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Abstract

Phosphodiesterase 10A (PDE10A) plays a key role in the regulation of brain striatal signaling. A 

PET tracer for PDE10A may serve as a tool to evaluate PDE10A expression in vivo in central 

nervous system disorders with striatal pathology. Here, we further characterized the binding 

properties of a previously reported radioligand we developed for PDE10A, [11C]TZ1964B, in 

rodents and nonhuman primates (NHPs). The tritiated counterpart [3H]TZ1964B was used for in 

vitro binding characterizations in rat striatum homogenates and in vitro autoradiographic studies in 

rat brain slices. The carbon-11 labeled [11C]TZ1964B was utilized in the ex vivo autoradiography 

studies for the brain of rats and microPET imaging studies for the brain of NHPs. MicroPET scans 

of [11C]TZ1964B in NHPs were conducted at baseline, as well as with using a selective PDE10A 

inhibitor MP-10 for either pretreatment or displacement. The in vivo regional target occupancy 

(Occ) was obtained by pretreating with different doses of MP-10 (0.05 - 2.00 mg/kg). Both in vitro 

binding assays and in vitro autoradiographic studies revealed a nanomolar binding affinity of 

[3H]TZ1964B to the rat striatum. The striatal binding of [3H]TZ1964B and [11C]TZ1964B was 

either displaced or blocked by MP-10 in rats and NHPs. Autoradiography and microPET imaging 

confirmed that the specific binding of the radioligand was found in the striatum but not in the 

cerebellum. Blocking studies also confirmed the suitability of the cerebellum as an appropriate 

reference region. The binding potentials (BPND) of [11C]TZ1964B in the NHP striatum that were 

calculated using either the Logan reference model (LoganREF, 3.96 ± 0.17) or the simplified 

reference tissue model (SRTM, 4.64 ± 0.47), with the cerebellum as the reference region, was high 

and had good reproducibility. The occupancy studies indicated a MP-10 dose of 0.31 ± 0.09 

mg/kg (LoganREF) / 0.45 ± 0.17 mg/kg (SRTM) occupies 50% striatal PDE10A binding sites. 
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Studies in rats and NHPs demonstrated radiolabelled TZ1964B has a high binding affinity and 

good specificity for PDE10A, as well as favorable in vivo pharmacokinetic properties and binding 

profiles. Our data suggests that [11C]TZ1964B is a promising radioligand for in vivo imaging 

PDE10A in the brain of living subject.
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1. Introduction

Phosphodiesterase 10A (PDE10A) is expressed primarily in the medium spiny neurons 

(MSNs) of the striatum, which is a major input site into basal ganglia of the mammalian 

brain (Soderling et al., 1999; Strick, 2010). Nigrostriatal terminals release dopamine that 

engages dopaminergic receptors on MSNs. These receptor interactions lead to changes in 

cyclic nucleotides mediated by PDE10A. Dysfunction of nigrostriatal transmission and 

MSN function contributes to multiple neurologic and psychiatric illnesses and may provide 

novel targets for therapeutic interventions (Nishi et al., 2011). Thus, PDE10A may serve as 

a reliable biomarker for disease progression or a potential target for therapeutic interventions 

in various central nervous system (CNS) diseases, such as Parkinson disease, schizophrenia, 

Huntington disease, and addiction (Celen et al., 2013). Moreover, molecular imaging of 

PDE10A by PET provides a potential in vivo biomarker of striatal PDE10A function.

Over the past 10 years, tremendous efforts have been made to develop specific PET tracers 

for imaging PDE10A in the brain. Our group firstly reported the synthesis of a PDE10A 

PET radiotracer, carbon-11 radiolabeled papaverine (PDE10A inhibition IC50 = 36 nM) in 

2010 (Tu et al., 2010). Due to the low retention of the tracer ([11C]papaverine) in rat and 

monkey striatum, the more potent and specific PDE10A inhibitor MP-10 (IC50 = 0.18 nM) 

was selected for radiolabelling. However, a radiolabeled metabolite capable of penetrating 

the blood–brain-barrier limits the clinical utility of [11C]MP-10 for PET quantification of 

PDE10A (Plisson et al., 2011; Tu et al., 2011). Recently our group reported a series of 

pyrazole group-containing analogues with a methoxy group on the quinoline fragment, 

which displayed high potency and selectivity for PDE10A (Li et al., 2013). Among these 

compounds, TZ1964B has high PDE10A binding potency with an IC50 value of 0.40 ± 0.02 

nM and high selectivity for PDE10A versus PDE3A/3B and PDE4A/4B with IC50 > 1500 

nM (Li et al., 2013). Biodistribution in normal rats and MP-10 pretreatment in rats revealed 

that [11C]TZ1964B, named as [11C]1 previously, had high striatal accumulation and good 

binding specificity for PDE10A (Fan et al., 2014). MicroPET studies in nonhuman primates 

(NHP) consistently showed good tracer retention in the striatum with rapid clearance from 

non-target brain regions, and a stable metabolism profile that only one hydrophilic 

radiometabolite was detected (Fan et al., 2014).

In the present study, we further evaluated the in vitro binding properties of the ligand using 

its tritiated counterpart [3H]TZ1964B, and characterized the in vivo tracer kinetics and 
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binding characteristics of [11C]TZ1964B in the brains of NHPs, to determine whether this 

radioligand could permit quantification of PDE10A availability.

2. Materials and methods

2.1 Radioligand preparation

The tritiated compound was custom synthesized by American Radiolabeled Chemicals, Inc. 

(St. Louis, MO). The carbon-11 labeled compound [11C]TZ1964B was successfully 

synthesized through O-methylation of the corresponding precursor, following our previous 

report (Fan et al., 2014).

2.2 Compound preparation

Reagents and standard compounds for in vitro binding assays were purchased from Sigma 

(St. Louis, MO) and Tocris Biosciences (R&D Systems, Minneapolis, MN). Novel 

compounds were synthesized in-house. Test compounds (Table 1) were dissolved in N,N-

dimethylformamide (DMF) or ethanol to create a stock solution; the desired concentration 

for in vitro assays was subsequently obtained by further dilution in the Tris-HCl assay buffer 

(50 mM Tris/HCl, 8.30 mM MgCl2, 1 mM EDTA, pH 7.5). In the blocking and 

displacement studies of microPET scans, the solution of MP-10 (0.50 mg/mL) was achieved 

with 10% PEG300/30% cyclodextrin solution/60% water.

2.3 Experimental animals

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 in vitro binding assays and in vitro autoradiography. 

Tail vein injections were performed under light inhalation anesthesia (1-2% isoflurane/

oxygen) and euthanasia was done under surgical plane anesthesia. Two male adult 

cynomolgus monkeys, weighing on average 4-6 kg, served as subjects for microPET studies.

2.4 In vitro binding assay in rat brain homogenates

2.4.1 Brain homogenate preparation—Subcellular fraction was carried out as 

described by Xie et al. (Xie et al., 2006). Rats were euthanized, and bilateral striatum were 

dissected and homogenized. Tissue homogenization was carried out in cold (4 °C) 

homogenization buffer (0.32 M sucrose, 4 mM HEPES-NaOH, 1 mM EDTA, pH 7.4) by 

vigorous vortexing. The homogenate was then centrifuged for 10 min at 800×g to yield the 

pellet (P0) and the supernatant (S0). P0 was washed in five volumes of lysis buffer, 

centrifuged again to yield P1 and S1. S0 and S1 were pooled and centrifuged for 15 min at 

9000×g yielding S2 and P2. The supernatant S2 was further spun at 100,000 × g for 60 min 

using the Beckman Ti45 rotor to yield the high speed membrane fraction P20. P20 was re-

suspended into the Tris-HCl assay buffer. Aliquots were stored at −80 °C until use. The 

protein concentration of the suspension was determined using the DC protein assay (Bio-

Rad, Hercules, CA).
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2.4.2 Radioligand binding assay—The kinetic analysis of [3H]TZ1964B (~2 nM) 

binding to rat striatum homogenates P20 (~80 μg /ml) was carried out to measure the 

association (Kon) and dissociation (Koff) rates. Association and dissociation curves were 

obtained by recording the amount of the radioligand bound specifically as a function of time 

at a constant concentration of both the radioligand and the enzyme. Dissociation 

experiments were carried out by adding 10 μM of MP-10 to the reaction mixture after 

equilibrium was achieved and the specific binding of the radioligand as a function of time 

was determined. The values of Kon and Koff were determined by nonlinear regression 

analysis using GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA).

For the saturation binding assay, rat striatum homogenates P20 were diluted and incubated 

for 60 min with [3H]TZ1964B 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 concentrations of the radioligand ranged from 0.20 nM to 10.00 nM. Reactions 

were terminated by the addition of 100 μL of Tris-HCl 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 Tris-HCl assay buffer for 1 hour. Each filter was washed with 5 

× 200 μL Tris-HCl buffer then transferred to a scintillation vial with 2 mL of scintillation 

fluid and counted on a Wallac 1450 MicroBeta TriLux liquid scintillation counter (Perkin 

Elmer, Boston, MA). The equilibrium dissociation constant (Kd) and maximum number of 

binding sites (Bmax) were determined by nonlinear regression analysis of one-site saturation 

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

For competitive binding assays, rat striatum homogenates P20 (4 μg protein) were incubated 

with [3H]TZ1964B and each test compound in a total volume of 150 μL 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 compounds ranging from 0.03 nM to 10 μM were added to provide 

inhibition curves. After incubation, samples were washed 5 times, 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).

In all the binding assays, the nonspecific binding of the radioligand was obtained in the 

presence of 10 μM of MP-10. Counts were normalized to mg protein in the sample. Three 

independent experiments were performed, the results are reported as mean ± standard 

deviation.

2.5 In vitro autoradiography in rat brain slices

Rats were euthanized, and the whole brain was immediately removed, then were snap frozen 

over dry ice. Horizontal sections (20 - 30 μm) were cut with a Microm cryostat (Microm 

HM 550; Microm International, Walldorf, Germany) and mounted on Superfrost Plus glass 

slides (Fisher Scientific, Pittsburgh, PA). All the sections were stored in −20 °C for no more 

than 1 month. The in vitro autoradiography was performed as previously reported (Xu et al., 

2010). The sections were thawed and dried for 15 min at room temperature, and pre-

incubated for 15 min in Tris-HCl buffer. The brain slices were then incubated for 60 min 

with [3H]TZ1964B in different concentrations (0.38 - 12 nM) at room temperature. 

Nonspecific binding was determined from samples that contained additional 10 μM of 
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MP-10. To explore the regional distribution of PDE10A in the brain, sagittal rat brain 

sections, including striatum, frontal cortex, hippocampus, thalamus, globus pallidus, nucleus 

accumbens, substantia nigra, and cerebellum, were prepared and incubated with 3 nM 

[3H]TZ1964B in the presence or absence of 10 μM of MP-10. Following the incubation, all 

sections received two rinses of 5 min each in ice-cold assay buffers and one quick rinse in 

ice-cold water. The sections were air-dried overnight and then exposed to the screen 

(Hyperfilm MP; Amersham-GE Healthcare, Piscataway, NJ) in an imaging cassette (Fuji 

Photo Film Co., Tokyo, Japan) for 4 weeks at room temperature. The film was then 

developed with a Kodak X-OMAT 2000A processor (Kodak, Tokyo, Japan). The optical 

density of images were analyzed by Image J (NIH, Bethesda, MD). The equilibrium 

dissociation constant Kd of ligand binding were calculated by nonlinear regression analysis 

of one-site saturation binding model using GraphPad Prism 5.0 (GraphPad Software, Inc., 

San Diego, CA).

2.6 Ex vivo autoradiography in the rat brain

Rats (n = 2) were anesthetized with 2-3% isoflurane/oxygen, and were injected with 

[11C]TZ1964B (~ 74 MBq) via the tail vein. At 30 min post injection, rats were euthanized 

and the whole brains were dissected. Intact brains were flash frozen in dry ice, pre-cooled in 

isopentane and stored on dry ice. Horizontal sections (100 μm) were cut with a Microm 

cryostat and mounted on superfrost plus glass slides (Fisher Scientific, Pittsburgh, PA). 

Frozen slides were instantly exposed the film in an imaging cassette BAS- TR2025 (Fuji 

Photo Film, Tokyo, Japan) for 12 h in −20° C at dark. The distribution of radioactivity was 

visualized by a Fuji Bio-Imaging Analyzer FLA-7000 (Fuji Photo Film, Tokyo, Japan). 

Photo-stimulated luminescence (PSL) from the striatum and cerebellum were quantified 

using Multi Gauge v3.0 software (Fuji Photo Film, Tokyo, Japan). Data were background-

corrected and expressed as photo-stimulated luminescence signals per square millimeter 

(PSL/mm2).

2.7 In vivo microPET studies in NHPs

2.7.1 Subjects—PET imaging was carried out on two adult male cynomolgus monkeys. 

Subject A underwent 4 baseline scans, a series of scans for blocking studies using various 

doses of MP-10 (0.05, 0.10, 0.25, 0.50, 1.00, 1.50, and 2.00 mg/kg), and a scan for the 

displacement study (MP-10, dose of 2.00 mg/kg). Subject B underwent two baseline scans. 

The data represented the results of 6 baseline and 7 blocking experiments. Fasted animals 

were immobilized with ketamine (10 mg/kg, intramuscular) and anesthetized with 1.5–2.5% 

isoflurane via an endotracheal tube. A water-soluble ophthalmic ointment was placed in the 

eyes. Vital signs were monitored every 5 min, and the temperature was kept constant at ~37 

°C with heated water blankets. An intravenous perfusion line permitted hydration and 

injection of the radiotracer.

2.7.2 PET data acquisition—A MicroPET Focus 220 scanner (Concorde/CTI/Siemens 

Microsystems, Knoxville, TN) was used for the imaging studies of [11C]TZ1964B in the 

brains of nonhuman primates. A 10 min transmission scan was performed to check the 

positioning of the brain within the scanner; this was followed by a 45 min transmission scan 

for attenuation correction. Subsequently, a 120 min dynamic (3× 1-min frames, 4× 2-min 
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frames, 3× 3-min frames, and 20× 5-min frames) PET scan were acquired after intravenous 

injection of 185 - 259 MBq of [11C]TZ1964B. Blocking experiments were conducted using 

escalating doses (0.05, 0.10, 0.25, 0.50, 1.00, 1.50 and 2.00 mg/kg) of MP-10 administered 

intravenously 5 min prior to the tracer injection. Displacement studies were conducted in 

subject A by administering MP-10 intravenously at dose of 2.00 mg/kg, 20 min post tracer 

injection.

2.7.3 PET images processing—Emission scans were corrected using individual 

attenuation, random correction and model-based scatter correction and reconstructed using 

filtered back projection as described previously (Miller et al., 1989). PET image 

reconstructed resolution was < 2.00 mm full width half maximum for all 3 dimensions at the 

center of the field of view. The monkey's magnetization-prepared rapid gradient echo (MP-

RAGE) MR image and the summed PET images were co-registered using Automated Image 

Registration (AIR) (Woods et al., 1993). For quality control of this co-registration process, 

the co-registered PET and MRI were superimposed using Analyze 10.0 (AnalyzeDirect, 

Overland Park, KS) and any misalignments could be detected by misposition of brain edges 

on both images. For quantitative analyses, three-dimensional regions of interest (ROI) for 

cerebellum (583 voxels, the voxel size is 1.858 mm × 1.858 mm × 0.796 mm = 2.75 μL), 

striatum (695 voxels), frontal cortex (263 voxels), occipital cortex (254 voxels), temporal 

cortex (335 voxels), white matter (257 voxels) and hippocampus (68 voxels) were identified 

on the MRI and then transformed into baseline PET space using the co-registration 

transformation matrix. The ROIs once identified on a baseline scan were kept fixed for all 

subsequent studies on the same animal. These ROIs then were used to extract time activity 

curves from the dynamic PET images. Radioactivity measures were standardized to the body 

weight and the dose of radioactivity injected to yield standardized uptake value (SUV). To 

minimize noise signal in the presentation time tissue-activity curve (TAC) data have been 

smoothed by “Adjacent Averaging” using the OriginLab 9.1 program (OriginLab 

Corporation, Northampton, MA), while tracer kinetics analysis was based on original data 

without smoothing. All image analysis was carried out by investigators blinded to the 

blocking pretreatment.

2.7.4 Reference based tracer kinetic analysis—Quantification of specific uptake was 

compared with two tracer kinetic methods: Logan Reference (LoganREF) model (Innis et 

al., 2007; Logan et al., 1996; Logan et al., 1990) (Figure S1) and simplified reference tissue 

model (SRTM) (Gunn et al., 1997; Innis et al., 2007; Lammertsma and Hume, 1996) 

(Figure S2). Using the LoganREF model, the volume of distribution ratio (DVR) was 

estimated in each ROI using a MATLAB (Mathworks Inc., Natick, MA) implementation of 

these tracer kinetic methods as previously published (Logan et al., 1990). This enabled 

calculation of the binding potential (non-displaceable): BPND = DVR-1, which is 

proportional to the ratio Bmax/Kd for each region of interest with fixed k2’ value 0.10 min−1 

(Van Laere et al., 2013b) and CROI values collected from the PET scans. BPND and R1, k2 

values were also derived from the application of SRTM model. The model fitting was 

processed as previously published (Lammertsma and Hume, 1996; Watabe et al., 1996) with 

CR (reference region tracer radioactive concentration) and CT (target region tracer 

radioactive concentration) values derived from microPET collections. Percentage test–retest 
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variability (TRV) was calculated as the mean percentage between the absolute difference 

between test and retest and average test and retest values, 100×| BPND-test – BPND-retest |/

(( BPND-test + BPND-retest)/2). The coefficient of variation (CV = 100× standard deviation/

mean BPND) is a measure of dispersion and often referred to as the relative standard 

deviation.

The regional target occupancy (Occ) following pretreatment with MP-10 was calculated 

directly as the relative change in striatal BPND using both LoganREF and SRTM; and it 

refers to the percentage of the enzyme PDE10A binding sites bound by the drug molecule 

(MP-10). The occupancy values were averaged across the striatal regions (putamen and 

caudate) to estimate the occupancy percentage. In addition, the occupancy values at baseline 

and after MP-10 pre-treatment were also analyzed using the occupancy plot (Suhara et al., 

2003) to provide alternative estimates of the reduction of the specific signal.

3. Results

3.1 Radiochemical synthesis

The chemical structures of [3H]TZ1964B and [11C]TZ1964B are shown in Figure 1. The 

specific activity of [3H]TZ1964B was 3145 MBq/μmol. [11C] TZ1964B was obtained in 

high specific activity > 318.2 GBq/μmol (decay corrected to end of bombardment), with 

radiochemical yield 20 - 30% (decay corrected to end of bombardment,) and radiochemical 

purity >99%.

3.2 In vitro binding assays in rat brain homogenates

As an initial step, a kinetic binding characteristic of [3H]TZ1964B binding to the PDE10A 

in rat striatum homogenates P20 was investigated. Both the association and dissociation time 

courses were shown in Figure 2A&B. After about 10 min at room temperature, > 95% of 

max specific [3H]TZ1964B binding was achieved (Kon = 0.33 ± 0.13 nM−1 ·min−1). The 

dissociation rate constant Koff of [3H]TZ1964B binding was 0.41 ± 0.079 min−1. Direct 

saturation binding studies were carried out using [3H]TZ1964B with rat striatum 

homogenates P20. A single site binding was observed with Kd = 1.25 ± 0.20 nM and Bmax = 

8216 ± 400.60 fmol/mg protein (Figure 2C&D). A series of σ1 receptor, σ2 receptor, 

vesicular monoamine transporter 2 (VMAT2), vesicular acetylcholine transporter (VAChT), 

dopaminergic, serotonergic, or PDE1 specific ligands, and known PDE10A inhibitors were 

tested to characterize the pharmacological profile of [3H]TZ1964B (Chemical structures 

shown in Figure S3). The Ki values for inhibiting [3H]TZ1964B binding to PDE10A were 

obtained by competitive binding assays (Table 1). Specific PDE10A inhibitors displaced 

[3H]TZ1964B binding in rat striatum with variable Ki values ranging from 0.015 nM to 

251.4 nM (Table 1, Figure 3). No inhibition of the [3H]TZ1964B binding to PDE10A was 

observed in the competitive binding studies using PDE1, σ1 receptor, σ2 receptor, VAChT, 

dopaminergic, and serotonergic ligands.

3.3 In vitro autoradiography in rat brain slices

To confirm the selectivity of [3H]TZ1964B in different brain regions, in vitro 

autoradiography studies were performed using rat brain slices. As shown in Figure 4A&B, 
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[3H]TZ1964B clearly accumulated in the striatum. The addition of 10 μM of MP-10 

dramatically reduced the binding of [3H]TZ1964B in the striatum. High radiotracer uptake 

also was found in globus pallidus, nucleus accumbens, and substantia nigra. Thalamus, 

cerebellum and frontal cortex showed trace to low level of [3H]TZ1964B accumulation.

The specific uptake of [3H]TZ1964B in rat striatum was 5.50-7.50-fold higher than that in 

cerebellum (Figure 4C, the ratio varied due to different concentrations of [3H]TZ1964B). 

The saturation binding curve was shown in Figure 4D. [3H]TZ1964B bound to the striatum 

in rat brain slices with a Kd value of 4.10 ± 1.74 nM.

3.4 Ex vivo autoradiography in the rat brain

Ex vivo autoradiography using [11C]TZ1964B confirmed that the radiotracer clearly labelled 

the PDE10A sitesin rat striatum with high selectivity, whereas rare accumulation was 

observed in the cerebellum (Figure 4E & F). The uptake of [11C]TZ1964B in rat striatum 

was ~6-fold higher than that in the cerebellum.

3.5 In vivo microPET studies in NHPs

The summed PET images from 0 to 120 min, showing the regional distribution of 

[11C]TZ1964B at baseline, revealed [11C]TZ1964B retention in striatum (Figure 5A). The 

selective PDE10A inhibitor MP-10, at a dose of 2.0 mg/kg, reduced significantly the striatal 

uptake of [11C]TZ1964B, which confirmed the target specificity of [11C]TZ1964B for 

PDE10A. The average SUV curve (6 baseline scans in 2 NHPs, Figure 5B) showed 

consistently high accumulation of the radiotracer in the striatum, and fast wash-out in the 

cerebellum. The striatum to cerebellum ratio was ~5.50 at 90 min post-injection. Using the 

cerebellum as the reference region, the graphical analysis by LoganREF model showed the 

uptake of [11C]TZ1964B in the striatum is much higher than other brain regions, including 

cortex, hippocampus and white matter (Figure 5C).

For a 120-min acquisition time of baseline scans, the BPND calculated with the LoganREF 

model for the striatum was 3.96 ± 0.17 (n = 6, Table 2), using the cerebellum as the 

reference region. The BPND value using the SRTM for the striatum was 4.64 ± 0.47 (n = 6, 

Table 2). The examination of test-retest reproducibility and variability was presented in 

Table 3. The first two scans of subject A and B were used. The average percent changes 

between test and retest BPND values in the striatum were 4.80% for LoganREF model and 

13.80% for SRTM. The test-retest variability (TRV) were 4.62% for LoganREF model and 

13.10% for SRTM.

As shown in Figure 6A, MP-10 dose-dependently blocked the [11C]TZ1964B uptake in the 

striatum. When pretreating with MP-10 at dose of 0.25 mg/kg, the striatal BPND was 

reduced by 26.69% and 17.76%, calculated by LoganREF and SRTM, respectively (Figure 
6A, Table 4). Pretreatment using MP-10 at dose of 2.00 mg/kg decreased the striatal BPND 

by 89.29% (LoganREF) and 85.87% (SRTM) (Figure 6A, Table 4). MP-10 (2.00 mg/kg) 

administration 20 min post injection of [11C]TZ1964B displaced radiotracer from striatum 

(Figure 6B). On the other hand, cerebellar uptake was not affected by either pretreatment 
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(blocking) or post-treatment (displacement) studies, validating the use of cerebellum as a 

suitable reference region.

The data acquired from NHPs pretreated with different doses of MP-10 was used to 

determine the target occupancy after administration of different doses of MP-10 and to 

estimate the in vivo affinity. The BPND values (both from LoganREF and SRTM) for 

occupancy studies are shown in Table 4. The reduction of BPND corresponds with 

increasing dose of pretreatment with MP-10. MP-10 pretreatment doses of 0.05, 0.10, 0.25, 

0.50, 1.00, 1.50 and 2.00 mg/kg produced occupancy levels of 5.01%, 4.06%, 26.26%, 

79.09%, 77.14%, 89.17% and 89.23% determined by LoganREF (BPND) or 18.07%, 

17.19%, 22.32%, 73.37%, 81.63%, 80.00% and 86.65% determined by SRTM (BPND). 

Scatter plot of BPND in the striatum with SRTM versus BPND LoganREF modeling showed 

good correlation (r2 = 0.94), including data from both baseline and different doses of MP-10 

pretreatments (Figure 7A). The fitted ED50 is 0.31 ± 0.09 mg/kg (LoganREF) and 0.45 ± 

0.17 mg/kg (SRTM) (Figure 7B).

4. Discussion

Recently, several potent radiotracers targeting PDE10A have been developed and validated 

in vivo by different groups (Barret et al., 2014; Barret, 2012; Celen et al., 2010; Celen et al., 

2013; Harada et al., 2015; Hwang et al., 2014; Kehler et al., 2014; Van Laere et al., 2013a; 

Van Laere et al., 2013b), including another radiolabeled MP-10 analogue, 

[18F]JNJ42259152. However, as found with MP-10, the possible influence of a brain-

penetrating radioactive metabolite of [18F]JNJ42259152 was reported (Celen et al., 2013; 

Van Laere et al., 2013b). To overcome the common radiolabeled metabolite problem, as 

reported, we radiosynthesized and preliminarily evaluated a series of new pyrazole group-

containing analogues, with a methoxy group on the quinoline fragment (Li et al., 2013). 

TZ1964B displayed a favorable metabolic stability and was selected as the most promising 

candidate of PET ligands for PDE10A (Fan et al., 2014). Thus in the present study, 

[11C]TZ1964B and its radiolabeled counterpart [3H]TZ1964B were further investigated 

both in vitro and in vivo.

Saturation binding assays in rat striatum homogenates revealed that [3H]TZ1964B has a 

nanomolar Kd value (1.25 nM), which was consistent with the value obtained from kinetic 

binding experiments (Koff/ Kon = 1.24 nM). Moreover, obtained from kinetic binding 

studies, both of the association rate (Kon) and the dissociation rate (Koff) were fast, which 

indicated that the tracer [3H]TZ1964B binds to the PDE10A binding site quickly, and that 

the binding is reversible (Hulme and Trevethick, 2010). A similar Kd value (4.10 ± 1.74 nM) 

in rat striatum was also observed in autoradiographic studies. The slight difference between 

homogenate binding assays and the brain slice autoradiography has been previously reported 

(Harada et al., 2015), which might be attributed to the purification of the target protein in the 

former study.

In competitive binding assays, [3H]TZ1964B has little affinity for PDE1, σ1, σ2, VAChT, 

dopaminergic, or serotonergic receptors/proteins. Only PDE10A compounds reduced 

specific binding, confirming the specificity of [3H]TZ1964B binding. Interestingly, among 
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those PDE10A compounds used in competitive binding assay, papavarine and its analogues 

(9a and 9c) had comparably very large Ki values (>100 nM), while MP-10 and other 3 

analogues (TZ1914B, TZ1982T, TZ19106B) had nanomalar Ki values. The different 

competitive binding patterns of these two categories of PDA10A compounds could be 

explained by their different binding sites to PDE10A enzyme. According to the crystal 

structures, MP-10 binds to the “selectivity pocket” of PDE10A that is in proximity to the 

catalytic site of the enzyme, while papavarine and its analogues only binds to the 

hydrophobic clamp and exo-binding region (Chappie et al., 2012). Furthermore, the 

chemical structure of MP-10 analogue TZ1914B shows that the fluorine group in the 

quinoline fragment locates at the fourth position, instead of at the third position as shown in 

other 2 MP-10 analogues. The group at the fourth position is close to the M-loop of 

PDE10A (Chappie et al., 2012), and may be contributed to a comparably low competitive 

binding affinity of TZ1914B.

Besides nanomolar binding affinity, a high target-to-reference ratio of the radiotracer uptake 

is required for PET imaging. Therefore, selecting a proper reference region is critical for 

both in vitro and in vivo validation of novel PET radiotracers. Although the PDE10A 

distribution in the brain is mainly restricted to the striatum, other brain regions including 

cortex, thalamus and cerebellum show trace to low levels of PDE10A expression (Seeger et 

al., 2003). The cerebellum has been used as the reference tissue for the assessment of 

regional binding potentials for PDE10A radiotracers (Barret, 2012; Kehler et al.,2014; Lin et 

al., 2015). The frontal cortex and the thalamus were also used as the reference region in 

human or NHP PET studies (Hwang et al., 2014; Van Laere et al., 2013b). To validate a 

suitable brain region as the reference for our new tracer, in vitro distribution of 

[3H]TZ1964B in the brain was examined by in vitro autoradiography. The cerebellum and 

frontal cortex showed similar low levels of radiotracer uptake, with an even lower level in 

the thalamus. However, there was no difference in the specific binding in the above three 

regions. Moreover, our initial microPET imaging of [11C]TZ1964B in NHP showed 

consistently low tracer accumulation in both the cerebellum and the thalamus, with a slightly 

high uptake in the frontal cortex.

Accordingly, both the cerebellum and the thalamus may serve as the candidate of reference 

regions for [11C]TZ1964B PET imaging. In the current study, the cerebellum was chosen 

for further characterization of radiolabelled TZ1964B both in vitro and in vivo, as the 

striatum-to-cerebellum ratio is a widely used index for the specificity of PDE10A tracers, 

permitting comparisons with others radiotracers. The lack of alteration of cerebellar uptake 

of [3H]TZ1964B and [11C]TZ1964B by blocking or pretreatment with high dose of MP-10 

further confirms the suitability of this area as an appropriate reference region for these 

analyses. The specific uptake of [3H]TZ1964B and [11C]TZ1964B in the rat striatum was 

5.50-7.50 fold higher than that in the cerebellum (the reference region), found by in vitro 

and ex vivo autoradiography, respectively. The striatum-to-cerebellum ratio approximated 

that from a previous biodistribution study (the ratio was 6.00 at 60 min post-injection) (Fan 

et al., 2014). Nevertheless, the use of cerebellum as the reference region needs to be 

confirmed further by arterial blood input analysis in the future.
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The in vitro data justified investigation of characterization of the in vivo binding properties 

of [11C]TZ1964B in NHPs. Baseline scans demonstrated that [11C]TZ1964B consistently 

and selectively accumulated in the NHP striatum. The average striatum to cerebellum (target 

to reference) ratio after steady state (~5.50) was close to that observed in in vitro and ex vivo 

autoradiographic studies. We applied the LoganREF model and the SRTM to determine the 

binding potential BPND values with the cerebellum as the reference region. The average 

striatal BPND value was 3.96 (by LoganREF model), and 4.64 (by SRTM). The BPND values 

using these two models correlated well, although LoganREF model gave lower values, as 

previously reported in PET imaging analysis of several C-11 labeled radiotracers (Yamasaki 

et al., 2014; Zanderigo et al., 2013). Moreover, the reproducibility and reliability of the 

striatal BPND values, calculated by both LoganREF model and SRTM, was evidenced by the 

low test-retest variability and the low coefficient of variance. The good correlation and the 

high reliability of these two modelling methods indicated both LoganREF model and SRTM 

could be applied for PET data analysis of [11C]TZ1964B scans in the brain.

The in vivo binding specificity of [11C]TZ1964B was investigated by pretreatment with 

different doses of MP-10. The regional tissue time-activity curves revealed that the uptake 

of [11C]TZ1964B in the striatum, but not in the cerebellum, was reduced following MP-10 

pretreatment. In the displacement study, following the MP-10 administration, the uptake of 

[11C]TZ1964B in the striatum was reduced to the similar level of the cerebellum uptake at 

the end of PET scan. Along with the in vitro binding assay data, these data demonstrate 

that[11C]TZ1964B binds specifically to PDE10A, and that the binding is reversible. 

Furthermore, intravenous injection of MP-10 occupied PDE10A specific striatal binding 

sites in NHPs. The MP-10 dose of 0.31 ± 0.09 mg/kg (LoganREF) / 0.45 ± 0.17 mg/kg 

(SRTM) produced about 50% PDE10A occupancy in the striatum. These results provided an 

example of estimating PDE10A occupancy, and generated key information on the 

pharmacokinetic-pharmacodynamics relationship of MP-10 (Borroni et al., 2013). The 

estimated in vivo binding affinity for MP-10 agreed well with the ED50 value measured by 

[11C]MP-10 (0.30 mg/kg) (Plisson et al., 2011), which further supports the suitability of 

[11C]TZ1964B in quantifying the in vivo binding sites for PDE10A and evaluating the target 

occupancy of new-synthesized PDE10A inhibitors.

In conclusion, our results indicate that [11C]TZ1964B has a nanomolar affinity and 

specificity to PDE10A, has high selectivity for the targeted brain region (striatum), and 

possesses good characteristics for the in vivo quantification of the PDE10A levels. 

Furthermore, [11C]TZ1964B has great potential for evaluation of target occupancy of drugs 

targeting PDE10A. Therefore, [11C]TZ1964B could serve as a suitable candidate for in vivo 

detecting PDE10A levels in human brain.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AIR automated Image Registration

BPND binding potential (non-displaceable)

CNS central nervous system

CR reference region tracer radioactivity concentration

CT target region tracer radioactivity concentration

DMF N,N-dimethylformamide

DVR volume of distribution ratio

LoganREF Logan Reference

MP-RAGE magnetization-prepared rapid gradient echo

MSN medium spiny neuron

NHPs nonhuman primates

Occ target occupancy

PDE10A phosphodiesterase 10A

PSL photo-stimulated luminescence

ROI region of interest

SD Sprague-Dawley

SRTM simplified reference tissue model

SUV standardized uptake value

TRV percentage test–retest variability

VAChT vesicular acetylcholine transporter

VMAT2 vesicular monoamine transporter 2
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Highlights

• [3H]TZ1964B has a high potency (Kd = 1.25 nM) and high target selectivity 

(~6-fold)

• [11C]TZ1964B has a high binding potential (3.96-4.64) and high binding 

specificity in the brain of nonhuman primate

• [11C]TZ1964B showed reversible binding property in the monkey striatum

• [11C]TZ1964B is a promising PET imaging tracer for assessing PDE10A in the 

brain
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Figure 1. 
Chemical Structures of [3H]TZ1964B and [11C]TZ1964B
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Figure 2. 
Representative kinetic and saturation binding analysis of [3H]TZ1964B to PDE10A in P20 

fractions of rat striatum homogenates. (A, association experiment; B, dissociation 

experiment; C, saturation binding curve; D, Scatchard analysis.)

Liu et al. Page 17

Neuroimage. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Representative competitive binding analysis of the binding of [3H]TZ1964B to PDE10A in 

P20 fractions of rat striatum homogenates.
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Figure 4. 
In vitro and/or ex vivo binding specificity and brain distribution of [3H]TZ1964B and 

[11C]TZ1964B in rat brain. Representative images of in vitro autoradiography of 

[3H]TZ1964B in rat brain showed high radiotracer uptake in striatum, globus pallidus, 

nucleus accumbens, and substantia nigra, which could be blocked by MP-10 (A, sagittal 

section; B, sagittal section with MP-10 blocking; C, horizontal section with and without 

MP-10 blocking; D. Saturation binding curve obtained from striatal uptake of 

[3H]TZ1964B). Representative images of ex vivo autoradiography of [11C]TZ1964B in rat 
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brain (E, horizontal section; F, Bar graph showing binding intensity.) confirmed the high 

radiotracer uptake in the striatum, but not in the cerebellum. PSL/mm2, photo-stimulated 

luminescence signals per square millimeter.

Liu et al. Page 20

Neuroimage. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
In vivo binding specificity and brain distribution of [11C]TZ1964B in non-human primates 

(NHPs). Representative PET and the co-registered MRI/PET images of [11C]TZ1964B in 

NHPs (A, summed radioactivity from 0 to 120 min) and averaged SUV curves of striatum 

and cerebellum (n = 6, B) indicated the tracer consistently accumulated in the NHP striatum, 

which could be blocked by MP-10 pretreatment. The average striatum to cerebellum (target 

to reference) ratio near steady state was ~5.50. Graphical analysis by LoganREF model also 

revealed the striatum has much higher radiotracer uptake than other brain regions (C).
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Figure 6. 
Blocking and displacement study of [11C]TZ1964B in NHPs. SUV curves showing the 

striatal uptake, but not the cerebellar uptake, of [11C]TZ1964B was dose-dependently 

decreased by MP-10 pretreatment (A). The binding of [11C]TZ1964B in NHP striatum was 

also reduced by MP-10 displacement (B), indicating a reversible tracer binding property.
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Figure 7. 
MP-10 dose and PDE10A occupancy relationship. A. Scatter plot of BPND in the striatum 

with SRTM versus BPND LoganREF modeling showed good correlation. B. Target 

occupancy curves using LoganREF (red) and SRTM (blue) respectively. The fitted ED50 is 

0.31 ± 0.09 mg/kg (LoganREF) and 0.45 ± 0.17 mg/kg (SRTM).
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Table 1

Summary of the PDE10A binding affinity of a series compounds obtained from competitive binding study 

with [3H]TZ1964B using P20 fractions of rat striatum homogenates

Drugs Selectivity Ki, nM

TZ19106B PDE10A 0.015 ± 0.002

MP-10 PDE10A 0.20 ± 0.06

TZ1982T PDE10A 0.42 ± 0.10

TZ1914B PDE10A 36.89 ± 4.51

9c PDE10A 251.40 ± 44.67

9a PDE10A >1000

Papaverine PDE10A >1000

Vinpocetine PDE1 >1000

Pentazocine Sigma 1 >1000

ISO-1 Sigma2 >1000

Ditolylguanidine (DTG) Sigma 1/2 >1000

WAY-100135 5-HT1A >1000

Haloperidol D2 >1000

Eticlopride D2 >1000

Vesamicol VAChT >1000
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Table 2

Kinetics parameters of [11C]TZ1964B PET brain imaging in NHPs at baseline

Regions Kinetics parameters

LoganREF SRTM

BPND BPND R1 k2 (min−1)

Striatum 3.96 ± 0.17 4.64 ± 0.47 1.06 ± 0.16 0.11 ± 0.02

Cerebellum Reference

(n= 6 scans)
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Table 3

Test-retest variability (TRV) and coefficient of variation (CV) of [11C]TZ1964B PET brain imaging in NHPs 

at baseline

Methods BPstriatum-test (mean ± SD) CV (%) BPstriatum-retest (mean ± SD) CV (%) Mean change (|%|) TRV (% ± SD)

LoganREF 3.93 ± 0.0025 0.063 4.12 ± 0.063 1.52 4.80 4.62±1.59

SRTM 4.34 ± 0.23 2.27 4.94 ± 0.10 2.07 13.80 13.10±3.19

(n = 2 subjects, first 2 scans of each subject were included)
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Table 4

Kinetic parameters of [11C]TZ1964B PET brain imaging in NHPs following pharmacological pretreatment

Doses of MP-10 (mg/kg) Kinetic parameters (Striatum)

LoganREF SRTM

BPND Occ% BPND R1 k2 (min−1) Occ %

2.00 0.4231 89.23 0.6558 1.0209 0.04245 86.65

1.50 0.4234 89.17 0.5732 0.8844 0.08179 80.00

1.00 0.8980 77.14 0.9026 0.9932 0.05868 81.63

0.50 0.8214 79.09 1.3084 0.7716 0.08542 73.37

0.25 2.8957 26.26 3.8161 1.0628 0.08540 22.32

0.10 3.7678 4.06 4.0338 1.1128 0.10847 17.79

0.05 3.7307 5.01 4.0253 0.9354 0.09479 18.07
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