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Abstract

Introduction We focused on the vesicle acetyl choline

transporter (VAChT) as target for early diagnosis of Alz-

heimer’s diseases because the dysfunction of the cholin-

ergic nervous system is closely associated with the

symptoms of AD, such as problem in recognition, memory,

and learning. Due to its low binding affinity for the sigma

receptors (r-1 and r-2), o-methyl-trans-decalinvesamicol

(OMDV) demonstrated a high binding affinity and selec-

tivity for vesicular acetyl choline transporter (VAChT).

[11C]OMDV was prepared and investigated the potential as

a new PET ligand for VAChT imaging through in vivo

evaluation.

Method [11C]OMDV was prepared by a palladium-pro-

moted cross-coupling reaction using [11C]methyl iodide,

with a radiochemical yield of 60–75 %, a radiochemical

purity of greater than 98 %, and a specific activity of

5–10 TBq/mmol 30 min after EOB. In vivo biodistribution

study of [11C]OMDV in blood, brain regions and major

organs of rats was performed at 2, 10, 30 and 60 min post-

injection. In vivo blocking study and PET–CT imaging

study were performed to check the binding selectivity of

[11C]OMDV for VAChT.

Results In vivo studies demonstrated [11C]OMDV pas-

sage through the blood–brain barrier (BBB) and accumu-

lation in the rat brain. The regional brain accumulation of

[11C]OMDV was significantly inhibited by co-administra-

tion of vesamicol. In contrast, brain accumulation of [11-

C]OMDV was not significantly altered by co-

administration of (?)-pentazocine, a selective r-1 receptor

ligand, or (?)-3-(3-hydroxyphenyl)-N-propylpiperidine

[(?)-3-PPP], a r-1 and r-2 receptor ligand. PET–CT

imaging revealed inhibition of [11C]OMDV accumulation

in the brain by co-administration of vesamicol.

Conclusion [11C]OMDV selectively binds to VAChT

with high affinity in the rat brain in vivo, and that [11-

C]OMDV may be utilized in the future as a specific

VAChT ligand for PET imaging.

Keywords PET � Vesamicol analogs � Vesicular

acetylcholine transporter � Presynaptic cholinergic neurons

Introduction

Acetylcholine esterase inhibitors are commonly used for

treatment of cognitive dysfunction in Alzheimer’s disease

(AD) [1, 2]. The dysfunction of the cholinergic nervous

system is closely associated with the symptoms of AD,

such as problem in recognition, memory, and learning. In

AD, decreases in presynaptic cholinergic functions, such as

choline acetyl transferase (ChAT) [3, 4] and VAChT [5–7]
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activity, is thought to be more significant than changes in

postsynaptic cholinergic functions. VAChT, which trans-

ports ACh into synaptic vesicles, is a known cholinergic

neuron terminal marker [8]. Loss of synapses and synaptic

dysfunction occurs prior to fibrillary tau tangle emergence

in tauopathy model mice, a type of AD model [9]. There-

fore, VAChT may be an excellent in vivo target substrate

for the diagnosis of AD.

Because vesamicol (2-(4-phenylpiperidino)cyclohex-

anol) was reported to bind to VAChT [10, 11], many

radiolabeled vesamicol analogs have been investigated as

potential VAChT imaging ligands for use in PET or

SPECT imaging [12–18]. However, many of the reported

vesamicol analogs were shown to be insufficient for use as

VAChT imaging ligands, due to also binding to sigma

receptors (r-1 and r-2) [19]. Rogers et al. reported that

trans-decalinvesamicol (DV) had the highest affinity for

VAChT among 84 vesamicol analogs in an in vitro binding

assay [20]. However, the chemical structure of DV was

unsuitable for introduction of a radionuclide such as

radioiodine or 11C. We reported several radiolabeled

vesamicol analogs in which radioiodine or a [11C]methyl

group at the ortho-position of the 4-phenylpiperidine

moiety was introduced (radioiodinated oIV [17],

[11C]OMV). We designed a DV compound with halogen or

methyl group at the ortho-position of the 4-phenylpiper-

idine moiety as a new radiolabeled vesamicol analog. We

have previously reported the high potential of radioiodi-

nated o-iodo-trans-decalinvesamicol (OIDV) and radio-

brominated o-bromo-trans-decalinvesamicol (OBDV) as a

VAChT ligand for SPECT and PET imaging, respectively

[21–23]. However, the sensitivity, resolution and quanti-

tative analysis of SPECT imaging are inferior to those of

PET imaging. Radiobromine such as 76Br, 77Br as positron

nuclide is not available commercially yet. Therefore, in the

present study, we synthesized o-[11C]methyl-trans-decal-

invesamicol([11C]OMDV), and evaluated both in vitro and

in vivo in order to develop a new VAChT imaging ligand

for PET.

Materials and methods

General

Vesamicol, (?)-pentazocine, and 1,3-di-o-tolylguanidine

(DTG) were purchased from Sigma-Aldrich Co. (St. Louis,

MO). Radioisotopes were purchased from PerkinElmer,

Inc. (Waltham, MA), unless otherwise noted.

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.

Synthesis of OMDV

OMDV was synthesized from o-methylbenzaldehyde via

the method previously described, except with the use of o-

bromobenzaldehyde as the starting material [21]. Overall

yield of OMDV from o-methylbenzaldehyde was 15 %.

Radiosynthesis and Isolation of [11C]OMDV

[11C]OMDV was prepared from o-trimethylstannyl-trans-

decalinvesamicol (OTDV) (1.9 mg, 4.0 lmol), tris(diben-

zylideneacetone)dipalladium(0) (Pd2(dba)3) (1.3 mg,

1.4 lmol), copper chloride (Cu(I)Cl) (0.28 mg, 0.27 lmol),

cesium fluoride (CsF) (1.1 mg, 7 lmol), and tri(o-tol)phos-

phine ((o-tol)3P) (6.5 mg, 22 lmol) by a palladium-pro-

moted cross-coupling reaction using [11C]methyl iodide [18,

24]. [11C]OMDV was isolated using a reverse phase HPLC

column (Waters XBridge Prep C18 (5 lm),

10 mm 9 250 mm) with a mobile phase of acetonitrile/50

mMAcONH4 in 0.1 % AcOH (45/55) at a flow rate of

6.0 mL/min (UV detector at 254 nm). The retention time of

[11C]OMDV was approximately 13 min. Isolated [11-

C]OMDV was analyzed by HPLC using a YMC-Pac Pro C18

S-5 column (4.6 9 100 mm) with a mobile phase of ace-

tonitrile/50 mMAcONH4 in 0.1 % AcOH (45/55) at a flow

rate of 1.2 mL/min (UV detector at 254 nm) to evaluate

radiochemical purity and specific activity of [11C]OMDV.

Tissue preparation

Rat brain and liver tissue preparations were prepared from

dissected brains (not including the cerebellum) and livers

from male Sprague-Dawley rats (250–300 g), as previously

described [25].

In vitro competitive binding study

The following binding assays were performed using methods

reported previously [25], and are described briefly here.

VAChT binding

(-)-[3H]vesamicol (Kd = 7.40 nM) was used as a radioli-

gand. Various concentrations of OMDV, DV ben-

zovesamicol (BV), or vesamicol (from 10-10 to 10-5 M)

were used as subject compounds. After addition of the

compounds to the rat brain tissue preparation (300–400 lg

protein), each sample was incubated at 37 �C for 60 min in

the presence of 200 nM DTG to mask the sigma receptors

(r-1 and r-2). Radioactivity retained on the filters after

filtration of the samples was measured using a liquid

scintillation counter (Aloka, LSC-5100).
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r-1 receptor binding

0.5 ml samples of 50 mM Tris–HCl (pH 7.8) including rat

brain tissue preparation (400–500 lg protein), 5 nM (?)-[3-

H]pentazocine (Kd = 19.9 nM), and various concentrations

of OMDV, DV, BV, vesamicol, or sigma ligands (from 10-10

to 10-5 M) were incubated for 90 min at 37 �C. Nonspecific

binding was determined in the presence of 10 lM (?)-pen-

tazocine. After incubation, radioactivity retained on the filters

after filtration of the samples was measured using a liquid

scintillation counter (Aloka, LSC-5100).

r-2 receptor binding

0.5 ml samples of 50 mM Tris–HCl (pH 7.8) including rat

liver tissue preparation (approximately 100 lg protein), 5 nM

[3H]DTG (Kd = 22.3 nM), various concentrations of

OMDV, DV, BV, vesamicol, or sigma ligands (from 10-10 to

10-5 M), and 1 lM (?)-pentazocine to mask the r-1 sites

were incubated for 90 min at 37 �C. Nonspecific binding was

determined in the presence of 10 lM DTG and 1 lM (?)-

pentazocine. The incubated samples were treated in the same

manner as described for the r-1 receptor binding assays.

Data analysis

Ki values were calculated using Graphpad Prism (Graph-

Pad Software, Inc. San Diego, USA).

Biodistribution study

[11C]OMDV (0.4 mL, 37–105 MBq) was injected intra-

venously in four groups of male Sprague-Dawley (SD) rats

(250–300 g, n = 4 in each group). At 2, 10, 30, and 60 min

post-injection, the animals were killed immediately by

decapitation. The organs of interest were dissected and

weighed, and the radioactivity levels were measured in a

gamma scintillation counter (Wallac Wizard 3, Perkin

Elmer, USA). The accumulation of radiotracer was

expressed as a percentage of the administered dose per

gram of tissue (% ID/g). Using this method, the regional

brain distribution (cortex, striatum, cerebellum, and the rest

of the brain) of [11C]OMDV (0.4 mL, 5.2 MBq) 30 min

post-injection was determined.

In vivo blocking study

Four groups of male SD rats (250–300 g, n = 4 in each

group) received an intravenous injection of [11C]OMDV

(3–27 MBq) either with or without (control) 0.125 or

0.250 lmol vesamicol, 0.125 lmol (?)-pentazocine, and

0.125 lmol (?)-3-(3-hydroxyphenyl)-N-propylpiperidine

((?)-3-PPP). The rats were killed 30 min after injection

and their brains were collected. Each dissected brain was

divided into four regions: the cortex, striatum, cerebellum

and the remainder of brain, and the weight and radioac-

tivity of each portion was measured.

PET measurement in the rat brain

SD rats were immobilized on a PET–CT camera, (model

FX3000, Gamma Medica-Ideas, USA), and injected intra-

venously with [11C]OMDV (0.4 mL, 45 MBq) either with

or without 0.250 lmol vesamicol via the tail vein. PET

scanning was performed for 40 min with the first 6 frames

at 20 s intervals, followed by 5 frames at 60 s intervals, 4

frames at 2 min intervals, and finally 5 frames at 5 min

intervals. Regions of interest (ROIs) were centered on the

cerebrum and time–activity curves in the ROIs were

obtained. Decay-corrected radioactivity was expressed as

the standardized uptake value (SUV). The differences in

brain uptake between rats administered 0.25 lmol vesam-

icol and control rats were calculated using the mean SUV

acquired for 5 min, 25 min after tracer injection.

Statistical analysis

In the in vivo blocking study, statistical comparisons were

performed using one-way ANOVA (non-parametric), and

Tukey’s multiple comparison test (GraphPad Prism Ver-

sion 4 software).

Results

In vitro competitive binding study

Binding affinity (Ki) of OMDV, DV, BV, vesamicol and

the sigma ligands to the VAChT binding sites and sigma

receptors (r-1, r-2) are shown in Table 1. OMDV

(11.9 nM) as well as DV (10.6 nM) and BV (11.8 nM)

showed a higher binding affinity for VAChT than vesam-

icol (21.1 nM). OMDV as well as DV showed a lower

binding affinity for r-1 receptor than vesamicol and BV.

However, OMDV showed a higher affinity for r-2 receptor

than vesamicol and BV.

Radiolabeling of [11C]OMDV

[11C]OMDV was radiolabeled by methylation of o-

trimethylstannyl-trans-decalinvesamicol (OTDV) with [11-

C]methyl iodide in a palladium-promoted cross-coupling

reaction (Fig. 1) [18]. The total synthesis time was approxi-

mately 30 min. The decay-corrected radiochemical yield was

60–75 %, calculated using radioactivity of [11C]methyl

iodide, and the radiochemical purity determined by analytical
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HPLC was[98 %. The specific activity was 5–10 TBq/

mmol 30 min after the end of bombardment (EOB).

In vivo biodistribution

Table 2 shows the tissue distribution of [11C]OMDV at 2,

10, 30, and 60 min post-injection. At 2 min post-injection,

[11C]OMDV showed relatively high accumulation in the

cerebrum (0.92 ± 0.09) and cerebellum (0.73 ± 0.09),

presumably after [11C]OMDV passage through the blood–

brain barrier (BBB). At 10 and 30 min post-injection, [11-

C]OMDV accumulation in the cerebrum remained

stable (0.71 ± 0.10 and 0.65 ± 0.07, respectively), and

[11C]OMDV accumulation in the cerebrum was consis-

tently higher than that in the cerebellum (0.53 ± 0.07 and

0.52 ± 0.07, respectively). [11C]OMDV accumulation in

the blood (0.11 ± 0.01) was quite low even 2 min post-

injection. [11C]OMDV accumulation in the lung, heart and

kidney was highest 2 min post-injection. [11C]OMDV

accumulation in many tissues, such as the pancreas, spleen,

small intestines, stomach and liver, were highest at more

than 30 min after injection.

Table 3 shows the regional brain distribution of [11-

C]OMDV 30 min post-injection. [11C]OMDV accumulation

was highest in the striatum (0.69 ± 0.12 %ID/g), followed by

the cortex (0.62 ± 0.10), the rest of the brain (0.62 ± 0.11),

and the cerebellum (0.50 ± 0.10). [11C]OMDV accumulation

in the striatum was highest among interest brain regions.

In vivo blocking study

To estimate the binding selectivity of [11C]OMDV to

VAChT in vivo, we studied the blocking ability of three

Fig. 1 Radiosynthesis of

[11C]OMDV

Table 1 Binding affinities of vesamicol, BV, DV, and OMDV for

VAChT and the r-1 and r-2 receptors

Compounds Ki (nM)

VAChT r-1 r-2

OMDV 11.9 70.3 43.6

DV 10.6 57.3 46.8

BV 11.8 16.7 120

(±)-vesamicol 21.1 20.8 139

(?)-pentazocine – 8.7 1803

DTG – 90.9 27.6

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

Values are the mean ± standard deviation

Table 2 Biodistribution of

[11C]OMDV in rats
Organs [11C]OMDV

% ID/g

Time post-injection

2 min 10 min 30 min 60 min

Blood 0.11 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.03 ± 0.00

Heart 1.73 ± 0.25 0.43 ± 0.08 0.30 ± 0.04 0.17 ± 0.01

Lung 4.84 ± 1.48 2.05 ± 0.68 1.21 ± 0.39 0.82 ± 0.09

Pancreas 1.90 ± 0.26 2.52 ± 0.57 2.78 ± 0.21 3.01 ± 0.52

Spleen 0.78 ± 0.32 1.17 ± 0.35 1.25 ± 0.12 0.89 ± 0.06

Kidney 2.60 ± 0.40 1.70 ± 0.23 1.90 ± 0.38 1.52 ± 0.21

Small intestines 0.97 ± 0.27 1.45 ± 0.35 1.88 ± 0.82 2.23 ± 0.68

Stomach 0.28 ± 0.21 0.39 ± 0.09 1.16 ± 0.29 0.43 ± 0.22

Liver 1.15 ± 0.29 1.49 ± 0.46 2.02 ± 0.22 2.01 ± 0.45

Cerebrum 0.92 ± 0.09 0.71 ± 0.10 0.65 ± 0.07 0.44 ± 0.06

Cerebellum 0.73 ± 0.09 0.53 ± 0.07 0.52 ± 0.07 0.35 ± 0.05

Values are the mean ± standard deviation (SD) of four rats (n = 4) at each time point
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agents [vesamicol (VAChT ligand), pentazocine (r-1

receptor ligand) or (?)-3-PPP (r-1, r-2 receptor ligand)]

on the regional brain uptake of [11C]OMDV (Fig. 2). The

uptake of [11C]OMDV (about 45–50 % of control) was

remarkably decreased in all four brain regions investigated

when co-administered with 0.125 lmol vesamicol. On the

other hand, no significant changes in [11C]OMDV accu-

mulation in any of the brain regions was observed with the

co-administration of 0.125 lmol (?)-pentazocine or

0.125 lmol (?)-3-PPP. The inhibition of [11C]OMDV

accumulation in the four brain regions was more pro-

nounced by co-administration of 0.250 lmol vesamicol

(about 60 % of control) than by co-administration of

0.125 lmol vesamicol (about 40 % of control) (Fig. 3).

PET measurement in the rat brain

Figure 4 shows PET–CT fusion brain images after [11-

C]OMDV administration in rats. The accumulation of [11-

C]OMDV in the brain was remarkably decreased by co-

administration of 0.250 lmol vesamicol. Figure 5 shows

the time–activity curves of each brain region after admin-

istration of [11C]OMDV alone (A) and [11C]OMDV co-

administered with 0.250 lmol vesamicol (B). No differ-

ences were observed in the initial uptake (SUV) of [11-

C]OMDV when administered alone (A) or with

0.250 lmol vesamicol (B). However, clearance of [11-

C]OMDV accumulation when co-administrated with

0.250 lmol vesamicol (B) was faster than when adminis-

tered alone (A).

Table 3 Regional rat brain

distribution of [11C]OMDV

30 min post-injection

Organs [11C]OMDV

% ID/g

Blood 0.03 ± 0.00

Cortex 0.62 ± 0.10

Striatum 0.69 ± 0.12

Cerebellum 0.50 ± 0.10

Rest of the brain 0.62 ± 0.11

Values are the mean ± standard

deviation (SD) of four rats

(n = 4)

Fig. 2 Inhibition of [11C]OMDV accumulation in the cortex, stria-

tum, cerebellum, and the rest of the brain by co-administration of

vesamicol, pentazocine and 3-PPP. A one-way ANOVA followed by

a Tukey’s multiple comparison test was performed by GraphPad

Prism Version 4 software, compared with the control. * P\ 0.05

Fig. 3 Inhibition of [11C]OMDV accumulation by co-administration

of vesamicol (0.125 or 0.250 lmol). A one-way ANOVA followed by

a Tukey’s multiple comparison test was performed by GraphPad

Prism Version 4 software, compared with the control. * P\ 0.05

Fig. 4 PET–CT fusion brain images with [11C]OMDV alone (a); or

with 0.250 lmol vesamicol as an inhibitor (b). Images were acquired

for 5 min starting 28 min after tracer injection
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Discussion

[11C]OMDV was synthesized by a palladium-promoted

cross-coupling reaction with [11C]methyl iodide [18, 24].

[11C]OMDV was prepared with a sufficient radiochemical

yield (60–75 %), and greater than 98 % radiochemical

purity for use in the in vivo studies. The specific radioac-

tivity was 5–10 TBq/mmol 30 min after EOB. The low

specific radioactivity may be explained by possible cross-

coupling between one of the methyl groups on the tin and

the nucleoside part, yielding OMDV [26].

In the in vitro competitive binding study, OMDV

binding affinity ratio of VAChT to the r-1 and r-2

receptors was 5.9 and 3.7, respectively, and the vesamicol

binding affinity ratio of VAChT to the r-1 and r-2

receptors was 0.99 and 6.6, respectively, suggesting the

binding selectivity of OMDV for VAChT was higher than

that of vesamicol. Following OMDV showed not only a

higher binding affinity but also a higher binding selectivity

for VAChT than vesamicol in vitro. BV had a high binding

affinity for both VAChT (11.8 nM) and the r-1 receptor

(16.7 nM), indicating BV had a lower selectivity for

VAChT compared to DV.

The brain uptake of [11C]OMDV(0.65 %ID/g) 30 min

post-injection was approximately 1.5 times higher than that

of [125I]OIDV (0.42 %ID/g), a VAChT imaging probe for

SPECT previously reported [22]. Therefore, the high brain

accumulation of [11C]OMDV may be advantageous for its

in vivo visualization of brain.

Accumulation of [11C]OMDV 30 min post-injection

was highest in the striatum (0.69 ± 0.12), followed by the

cortex (0.62 ± 0.10) and cerebellum (0.50 ± 0.10), in

confirmation with the known distribution of high VAChT

density in the striatum [27, 28].

Initial blood accumulation of [11C]OMDV 2 min post-

injection was low (0.11 ± 0.01 % ID/g), and its clearance

from the blood was fast, with radioactivity detected in the

blood at 0.03 ± 0.00 % ID/g 60 min post-injection. This

low accumulation in the blood and rapid clearance are

advantageous for brain imaging. The metabolic process of

[11C]OMDV may be similar to that of [125I]OIDV, due to

similar time-course distributions in the blood, heart, lung,

pancreas, kidney, stomach, and small intestine [22].

The blocking effect of vesamicol on uptake of [11-

C]OMDV in the brain was dose-dependent; however, the

blocking effect of vesamicol was not better than expected,

which showed that the ratio of nonspecific uptake to

specific uptake of [11C]OMDV in brain was not good in

comparison with that of [125I]OIDV. Brain uptake of [11-

C]OMDV did not significantly alter by co-administration

of sigma receptor ligands ((?)-pentazocine or 3-PPP),

indicating selective [11C]OMDV binding to VAChT

in vivo.

PET imaging of the rat brain demonstrated that the

uptake of [11C]OMDV was relatively higher in the striatum

(Fig. 5), likely due to the high expression of VAChT [28]

and low expression of the r-1 [29]. These data suggest

that, due to its binding to VAChT, the use of [11C]OMDV

may contribute to improved PET imaging of the striatum.

The specific binding of [11C]OMDV to VAChT was

further confirmed by observing the decrease of brain

accumulation of [11C]OMDV by co-administration of

vesamicol by PET–CT. However, [11C]OMDV was

observed to be accumulated throughout the rat brain; pre-

vious reports [23] have suggested that the expression pat-

tern of VAChT, which was localized to the presynaptic

terminals of the cholinergic nervous system, was similar to

those of the muscarinic acetylcholine receptors (M1–M5)

[30–33] and nicotinic receptor [34]. Expressions of

VAChT in brain were characterized by higher concentra-

tion of VAChT in striatum than cerebral cortex, by regional

brain distribution of VAChT imaging ligands and [3-

H]vesamicol in in vivo or in vitro [16, 35, 36]. On the other

hand, expressions of sigma receptors in brain were char-

acterized by higher concentration of sigma receptors in

cerebral cortex than striatum [37–39]. [11C]OMDV accu-

mulated at higher concentration in striatum than cerebral

cortex in vivo, which showed that [11C]OMDV bound to

VAChT in brain in vivo. Because cholinergic neurons in

cerebral cortex belong to projection neurons which the

Fig. 5 Typical time–activity

curves in different rat brain

regions of [11C]OMDV alone

(a); or with 0.250 lmol

vesamicol as an inhibitor (b).

Radioactivity levels are

expressed as the standardized

uptake value (SUV)
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basal forebrain cholinergic neuron complex such as the

nucleus basalis of Meynert (NMB) [40–42], the medial

septal nucleus and the diagonal band nuclei projects to, and

the function of cerebral cortex is associated with a cogni-

tive, learning and memory functions, VAChT in cerebral

cortex will be suitable to the target for early diagnosis of

Alzheimer’s disease. On the other hand, because cholin-

ergic neurons in striatum consist of local circuit cells,

which means a nerve signal is transmitted only in striatum,

cholinergic neurons in striatum are not necessarily related

to cognitive impairment in Alzheimer’s disease.

Conclusion

OMDV demonstrated high binding affinity to VAChT

in vitro; however, binding selectivity of OMDV to VAChT

was inferior to that of OIDV or OBDV a little. In vivo,

[11C]OMDV was accumulated in regions of the rat brain

reflecting areas of high VAChT expression. Use of [11-

C]OMDV may be suitable as a radioligand for PET in the

study of dementia, which is characterized by degeneration

of the cholinergic neurotransmitter system.
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