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Abstract

The loss of cholinergic neurons and synapses relates to the severity of dementia in several 

neurodegenerative pathologies; and the vesicular acetylcholine transporter (VAChT) provides a 

reliable biomarker of cholinergic function. We recently characterized and 11C-labeled a new 

VAChT inhibitor, (-)-TZ659. Here we report the in vitro and ex vivo characterization of (-)-

TZ659. A stably transfected PC12A123.7 cell line which expresses human VAChT (hVAChT) was 

used for the in vitro binding characterization of (-)-[3H]TZ659. A saturated binding curve was 

obtained with Kd = 1.97 ± 0.30 nM and Bmax = 3240 ± 145.9 fmol/mg protein. In comparison, a 

PC12A123.7 cell line that expresses mutant hVAChT showed decreased binding affinity (Kd = 

15.94 ± 0.28 nM). Competitive binding assays using a panel of other CNS ligands showed no 

inhibition of (-)-[3H]TZ659 binding. On the other hand, binding inhibitions were observed only 

using VAChT inhibitors (Ki = 0.20 nM - 31.35 nM). An in vitro assay using rat brain homogenates 

showed that (-)-[3H]TZ659 had higher binding in striatum than in cerebellum, with a target: non-

target ratio > 3.46. Even higher ex vivo striatum-to-cerebellum ratios (9.56 ± 1.11) were observed 

using filtered homogenates of brain tissue after rats were injected intravenously with (-)-

[11C]TZ659. Ex vivo autoradiography of (-)-[11C]TZ659 confirmed high striatal uptake, with a 

consistently high striatum-to-cerebellum ratio (2.99 ± 0.44). In conclusion, (-)-TZ659 
demonstrated high potency and good specificity for VAChT in vitro and in vivo. These data 

suggest that (-)-[11C]TZ659 may be a promising PET tracer to image VAChT in the brain.
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1. Introduction

Loss of cholinergic neurons/terminals in the brain strongly correlates with cognitive 

impairment in patients with dementia (Armstrong, 2013; Davies and Maloney, 1976; 

Schliebs and Arendt, 2011). Postmortem and neuroimaging studies in patients with 

Parkinson's disease dementia (PDD) reveal a similar relationship between cholinergic 

function and cognitive performance (Bohnen and Albin, 2011; Pavese, 2012). Moreover, 

cholinergic degeneration in Parkinson's disease (PD) likely begins prior to dementia 

(Shimada et al., 2009). These findings highlight the importance of cholinergic dysfunction 

which extend to acetylcholine-dopamine interactions in the striatum (Bohnen and Albin, 

2011; Lester et al., 2010). Therefore, in vivo measurement of cholinergic dysfunction may 

provide a critical biomarker for understanding pathophysiology and treatment of these 

diseases.

Positron emission tomography (PET) imaging is a non-invasive modality that can assess the 

density of neuronal biomarkers in the central nervous system (CNS), and thus provide 

neurological information regarding molecular and cellular function in living subjects. 

Tremendous efforts have been put forth towards the identification of a PET tracer suitable 

for evaluating cholinergic function in the human brain. PET imaging of acetylcholinesterase 

(AChE) is one strategy that has been successfully used to study patients with dementia 

(Kikuchi et al., 2013). Unfortunately, AChE enzyme activity may not functionally correlate 

with loss of cholinergic terminals. Another reliable marker of cholinergic neurons, choline 

acetyltransferase (ChAT), has not been imaged successfully in vivo. Vesicular acetylcholine 

transporter (VAChT), which loads acetylcholine into presynaptic vesicles, maps to 

cholinergic cells in the brain and displays a good correspondence with ChAT (Weihe et al., 

1996). A PET tracer for VAChT could thus be used to assess cholinergic function in human 

subjects and monitor the therapeutic efficacy of VAChT inhibition strategies.

A number of radiolabeled benzovesamicol analogues have been evaluated as VAChT 

imaging agents (Giboureau et al., 2010). However, when tested in pre-clinical studies and 

human subjects, most of these radiotracers showed poor selectivity over σ receptors in brain, 

low extraction from the blood, slow brain kinetics, or rapid metabolism (Li et al., 2013). 

Despite a slow brain kinetic, [18F]FEOBV is the only PET tracer approved for imaging 

VAChT in human brains (Giboureau et al., 2007; Kilbourn et al., 2009; Petrou et al., 2014). 

Recently, our group designed a new class of VAChT inhibitors including (-)-TZ659, which 

contain a carbonyl group attached to the 4-position of the piperidine ring (Efange et al., 

2010; Li et al., 2013; Tu et al., 2009; Tu et al., 2012). (-)-TZ659 has a high affinity for 

VAChT, and a high selectivity for VAChT over σ1 and σ2 receptors; (-)-[11C]TZ659 was 

successfully radiolabeled and showed a higher accumulation in the striatum of rats and 

nonhuman primates than in other non-target brain regions (Li et al., 2013). Here we further 

reported the in vitro and ex vivo pharmacology of (-)-[11C]TZ659 and its tritiated 

counterpart, (-)-[3H]TZ659. (-)-TZ659 binds to VAChT with a high potency and good 

specificity for VAChT versus other CNS targets. Both (-)-[11C]TZ659 and (-)-[3H]TZ659 
showed higher uptake in the VAChT-enriched striatum than the reference brain region 

(cerebellum).

Liu et al. Page 2

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and Methods

2.1 Radioligand preparation

The two-step synthesis of (-)-[11C]TZ659 was carried out as previously reported (Li et al., 

2013). The tritiated compound (-)-[3H]TZ659 was custom synthesized by American 

Radiolabeled Chemicals, Inc. (St. Louis, MO) using the Boc-protected amino precursor and 

the synthetic strategy employed for 11C-labeling.

2.2 Drugs and preparation of stock solutions

Reagents and standard compounds for in vitro assays were purchased from Sigma (St. Louis, 

MO) and Tocris Biosciences (R&D Systems, Minneapolis, MN) unless otherwise noted. 

Novel compounds were synthesized in-house. Test compounds (structures are shown in Fig. 

1) were dissolved in N,N-dimethylformamide or ethanol to create a stock solution; the 

desired concentration for in vitro assays was subsequently obtained by further dilution in the 

assay buffer (50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, pH 

7.4).

2.3 Radioligand binding assays in cell post-nuclear supernatant

2.3.1 Cell culture—PC12A123.7 cells stably transfected with human VAChT (hVAChT) 

wild type (GenBank: AAA20497.1) or W331A mutant cDNA were grown at 37 °C in 5% 

CO2 in complete Dulbecco's modified Eagle's medium mixed 1: 1 with Ham's F-12 medium. 

The complete medium was supplemented with 10% horse serum, 5% fetal bovine serum, 

100 units penicillin/ml, 100 μg streptomycin/ml, and 10 μg blasticidin/ml. Site-directed 

mutagenesis of W331 previously identified the W331A mutation which exhibits non-

specific vesamicol binding but no transport of ACh. Stable transfection of cells with W331A 

was performed as previously reported (Khare et al., 2010). PC12A123.7 cells transfected with 

the blank parent vector served as the background control.

2.3.2 Preparation of post-nuclear supernatants from transfected cells—Cells 

were harvested, resuspended in cold (4 °C) homogenization buffer (0.32 M sucrose, 4 mM 

HEPES-NaOH, 1 mM EDTA, pH 7.4), and gently homogenized. The suspension was 

centrifuged at 800 ×g for 10 min to pellet debris, then the post-nuclear supernatant was 

centrifuged at 18000 ×g for 30 min. The pellet was suspended in the assay buffer and was 

stored at -80 °C until use. The protein concentration of the suspension was determined using 

the Detergent Compatible (DC) protein assay (Bio-Rad, Hercules, CA) following the 

manufacturer's instructions.

2.3.3 Saturation binding assay—Post-nuclear supernatants were diluted and incubated 

for 60 min with (-)-[3H]TZ659 in a total volume of 150 μl at 25 °C in 96-well 

polypropylene plates (Fisher Scientific, Pittsburgh, PA). Each well contained 20 μg protein 

while the concentration of the radioligand ranged from 0.15 nM to 20 nM. Reactions were 

terminated by the addition of 100 μl of the assay buffer at 4 °C, then samples were harvested 

and filtered rapidly using a 96-well glass fiber filtration plate (Millipore, Billerica, MA) 

presoaked with 100 μl assay buffer for 1 hour. Each filter was washed with 5 × 200 μl assay 

buffer then transferred to a scintillation vial with 2 ml of scintillation fluid and counted on a 
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Wallac 1450 MicroBeta TriLux liquid scintillation counter (Perkin Elmer, Boston, MA). 

Nonspecific binding was determined from samples which contained 20 μM (-)-vesamicol 

hydrochloride. Counts were normalized to mg protein in the sample. The equilibrium 

dissociation constant (Kd) and maximum number of binding sites (Bmax) were determined by 

nonlinear regression analysis of onesite saturation binding model using GraphPad Prism 5.0 

(GraphPad Software, Inc., San Diego, CA). Three independent experiments were performed; 

the results are reported as mean ± standard deviation.

2.3.4 Competitive binding assay—A panel of ligands for CNS targets including 

VAChT, σ1 receptor, σ2 receptor, dopamine D2 receptor, vesicular monoamine transporter 2 

(VMAT2), serotonin 1A (5-HT1A) receptor, and phosphodiesterase 10A (PDE10A) was 

used to characterize the pharmacological profile of (-)-[3H]TZ659 via a competitive binding 

assay. Post-nuclear supernatants (20 μg protein) were diluted with the assay buffer and 

incubated with each test ligand in a total volume of 150 μl with (-)-[3H]TZ659 in 96 well 

plates for 60 min at 25 °C. The final concentration of the radioligand in each assay was 2 

nM. Concentrations of test ligands ranged from 0.1 nM to 10 μM and were used to 

determine Ki values for each compound. After incubation, the samples were washed 5 times 

and the bound radioactivity counted and analyzed by nonlinear regression using one-site 

competitive binding model using GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, 

CA). Nonspecific binding was determined from samples that contained 20 μM of (-)-

vesamicol hydrochloride. Three independent experiments were performed; the results are 

reported as mean ± standard deviation.

2.4 In vitro and ex vivo rodent studies

All animal experiments were conducted in compliance with the Guidelines for the Care and 

Use of Research Animals under protocols approved by Washington University's Animal 

Studies Committee. Mature, male Sprague–Dawley (SD) rats (Charles River Laboratories, 

Inc., Wilmington, MA) were used for all experiments. Tail vein injections were performed 

under light inhalation anesthesia (1-2% isoflurane/oxygen) and euthanasia was done under 

surgical plane anesthesia.

2.4.1 In vitro binding assay in rat brain homogenates—Male SD rats weighing 

250-300 g were euthanized as described above and the whole brain was immediately 

removed. Excess blood was blotted from the tissue; striatum and cerebellum were collected 

and homogenized in cold (4 °C) homogenization buffer (0.32 M sucrose, 4 mM HEPES-

NaOH, 1 mM EDTA, pH 7.4); 1.5-2.0 ml buffer was added per 100 mg tissue. An aliquot of 

homogenate was used to measure protein content by the DC protein assay as previously 

described. The crude homogenates of striatum and cerebellum were diluted for the in vitro 

binding assay and incubated for 60 min with (-)-[3H]TZ659 in a total volume of 150 μl at 25 

°C as described above. The concentration of the radioligand ranged from 0.65 nM to 5.21 

nM. After the incubation, the samples were washed and the bound radioactivity counted as 

described above. Two or three independent experiments were performed.

2.4.2 Ex vivo uptake ratio for rat striatum to cerebellum—The ex vivo striatum to 

cerebellum uptake ratio of (-)-[11C]TZ659 was determined using tissue homogenates as 
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previously described by Larsen et al. (Larsen et al., 2004). This approach was recently used 

by Kehler et al. prior to conducting ex vivo binding assays of a 11C-labeled PDE10A tracer 

(Kehler et al., 2014). Adult male SD rats (250 - 300 g, n = 4) were anesthetized and injected 

with 3.0-3.5 mCi (-)-[11C]TZ659. Rats were euthanized 60 min after injection, and the 

whole brain was immediately removed. Excess blood was blotted from the tissue and 

striatum and cerebellum were collected. The tissues were homogenized in ice-cold assay 

buffer. 1.5-2.0 ml buffer was added per 100 mg tissue. An aliquot of homogenate was used 

to measure protein content by the DC protein assay as previously described. 300 μl of 

striatal or cerebellar homogenate was added to each well (samples were run for n = 4 rats) 

and immediately filtered through 96-well glass fiber filtration plates. The filters were 

washed twice and the bound radioactivity counted as described above.

2.5 Ex vivo autoradiography in rats

Adult male SD rats (250-300 g, n = 3) were injected with 4.0 - 4.5 mCi (-)-[11C]TZ659. 

Rats were euthanized 60 min after injection, and the whole brain was immediately removed. 

Intact brains were snap frozen over dry ice. Horizontal sections (100 μm) were cut with a 

Microm cryotome and mounted on Superfrost Plus glass slides (Fisher Scientific, Pittsburgh, 

PA). Frozen slides were directly exposed to film in an imaging cassette BAS-TR2025 (Fuji 

Photo Film Co., Tokyo, Japan) for 12 hours at -80 °C in the dark. The distribution of 

radioactivity was visualized by a Fuji Bio-Imaging Analyzer FLA-7000 (Fuji Photo Film 

Co., Tokyo, Japan). Photo-stimulated luminescence (PSL) from the striatum and cerebellum 

was quantified using Multi Gauge v3.0 software (Fuji Photo Film Co., Tokyo, Japan). Data 

were background-corrected and expressed as photo-stimulated luminescence signals per 

square millimeter (PSL/mm2).

2.6 Homology docking of hVAChT

The interactions of the hVAChT and the ligand (-)-TZ659 were evaluated using protein 

docking by polar Fourier correlations (http://hexserver.loria.fr) (Ritchie and Venkatraman, 

2010). Molecular interaction analysis was performed using UCSF Chimera analysis 

(Pettersen et al., 2004). The major facilitator superfamily (MFS) homology structure of 

hVAChT was produced by Dr. Lucy R. Forrest (Radestock and Forrest, 2011). The 3D 

structure of (-)-TZ659 was created using ChemBioDraw 13.0 (CambridgeSoft Software, 

PerkinElmer Inc. Waltham, MA). Total energy of interactions were calculated based on 

shape and electrostatics as correlation type and the final search was set to 15 (N = 15); the 

angular search range of docking parameters were set to default values. The best docking 

structure of complex for hVAChT and (-)-TZ659, which showed the lowest energy from the 

15 solutions, was subjected to further molecular interaction studies.

3. Results

3.1 Radiolabeling

The chemical structure of (-)-[3H]TZ659 and (-)-[11C]TZ659 are shown in Fig. 1. The 

specific activity of (-)-[3H]TZ659 was 80 Ci/mmol. (-)-[11C]TZ659 was obtained in high 

radiochemical yield (55-70%, decay corrected), with radiochemical purity > 98% and 
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specific activity >4,000 Ci/mmol (decay corrected to end of bombardment). The synthesis of 

(-)-[11C]TZ659 was accomplished as reported previously (Li et al., 2013).

3.2 In vitro radioligand binding assay using post-nuclear supernatants of PC12A123.7 cells

Initial saturation binding studies were carried out using (-)-[3H]TZ659 with post-nuclear 

supernatants of transfected PC12A123.7 cells which express wild type W331 hVAChT. A 

saturation binding curve revealed Kd = 1.97 ± 0.30 nM and Bmax = 3240.00 ± 145.90 

fmol/mg protein (Fig. 2A). Post-nuclear supernatants of PC12A123.7 cells stably transfected 

with mutant W331A hVAChT also showed saturation binding, with a higher Kd (15.94 ± 

1.35 nM) and a lower Bmax (2605 ± 115.90 fmol/mg protein) (Fig. 2B). In the background 

control assay using a blank transfection vector, no saturation curve could be obtained, and 

the measured radioactivity was much lower than that of the nonspecific binding. These 

results suggested that the binding of (-)-[3H]TZ659 to post-nuclear supernatants of 

PC12A123.7 cells is specifically due to the hVAChT protein.

The competitive binding assays showed that VAChT inhibitors (-)-TZ2144, TZ4376, FBBV 

and (-)-vesamicol displaced (-)-[3H]TZ659 binding with Ki values of 0.20 nM, 1.82 nM, 

7.17 nM and 31.35 nM, respectively (Fig. 2C). VAChT ligands TZ4376 and FBBV were 

previously reported by our group (Li et al., 2013; Tu et al., 2009). (-)-TZ2144 is a new 

compound synthesized in our lab; its synthesis will be reported elsewhere. No inhibition of 

(-)-[3H]TZ659 binding to VAChT was observed in the competitive binding studies using 

other CNS receptor ligands: (+)-pentazocine (σ1 receptor, (Steinfels et al., 1988)), ISO-1 (σ2 

receptor, (Tu et al., 2007)), S-(-)-eticlopride (dopamine D2 receptor, (Kohler et al., 1985)), 

DTBZ (VMAT2, (Kilbourn et al., 1995)), WAY-100135 (5-HT1A receptor, (Fletcher et al., 

1993)), and MP-10 (PDE10A, (Verhoest et al., 2009)). The Ki values are summarized in 

Table 1. The data indicates that (-)-[3H]TZ659 binds to VAChT with high selectivity.

3.3 In vitro and ex vivo assays using rat brain homogenates

The in vitro binding assay using (-)-[3H]TZ659 and rat brain homogenates, showed higher 

total binding levels in the striatum and lower levels in the cerebellum, demonstrating a high 

target: nontarget ratio at various tracer concentrations (ratio > 3.46; Fig. 3A). Prior studies of 

the time-dependent regional brain distribution of (-)-[11C]TZ659 in rats (data not shown) led 

to selection of 60 min post injection for the uptake study. After tissue homogenization and 

filtration, a higher striatum: cerebellum ratio was observed (9.56 ± 1.11; Fig. 3B), compared 

with the in vitro binding study.

3.4 Autoradiography using rat brains

Ex vivo autoradiography studies were performed to confirm the regional selectivity of 

radiolabeled (-)-TZ659 in the rat brain. (-)-[11C]TZ659 clearly accumulated in the VAChT-

enriched striatum with little accumulation in the cerebellum (Fig. 4). The uptake of (-)-

[11C]TZ659 in rat striatum was 2.99-fold higher than that in cerebellum.
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3.5 Homology docking of hVAChT

The molecular docking using the HEX server acquired 15 docking complex structures for 

hVAChT and (-)-TZ659. The most representative (as shown in Fig. 5A) of the 15 solutions, 

with lowest docked energy (Etotal = -293.36 kcal/mol), was chosen for further analysis. Our 

docking results indicated that (-)-TZ659 binds to hVAChT at the conserved MFS pocket 

near Tyr50, Glu309, Trp331 (W331) and Tyr 428 (Fig. 5B).

4. Discussion

Although different strategies can be used to assess the integrity of the cholinergic system in 

the CNS, interpreting results from imaging studies using AChE ligands can be challenging 

(Nagren et al., 2010). VAChT provides a pre-synaptic target localized to cholinergic 

terminals (Gilmor et al., 1996), thus VAChT imaging should directly reflect changes in the 

density of cholinergic terminals. An additional potential clinical advantage of a VAChT 

radioligand is that it may allow in vivo assessment of the integrity of cholinergic nerve 

terminals in patients taking cholinesterase inhibitor drugs (Bohnen and Albin, 2011). 

Radiolabeled benzovesamicol analogues have been used to measure VAChT density as a 

biomarker of neurodegenerative diseases for almost two decades (Kuhl et al., 1996; 

Mulholland et al., 1998; Parent et al., 2013; Petrou et al., 2014; Pirker et al., 2003; Seibyl et 

al., 1995). Neuroimaging findings using SPECT and PET ligands are consistent with 

postmortem evidence indicating that basal forebrain cholinergic deficits appear early in PD 

(Ruberg et al., 1986). A recent microPET study using (-)-[18F]FEOBV in a rat model of 

cholinergic denervation detected neuronal terminal losses induced by selective lesions of the 

pedunculopontine (PPTg) nucleus; the imaging results were confirmed by ChAT 

immunostaining (Cyr et al., 2014).

Our group previously reported the synthesis and the preliminary evaluation of (-)-TZ659. 

Competitive radioligand binding assays revealed that (-)-TZ659 possesses a high VAChT 

potency with a Ki value of 0.78 nM determined using (-)-[3H]vesamicol, and poor affinities 

for both σ1 receptors (Ki = 992 nM, determined using (+)- [3H]pentazocine, and σ2 receptors 

(Ki = 11,400 nM, determined using [3H]DTG); the selectivity of (-)TZ659 binding toward 

VAChT over σ1and σ2 receptors is over 1200-fold (Li et al., 2013). Biodistribution studies 

in rats and microPET studies in nonhuman primates showed good accumulation in the 

VAChT enriched striatal regions (Li et al., 2013). Here we extend these studies and provide 

in vitro and ex vivo characterization of tritiated (-)-TZ659 for in vitro assays. Saturation 

binding assays of (-)-[3H]TZ659 in homogenates of PC12A123.7 cells transfected with wild-

type W331 hVAChT cDNA were performed using (-)-vesamicol to define non-specific 

binding. It was found that (-)-[3H]TZ659 had a single high affinity binding site. The Kd 

value of (-)-[3H]TZ659 (1.97 nM) is close to the previously reported Ki value (0.78 nM) of 

(-)-TZ659 for VAChT (Li et al., 2013). When using the PC12A123.7 cells transfected with 

blank vector as a background control, the readouts of total binding and non-specific binding 

were too close to determine a real saturated binding status, which indicates that PC12 cells 

which are not transfected with hVAChT contain very few (-)-[3H]TZ659 binding sites. In 

addition, PC12A123.7 cells were stably transfected with mutant W331A hVAChT, as 

reported in previous docking and mutagenesis studies of hVAChT (Khare et al., 2010). Site-
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directed mutagenesis of W331 in the lumenal beginning of transmembrane helix VI of 

VAChT by Khare et al. identified the region as critical for specific binding. Cells transfected 

with W331A mutant hVAChT exhibit non-specific vesamicol binding but no transport of 

ACh (Khare et al., 2010). The W331A mutation decreased binding affinity of the tracer by 

∼8 fold (the Ki value changed from 1.97 nM to 15.94 nM), which further supports the 

binding specificity of (-)-[3H]TZ659 for VAChT. In line with this finding, our docking 

calculations suggest that the residue W331 may interact by hydrophobic stacking with the 

aromatic ring of (-)-TZ659; formation of hydrogen bonds suggests potential interactions 

between Glu309 and the carbonate group, which might contribute to the high selectivity of 

(-)-TZ659 for VAChT compared with other vesamicol analogues (Li et al., 2013; Tu et al., 

2009).

Using the homogenates of PC12A123.7 cells transfected with wild-type hVAChT cDNA, the 

competitive binding assay confirmed that (-)-[3H]TZ659 has little affinity for σ1, σ2, 

VMAT2, dopaminergic, serotonergic, or PDE10A receptors/proteins. This finding is in 

agreement with the Ki-non-target/ Ki-VAChT ratios of the corresponding cold compound (over 

1200- fold selectivity) (Li et al., 2013). Moreover, the low Ki values calculated from 

competitive binding assays using VAChT inhibitors, the carbonyl group-containing 

analogues (-)-TZ2144, TZ4376, FBBV and (-)-vesamicol, suggest those ligands have the 

same binding site as (-)-[3H]TZ659, which is also one of the carbonyl group-containing 

analogues. Together, these results indicate that the binding of (-)-[3H]TZ659 is specific for 

VAChT.

We further investigated the selectivity of radiolabeled (-)-TZ659 for striatal tissue in rats 

using three different methods, including in vitro binding assays using (-)-[3H]TZ659, ex 

vivo uptake assays using (-)-[11C]TZ659, and ex vivo autoradiography using (-)-

[11C]TZ659. Immunostaining of rat brain for VAChT (Gilmor et al., 1996) and preclinical 

imaging studies of VAChT (Efange, 2000) both indicate that the striatum is the target region 

for VAChT, with the cerebellum as an appropriate reference region. Both of our in vitro 

binding assays using (-)-[3H]TZ659 and ex vivo uptake assays using (-)-[11C]TZ659 
showed a significant accumulation of the radioactivity in the striatum compared with the 

cerebellum; this is in agreement with the reported distribution of VAChT in the brain 

(Gilmor et al., 1996). Interestingly, although the target: non-target ratio for (-)-[11C]TZ659 
in ex vivo autoradiography was lower than results from the other two methods, the ratio was 

closer to the result from PET imaging studies in nonhuman primates (Li et al., 2013). 

Despite differences in the absolute values obtained, all three measurements consistently 

revealed that radiolabeled (-)-TZ659 are highly accumulated in the striatum.

In conclusion, this work demonstrates that (-)-[11C]TZ659, which has high affinity and 

specificity to VAChT, has high potential to be a suitable PET tracer for assessing the level 

of VAChT in the brain. Further work is needed to determine the pharmacokinetics of (-)-

[11C]TZ659 in vivo, and to evaluate the utility of this new PET radiotracer using animal 

models of cholinergic denervation.
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Fig. 1. 
Chemical structures of (-)-[11C]TZ659, (-)-[3H]TZ659 and other compounds used in the 

competitive binding assay.
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Fig. 2. 
Saturation and competitive binding analysis of (-)-[3H]TZ659 to VAChT in homogenates of 

PC12A123.7 cells Representative saturation binding analysis using PC12A123.7 cells 

transfected with wild type hVAChT (A) and PC12A123.7 cells transfected with mutant 

W331A hVAChT (B). Representative competitive binding analysis using PC12A123.7 cells 

transfected with wild type hVAChT (C). The Ki values were shown in Table 1.
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Fig. 3. 
In vitro and ex vivo assays of radiolabeled (-)-TZ659 to rat brain homogenates. (A) In vitro 

binding assay of (-)-[3H]TZ659 to rat brain homogenates. Homogenates of striatum and 

cerebellum were incubated with different concentrations of radioligand for 60 min. 

Subsequently, the radioactivity was measured and expressed graph as counts per minute per 

mg protein (CPM/mg protein). (B) Ex vivo uptake of (-)-[11C]TZ659 in rat striatum and 

cerebellum filtered homogenates. Rats were injected i.v. (n = 4) and the radiotracer uptake 

was measured after 60 min. The uptake in filtered homogenates was expressed as CPM/mg 

protein.
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Fig. 4. 
Ex vivo autoradiography of (-)-[11C]TZ659 in rat brain. (A) Horizontal sections showed 

strong binding of (-)-[11C]TZ659 in striatum and low binding in cerebellum. (B) Bars 

represent binding intensity (photo-stimulated luminescence signals per square millimeter, 

PSL/mm2) of (-)-[11C]TZ659 after background subtraction.
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Fig. 5. 
Homology modeling structure complex of (-)-TZ659 to hVAChT. (A) The 12-span 

transmembrane (TM) domain of hVAChT is modeled with crystal structure of major 

facilitator superfamily (MFS) glycerol-3-phosphate transport. Modeling structure of 

hVAChT is shown with N-terminal 6-helex bundle in magenta, C-terminal 6-helix bundle in 

blue, and (-)-TZ659 as a ball and stick model. Both N-terminal TM and C-terminal TM end 

to the vesicle lumen. (-)-TZ659 specifically binds to the hinge region of N-terminal 6-helex 

bundle and C-terminal 6-helix bundle. (B) Close-up molecular interface shows a ball and 

stick of (-)-TZ659 fits to the binding pocket (near Tyr50, Glu309, Trp331 and Tyr 428) of 

the conserved transporter of MFS.
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Table 1

Summary of the VAChT binding affinity for CNS ligands obtained from competitive binding study with (-)-

[3H]TZ659 using homogenates of hVAChT transfected PC12A123.7 cells.

Compounds Ki, nM Notes

(-)-TZ2144 0.20 ± 0.03 VAChT ligand

TZ4376 1.82 ± 0.23 VAChT ligand

FBBV 7.17 ± 0.66 VAChT ligand

(-)-Vesamicol 31.35 ± 5.17 VAChT and σ1 receptor ligand

(+)-Pentazocine >1000 σ1 receptor ligand

ISO-1 >1000 σ2 receptor ligand

S-(-)-Eticlopride >1000 D2 receptor ligand

DTBZ >1000 VMAT2 ligand

WAY-100135 >1000 5-HT1A receptor ligand

MP-10 >1000 PDE10A ligand
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