthesis and tissue distribution of (m-[125I]iodo-
benzyl)trozamicol ([125I]MIBT): Potential radioligand for mapping central cholinergic innervation. J Med
Chem 1993 36:1754–1760 PMID: 8510103

24. Efange SM, Mach RH, Khare AB, Michelson RH, Nowak PA, Evora PH. [18F]Fluorobenzyltrozamicol
([18F]FBT): Molecular decomposition-reconstitution approach to vesamicol receptor radioligands for
positron emission tomography. Appl. Radiat. Isot. 1994 45:465–472. PMID: 8186771

25. Mulholland GK, Wieland DM, Kilbourn MR, Frey KA, Sherman PS, Carey JE, et al. [18F]Fluoroethoxy-
benzovesamicol, a PET radiotracer for the vesicular acetylcholine transporter and cholinergic synap-
ses. Synapse 1998 30:263–274. PMID: 9776130

26. Sorger D, Schliebs R, Kampfer I, Rossner S, Heinicke J, Dannenberg C, et al. In Vivo [125I]-Iodobenzo-
vesamicol binding reflects cortical cholinergic deficiency induced by specific immunolesion of rat basal
forebrain cholinergic system. Nucl Med Biol. 2000 27:23–31. PMID: 10755642

27. Shiba K, Mori H, Tonami N. Evaluation of Radioiodinated (-)-o-iodovesamicol as a radiotracer for map-
ping the vesicular acetylcholine transporter. Ann. Nucl. Med. 2003 17(6): 451–456. PMID: 14575378

28. Shiba K, Nishiyama S, Tsukada H, Ishiwata K, Kawamura K, Ogawa K, et al. The potential of (–)-o-
[11C]methylvesamicol for diagnosing cholinergic deficit dementia. Synapse 2009 63 (2): 167–171. doi:
10.1002/syn.20590 PMID: 19021207

29. Li J, Zhang X, Zhang Z, Padakanti PK, Jin H, Cui J, et al. Heteroaromatic and aniline derivatives of
piperidines as potent ligands for vesicular acetylcholine transporter. J. Med. Chem.2013 56: 6216–
6233. doi: 10.1021/jm400664x PMID: 23802889

30. Efange SM, Mach RH, Smith CR, Khare AB, Foulon C, Akella SK,et al. Vesamicol analogues as sigma
ligands: Molecular determinants of selectivity at the vesamicol receptor. Biochem Pharmacol 1995
49:791–797. PMID: 7702637

31. Rogers GA, Parsons SM, Anderson DC, Nilsson LM, Bahr BA, Kornreich WD, et al. Synthesis, in Vitro
Acetylcholine- Storage- Blocking Activities, and Biological Properties of Derivatives and analogues of
trans-2-(4-Phenylpiperidineo) cyclohexanol (Vesamicol). J Med Chem 1989 32:1217–1230. PMID:
2724295

32. Kozaka T, Uno I, Kitamura Y, Miwa D, Ogawa K, Shiba K. Syntheses and in vitro evaluation of decalin-
vesamicol analogues as potential imaging probes for vesicular acetylcholine transporter (VAChT).
Bioorganic & medicinal chemistry 2012 20(16): 4936–4941.

33. Kozaka T, Uno I, Kitamura Y, Miwa D, AzimMA, Ogawa K, Shiba K. Regional brain imaging of vesicular
acetylcholine transporter (VAChT) using o-[125I]iodo-trans-decalinvesamicol as a new potential imaging
probe. Synapse 2014 68(3): 107–113. doi: 10.1002/syn.21720 PMID: 24174343

34. Shiba K, Yano T, Sato W, Mori H, Tonami N. Characterization of radioiodinated (-)-ortho-iodovesamicol
binding in rat brain preparations. Life Sciences 2002 71(13): 1591–1598. PMID: 12127913

35. Nishiyama S, Ohba H, Kobayashi T, Nakamasu Y, Nakao H, Ogata T, et al. Development of Novel PET
Probe [11C](R,R)HAPT and Its Stereoisomer [11C](S,S)HAPT for Vesicular Acetylcholine Transporter
Imaging: A PET Study in Conscious Monkey. Synapse 2014 68: 283–292. doi: 10.1002/syn.21743
PMID: 24687885

In Vivo Differences between Two Optical Isomers of Radioiodinated OIDV

PLOSONE | DOI:10.1371/journal.pone.0146719 January 11, 2016 13 / 14

http://dx.doi.org/10.1016/j.neuron.2013.07.037
http://www.ncbi.nlm.nih.gov/pubmed/24050400
http://www.ncbi.nlm.nih.gov/pubmed/1549228
http://www.ncbi.nlm.nih.gov/pubmed/7826280
http://www.ncbi.nlm.nih.gov/pubmed/9005861
http://www.ncbi.nlm.nih.gov/pubmed/16801647
http://www.ncbi.nlm.nih.gov/pubmed/17270732
http://www.ncbi.nlm.nih.gov/pubmed/3457385
http://www.ncbi.nlm.nih.gov/pubmed/8510103
http://www.ncbi.nlm.nih.gov/pubmed/8186771
http://www.ncbi.nlm.nih.gov/pubmed/9776130
http://www.ncbi.nlm.nih.gov/pubmed/10755642
http://www.ncbi.nlm.nih.gov/pubmed/14575378
http://dx.doi.org/10.1002/syn.20590
http://www.ncbi.nlm.nih.gov/pubmed/19021207
http://dx.doi.org/10.1021/jm400664x
http://www.ncbi.nlm.nih.gov/pubmed/23802889
http://www.ncbi.nlm.nih.gov/pubmed/7702637
http://www.ncbi.nlm.nih.gov/pubmed/2724295
http://dx.doi.org/10.1002/syn.21720
http://www.ncbi.nlm.nih.gov/pubmed/24174343
http://www.ncbi.nlm.nih.gov/pubmed/12127913
http://dx.doi.org/10.1002/syn.21743
http://www.ncbi.nlm.nih.gov/pubmed/24687885


36. Quirion R, BowenW, Itzhak Y, Junien JL, Musacchio JM, Rothman RB, et al. A proposal for the classifi-
cation of sigma binding sites. Trends Pharmacol Sci. 1992 13: 85–86. PMID: 1315463

37. Molerings GJ, Schmidt K, Bonisch H, Gothert M. Inhibition of 5-HT3 receptor function by imidazolines in
mouse neuroblastoma cells: potential involvement of σ-2 binding sites. Naunya-Schmiedeberg’s Arch
Pharmacol. 1996 354: 245–252.

38. Harada Y, Hara H, Sukamoto T. Receptor binding profiles of KB-5492, a novel anti-ulcer agent, at σ
receptors in guinea-pig brain. Eur. J. Pharmacol. 1994 321–328.

39. Shiba K, Mori H, Matsuda H, Ichikawa A, Tonami N. Radioiodinated (-)-2-[4-(3-iodophenyl)piperidino]
cyclohexanol: A Potential Radioligand for Mapping Presynaptic Cholinergic Neurons. Nucl. Med. Com-
mun. 1996 17: 485–492. PMID: 8822746

40. Quirion R. Characterization and autoradiographic distribution of hemicholinium-3 high-affinity choline
uptake sites in mammalian brain. Synapse 1987 1: 293–303. PMID: 3138770

41. Alter CA, Marien MR. [3H]vesamicol binding in brains: autoradiographic distribution, pharmacology,
and effects of cholinergic lesions. Synapse 1988 2: 486–493. PMID: 2973145

42. McCormick DA. Acetylcholine: distribution, receptors, and actions. Section of Neuroanatomy, Yale Uni-
vrersity of School of Medicine. 333 Cedar Street, New Haven, CT 06510, USA 1989.

43. Quirion R, Aubert I, Araujo DM, Hersi A, Gaudreau P. Autoradiographic distribution of putative musca-
rinic receptor sub-types in mammalian brain. Progress in brain research 1993 98:85–93. PMID:
8248541

44. Allan IL, Cheryl AK, Willium FS, Donald LP, Mark RB. Identification and localization of Muscarinic Ace-
tylcholine Receptor Proteins in Brain with Subtype-specific Antibodies. The Journal of Neuroscience
1991 11 (10): 3218–3226. PMID: 1941081

45. Vilaro MT, Mengod G, Palacios JM. Advances and limitations of the molecular neuroanatomy of cholin-
ergic receptors: the example of multiple muscarinic receptors. Progress in brain research 1993 98:95–
101. PMID: 8248542

46. Rotter A, Jacobwitz DM. Neurochemical identification of cholinergic forebrain projection sites of the
nucleus tegmentalis dorsalis lateralis. Brain Res Bull 1981 6:525–529. PMID: 7248816

47. Jung YW, Van Dort ME, Gildersleeve DL, Wieland DM. A radiotracer for Mapping Cholinergic Neurons
of the Brain. J. Med. Chem. 1990 33, 2065–2068. PMID: 2374138

48. Sorger D, Scheunemann M, Vercouillie J, Grossmann U, Fischer S, Hiller A, et al. Neuroimaging of the
vesicular acetylcholine transporter by a novel 4-[18F]fluoro-benzoyl derivative of 7-hydroxy-6-(4-phe-
nyl-piperidin-1-yl) -octahydro-benzo[1,4]oxazines. Nucl Med Biol. 2009 Jan 36(1):17–27. doi: 10.1016/
j.nucmedbio.2008.10.006 PMID: 19181265

49. Butcher LL, Oh JD, Woolf NJ. Cholinergic neurons identified by in situ hybridization histochemistry.
Progress in Brain Research. 1993 98: 1–8.

50. Woolf NJ, Eckenstein F, Butcher LL. Cholinergic projections from the basal forebrain to the frontal cor-
tex: a combined fluorescent tracer and immunohistochemical analysis. Neurosci. Lett. 1983 40: 93–98.
PMID: 6633976

In Vivo Differences between Two Optical Isomers of Radioiodinated OIDV

PLOSONE | DOI:10.1371/journal.pone.0146719 January 11, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/1315463
http://www.ncbi.nlm.nih.gov/pubmed/8822746
http://www.ncbi.nlm.nih.gov/pubmed/3138770
http://www.ncbi.nlm.nih.gov/pubmed/2973145
http://www.ncbi.nlm.nih.gov/pubmed/8248541
http://www.ncbi.nlm.nih.gov/pubmed/1941081
http://www.ncbi.nlm.nih.gov/pubmed/8248542
http://www.ncbi.nlm.nih.gov/pubmed/7248816
http://www.ncbi.nlm.nih.gov/pubmed/2374138
http://dx.doi.org/10.1016/j.nucmedbio.2008.10.006
http://dx.doi.org/10.1016/j.nucmedbio.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19181265
http://www.ncbi.nlm.nih.gov/pubmed/6633976

