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Abstract

Introduction—Deficits in cholinergic function have been found in the aged brain and in
neurodegenerative diseases including Alzheimer’s disease (AD) and Parkinson’s disease (PD).
The vesicular acetylcholine transporter (VAChT) is a reliable biomarker for the cholinergic
system. We previously reported the initial in vitro and ex vivo characterization of (-)-[11C]TZ659
as a VACHT specific ligand. Here, we report the in vivo specificity, tracer kinetics, and dose-
occupancy studies in the nonhuman primate brain are reported.

Methods—MicroPET brain imaging of (-)-[11C]TZ659 was performed under baseline
conditions in two male macaques. Tracer kinetic modeling was carried out using a two-tissue
compartment model (2TCM) and Logan plot with arterial blood input function and using a
simplified reference tissue model (SRTM) and Logan plot (LoganREF) without blood input.
Specificity for VAChT was demonstrated by pretreatment with (+)-pentazocine, (-)-vesamicol, or
S-(-)-eticlopride. Target occupancy (Occ) was calculated following pretreatment with escalating
doses of (-)-vesamicol.

Results—Baseline PET imaging revealed selective retention in the striatum with rapid clearance
from the cerebellar hemispheres as a reference region. Total volume of distribution (V) values
derived from both 2TCM and Logan analysis with blood input revealed ~3-fold higher levels of
(-)-[11C]TZ659 in the striatum than the cerebellar hemispheres. Injection of (-)-vesamicol either
as a blocking or displacing agent significantly reduced striatal uptake of (-)-[*1C]TZ659. In
contrast, pretreatment with the sigma-1 ligand (+)-pentazocine had no impact. Pretreatment with
the S-(-)-eticlopride, a dopamine Do—like receptor antagonist, increased striatal uptake of (-)-
[*1C]TZ659. Striatal binding potential (BPyp, range of 0.33 — 1.6 with cerebellar hemispheres as
the reference region) showed good correlation (r2 = 0.97) between SRTM and LoganREF.
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Occupancy studies found that ~ 0.0057 mg/kg (-)-vesamicol produced 50% VAChT occupancy in
the striatum.

Conclusion—(-)-[*1C]TZ659 demonstrated specific and reversible VAChT binding and
favorable pharmacokinetic properties for assessing the density of VAChHT in the living brain.

tracer kinetics; vesicular acetylcholine transporter; (-)-[11C]TZ659; binding potential; occupancy

1. Introduction

The cholinergic hypothesis states that functional disturbances in cholinergic activity in the
brain of aged subjects and patients with dementia play an important role in memory loss and
related cognitive problems. Thus, restoration of cholinergic function may reduce the severity
of the cognitive loss [1, 2]. Although pathological and pharmacological studies have
provided considerable supporting evidence [3], the cholinergic hypothesis has been
challenged by post-mortem findings that suggest that choline acetyltransferase (ChAT) and
acetylcholinesterase (AChE) are not reduced in neocortical tissues of patients with mild AD
[4, 5]. These findings may not accurately reflect in vivo cholinergic function considering the
stability of these enzymes. Noninvasive in vivo imaging techniques are urgently needed to
study changes in cholinergic function in patients with cognitive dysfunction [6, 7]. PET
imaging with a suitable radiotracer could provide a highly sensitive non-invasive imaging
modality that is able to directly quantify cholinergic deficits in living subjects. As a primary
signaling molecule for cholinergic neurons, newly synthesized ACh is transported into
synaptic vesicles by the vesicular acetylcholine transporter (VAChT) which is a very slow
transporter [8-12]. VAChT acts as a limiting factor for release of the neurotransmitter
(ACh) and plays a critical role in the cholinergic system [2]. VAChT is considered to be a
reliable marker for cholinergic function and a suitable target for molecular imaging with
PET [13, 14]. (-)-Vesamicol binds in a stereoselective, non-competitive manner to VAChT
[15, 16]. It acts as an allosteric antagonist of ACh uptake by presynaptic vesicles, thus
inhibiting storage and release of ACh in the cholinergic nerve terminal. Although the
pharmacology of (-)-vesamicol and the localization of its binding site to cholinergic
terminals were described in the 1980’s, the high affinity of (-)-vesamicol for the sigma-1
receptor in the central nervous system (CNS) limited its utility for VAChT imaging.
Numerous modified (-)-vesamicol analogues have been reported as potent and selective
VACHhT inhibitors [17-23]. Although many promising ligands proceeded to subsequent
radiolabeling for preliminary evaluation in rodents, only a limited number of them have
been evaluated in nonhuman primate (NHP) or human subjects [18, 19, 21, 24-26].
Recently, the results of radiation dosimetry and the first PET imaging studies of (-)-5-18F-
fluoroethoxybenzovesamicol ([18F]-FEOBV) were reported for ten human subjects [24].
Although equilibrium Kinetics in the brain of both NHP and human subjects show delayed
equilibrium of > 360 min post injection (p.i.), [\F]FEOBV offers advantages over SPECT
ligands for cholinergic terminal brain imaging [24].

Our group reported a number of VAChHT inhibitors containing a carbonyl group attached to
the 4-position of the piperidine ring and reported the structure—activity relationships of these
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new compounds [18, 19, 26, 27]. The most promising ligands were radiolabeled, and we had
performed preliminary evaluation in rodents and NHPs. Among these, (-)-[11C]TZ659
demonstrated favorable initial results during in vivo evaluation in rats and preliminary CNS
imaging studies in a male macaque [27, 28]. Here we further demonstrate in vivo binding
specificity of (-)-[11C]TZ659 for VACHT in healthy adult male NHPs under physiological
conditions (baseline) and different pharmacological challenge conditions. Our results
revealed that (-)-[11C]TZ659 binds specifically to the VAChT-enriched striatum. The
uptake of (-)-[11C]TZ659 was both blocked and displaced using the known VAChT ligand,
(-)-vesamicol. Pretreatment with a sigma-1 receptor ligand did not impact striatal uptake of
(-)-[11C]TZ659, while pretreatment with the dopamine D,—like receptor antagonist (-)-
eticlopride increased striatal uptake of (-)-[11C]TZ659. To estimate the dose for 50%
occupancy of VAChT in the striatum, a series of PET studies of (-)-[11C]TZ659 after pre-
treatment of the same subject using different doses of (=)-vesamicol were performed; these
studies demonstrated that (-)-[11C]TZ659 PET imaging can be used to calculate VAChT
occupancy.

2. Materials and methods

2.1. Radiosynthesis

The synthesis of (-)-TZ659 and the radiolabeling of (-)-[11C]TZ659 were accomplished as
previously described [27]. The radiochemical yield was 40-50% (decay corrected to end of
bombardment (EOB)) with a radiochemical purity > 99%, the chemical purity of > 95%, and
the specific activity was >74 kBq /umol (decay corrected to EOB).

2.2. Nonhuman primate microPET studies

2.2.1. Subjects—All animal experiments were conducted in compliance with the Guide
for the Care and Use of Research Animals under protocols approved by the Washington
University School of Medicine Animal Studies Committee. PET scans of the NHP brain
were carried out on two adult male cynomolgus macaques weighing 5.5-7.5 kg following
established procedures.[26, 29-31] Subject A underwent four baseline scans (including two
scans with two arterial blood sampling) and seven scans following pharmacological
intervention. Subject B underwent two baseline scans (including one scan with arterial blood
sampling). Known compounds were purchased from Sigma Aldrich; (-)-vesamicol was
resolved in-house from racemic vesamicol; all doses were freshly prepared for each study
and aseptically filtered for intravenous (i.v.) injection. As described below, binding
specificity was evaluated in NHP Subject A following pretreatment with the sigma-1
receptor compound (+)-pentazocine, the dopamine D,—like receptor antagonist S-(-)-
eticlopride hydrochloride, and displacement with (=)-vesamicol. Subject A also underwent a
series of scans following pretreatment using escalating doses of (-)-vesamicol prior to
administration of (-)-[11C]TZ659.

2.2.2. PET data acquisition—Imaging studies of (-)-[}1C]TZ659 were carried out on a
microPET Focus 220 scanner (Concorde/CTI/Siemens Microsystems, Knoxville, TN).
Animals were fasted for 12 h before the PET scan, each animal was initially anesthetized
with ketamine (10 mg/kg) and glycopyrrolate (0.013 mg/kg) intramuscularly for
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transportation to the PET suite. Upon arrival at the scanner, the subject was intubated and
anesthetized with ~2% isoflurane in oxygen. A percutaneous catheter was placed in the
femoral vein for injection of tracer or pharmacological agents; an additional percutaneous
catheter was placed in the contralateral femoral artery to permit arterial blood sampling as
needed. The monkey’s head was positioned supine in the head holder with the brain in the
center of the field of view. Anesthesia was maintained at 0.75-2.0% during the scan and
core temperature was maintained at ~37 °C; vital signs were monitored every 5 min. After a
10 min transmission scan to confirm positioning of the brain within the scanner; a 45 min
transmission scan was performed for attenuation correction. After transmission scans, a 120
min dynamic (3 x 1-min, 4 x 2-min, 3 x 3-min, and 20 x 5-min frames) emission scan was
acquired after i.v. injection of 299.7 — 418.1 MBq of (-)-[*1C]TZ659 in 10% ethanol saline
solution.

Occupancy of (-)-vesamicol for VAChT was determined by pretreatment of the animal
using escalating doses (0.01, 0.05, 0.125, and 0.25 mg/kg) of (-)-vesamicol, a potent
allosteric antagonist of VAChT, administered i.v. to NHP Subject A ~6 min prior to
injection of (-)-[11C]TZ659. Pretreatment using the sigma-1 receptor ligand (+)-pentazocine
(1.0 mg/kg, i.v., 12 min prior to tracer injection) was similarly performed to determine
specificity for radiotracer binding towards VAChHT versus the sigma-1 receptor. The
dopamine D,-like receptor antagonist S-(—)-eticlopride [32, 33] was used to demonstrate the
change in striatal cholinergic activity following treatment with S-(-)-eticlopride (0.025
mg/kg) administered i.v. 5 min prior to tracer injection. Displacement studies were
conducted in NHP Subject A by treatment with 0.3 mg/kg (-)-vesamicol, administered i.v.
20 min post radiotracer injection.

2.2.3. PET image processing—PET scans from all studies were corrected by using
individual attenuation and model-based scatter correction, and reconstructed using filtered
back projection as described previously [34]. The reconstructed resolution in the PET image
was < 2.0 mm full width half maximum for all 3 dimensions at the center of the field of
view. The subject’s magnetization-prepared rapid gradient-echo (MP-RAGE) MR image
(collected from 3T Trio MRI Scanner), and the summed 30 frames PET images were co-
registered using AIR method [35, 36]. For quality control of the co-registration process, the
co-registered PET and MRI were superimposed using Vidi or Analyzer program
(AnalyzeDirect Inc., Overland Park, KS) and any misalignments could be detected by a
misposition of brain edges on both images. For quantitative analyses, three-dimensional
regions of interest (ROI) for striatum, frontal cortex, occipital cortex, temporal cortex, white
matter, midbrain, hippocampus and cerebellar hemispheres, were identified on the MRI and
then transformed into baseline PET space using the co-registration transformation matrix.
These ROIs were then used to extract TACs from the dynamic PET images. Radioactivity
measurements were standardized to the body weight and the dose of radioactivity injected to
yield standardized uptake value (SUV). To minimize noise, the signal in the presentation
TAC data have been smoothed by “Adjacent Averaging” using the OriginLab 9.1 program
(OriginLab Corporation, Northampton, MA). All imaging analysis and tracer kinetic
modeling were based on the original data without smoothing.
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2.3. Arterial blood input function for tissue compartment kinetics modeling

To determine the arterial input function curve and radioactive metabolite fraction, arterial
blood samples were collected from the femoral artery at different time points after injection
of (-)-[*1C]TZ659. Arterial samples were collected during the first 5 min using an
automated blood sampling system with a peristaltic pump that pulls arterial blood at 5
mL/min through a plastic scintillator for radioactivity detection; counts were binned using
LabVIEW software (National Instruments Corporation, Austin, TX). Additional arterial
samples (2-3 mL) were manually collected in heparinized syringes at 2, 5, 10, 15, 30, 60
and 90 min p.i. for measurement of radiolabeled metabolites. Aliquots of whole blood (1
mL) were counted in a well gamma counter (Brinkmann Instruments Inc, NY), then
centrifuged at 2,500 x g in an Eppendorf 5415C centrifuge (Eppendorf North America, Inc.)
for 5 min to separate red blood cells from plasma. Portions of plasma (400 uL) were solvent-
deproteinated using 0.92 mL ice-cold methanol and separated by centrifugation at 2,500 x g.
The supernatant was mixed with water (1/1, v/v) and the mixture was injected into a HPLC
system for radioactive metabolite determination. The HPLC system consisted of an Agilent
SB C-18 analytic HPLC column (250 mm x 4.6 mm, 5 ym) and an UV detector with
wavelength set at 254 nm. The mobile phase was acetonitrile/ 0.1 M, pH 4.5 ammonium
formate buffer (52/48, v/v), and the flow rate was 1.0 mL/min. The HPLC fractions were
collected at 1 min intervals for 16 min; each fraction was counted on a well counter. The
counts were corrected for background radiation and physical decay. The sample recovery
rate, extraction efficiency, and HPLC fraction recovery were calculated by measuring
radioactivity in the plasma HPLC fractions. The parent fraction was determined as the ratio
of the radioactivity of the parent (standard) compound to the total amount of radioactivity
collected. These time-dependent measures were modeled to permit calculation of a true (-)-
[11C]TZ659 TAC from the total radioactivity measured by the automated blood sampling
system. The metabolite corrected arterial blood TAC was fitted with 2TCM model [37] and
Logan plot [38, 39] using the TAC from the PET measurements. In 2TCM with metabolite
corrected arterial blood input function, the PET data and TAC were fitted by the equation
[37] to estimate the K, ko, k3 and k4 by nonlinear regression using a MATLAB (Mathworks
Inc., Natick, MA). The value of V1 was estimated by K1/k, *(1+ks/ks). In the Logan plot
graphic analysis, V1 for the given ROI was derived from the slope of the linear plot

T T . . . .
JoCrordt/Cro versus [o Cpdt/Cre with the metabolite-corrected arterial blood input
function [38, 39].

2.4. Reference based tracer kinetic analysis

Quantification of specific uptake was also performed with two reference-based tracer kinetic
methods: Logan Reference (LoganREF) [38, 39] model and SRTM [39, 40]. The cerebellar
hemisphere (excluding cerebellum vermis) was used as a reference region in both models.
Using the LoganREF model, the distribution volume ratio (DVR) was estimated in each ROI
including striatum, frontal cortex, occipital cortex, temporal cortex, white matter, midbrain
and hippocampus using a MATLAB (Mathworks Inc., Natick, MA) implementation of these
tracer kinetic methods as previously published [38]. This enabled calculation of the binding
potential (non-displaceable): BPyp = DVR-1, which is proportional to the ratio By, /Kqg for
each ROI with a fixed k, * value 0.1 min~! (average k; * value was based on 2TCM
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modeling with arterial blood input) and Cro, values collected from the PET scans. BPnp
and Ry, ko values were also derived from the application of SRTM model. The model fitting
was processed as previously published [40, 41] with Cg (reference region tracer
radioactivity concentration) and Ct (target region tracer radioactivity concentration) values
derived from microPET collections. Baseline values for these studies represent the average
of the four scans of Subject A and two scans of Subject B.

The regional target occupancy (Occ) following pretreatment using cold (=)-vesamicol was
calculated directly as the relative change in striatal BPyp using SRTM; and it refers to the
percentage of the target specific VAChT binding sites bound by the drug molecule ((-)-
vesamicol):

PBaseline _ BPDrug—treatment
ND

Occ%=—2 D x 100%
BPBascline

The occupancy values were averaged across the striatal regions (putamen and caudate) to
estimate the occupancy percentage. In addition, the occupancy values for all regions at
baseline and after the animal was pretreated using (-)-vesamicol were analyzed using the
LoganREF occupancy plot [42], to provide alternative estimates of the reduction in the
specific signal.

3.1. NHP baseline imaging and tracer specificity study

PET images of summed radioactivity from 0 to 120 min, showing the regional distribution
of (-)-[11C]TZ659 at baseline, are depicted in Figure 1. Baseline scans showed specific
retention in the VAChT enriched striatum, and rapid washout kinetics, with a good contrast
to non-target regions. The target to non-target (striatum-to-cerebellar hemispheres) ratio
(indicated by SUV) reached 1.5 by 30—40 min post injection, and gradually increased to
greater than 2.0 after 60 min as radioactivity washed out of the cerebellum rapidly. Peak
striatal steady state for (-)-[11C]TZ659 was observed ~20 min p.i.

Pretreatment with the allosteric antagonist (—)-vesamicol at a dose of 0.25 mg/kg caused a
significant decrease of the striatal uptake. Pretreatment with the sigma-1 receptor compound
(+)-pentazocine did not change the striatal uptake (Figure 1). Notably, pretreatment with the
dopamine D,—like receptor antagonist S-(-)-eticlopride resulted in increase of the striatal
uptake of (-)-[11C]TZ659 by about 1.5-fold at steady state, compared with baseline (Figure
1). This is consistent with early published reports of increased striatal uptake of a SPECT
imaging agent for VAChT in eticlopride-treated rats [43].

3.2. Tracer kinetics

Three independent arterial blood collections during baseline PET scans were carried on
NHP Subject A (n=2) and Subject B (n=1). TACs for reference regions in the brain were
analyzed with 2TCM using metabolite-corrected plasma as the input function following the
published protocol [37]. In general, the 2TCM model fitted the observed brain TACs well,
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permitting good estimates of tracer kinetics values, as summarized in Table 1. The estimated
values are reported as mean and standard deviation (mean + SD) from three independent
baseline scans. The K, (rate constant for transfer from plasma to brain regions) values for
striatum and cerebellar hemisphere were 0.18 + 0.05 and 0.23 + 0.05 mL g~ tissue min~1
respectively, which are consistent with good blood-brain barrier penetration of (-)-
[11C]TZ659 [27]. The k; (rate constant for transfer of tracer from brain regions to plasma)
values for striatum and cerebellar hemispheres were 0.052 + 0.02 and 0.11 + 0.03 min~1
respectively. The higher value of k, for cerebellar hemispheres than for striatum indicates a
faster washout from the cerebellar hemisphere reference region. The average ks (association
rate constant for tracer binding to tissue) values for striatum and cerebellar hemispheres
were 0.041 + 0.006 and 0.019 + 0.001 min~! respectively, indicating the tracer binds to
striatum more favorably. The average ky4 (dissociation rate constant) values for striatum and
cerebellar hemispheres were 0.011 + 0.003 and 0.015 + 0.009 min~1 respectively, indicating
the tracer has similar dissociation rates for striatum and cerebellar hemisphere. The
specificity of binding (ks/k4) value for striatum (3.7) was over 3-fold greater than for the
cerebellar hemispheres (1.3), which is consistent with enrichment of VAChT in the striatum.
The V1 values derived from Ky/ky -(1+ks/kys) for striatum and cerebellar hemispheres were
9.5+ 1.6 and 3.3+ 1.1 mL g~ respectively, which confirmed further ~ 3-fold greater uptake
of (-)-[11C]TZ659 in striatum than in the cerebellar hemispheres. Values of VT were also
derived from Logan graphic analysis with metabolite corrected arterial blood input function.
The Logan plot V1 values for striatum and cerebellar hemispheres were 8.8 £ 2.0 and 3.9 £
1.6 mL-g~1 respectively, confirming that the uptake of (-)-[*1C]TZ659 in the striatum was >
2-fold greater than uptake in the cerebellar hemispheres (Table 1).

To evaluate the applicability of reference tissue methods that have been widely reported to
produce more stable and reliable modeling without collecting arterial blood samples, PET
data were also analyzed using SRTM and LoganREF methods. For the six baseline scans
(including four from Subject A and two from Subject B), the striatal BPyp calculated with
LoganREF using cerebellar hemisphere as the reference region (1.5 + 0.26) was identical to
the corresponding striatal BPyp value using SRTM (1.5 + 0.12, Table 2). In the SRTM
modeling the rate constant for transfer of tracer from striatum to plasma (k,) and rate
constant ratio between striatum and cerebellar hemispheres (R = K1/K1” = ko/ko’) were also
estimated. The k, averaged across all six baseline scans for striatum was 0.055 + 0.034
min~1 (Table 2) and R; averaged all six baseline was 0.75 # 0.090 for striatum (Table 2).
Therefore the rate constant for transfer of tracer from cerebellum to plasma (k,’) can be
estimated by the equation: ks’ = kp / R1. Using SRTM estimates of k, and Ry for baseline
scans (Table 2), the calculated range of ky” was 0.029 — 0.13 min~1, which is consistent with
the cerebellum k; estimate of 0.11 + 0.03 min~1 from 2TCM modeling with arterial blood
input function (Table 1).

3.3. Pharmacological pretreatment and displacement experiments

The regional TACs are presented in Figure 2. The tissue concentration of (-)-[11C]TZ659
peaked ~ 20 min p.i. and was followed by a relatively high retention in the target striatal
regions, with rapid washout from cerebellar hemispheres. The regional TACs revealed that
uptake of (-)-[11C]TZ659 in the striatum, but not in the cerebellar hemispheres, was
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reduced following pretreatment with increasing doses of (-)-vesamicol 6 min prior to tracer
injection. Initial cerebellar and striatal uptake in the blocking study was higher than the
average uptake during the initial period in the baseline studies; this may result from
variability associated with the scan, for example, differences in the rate of the bolus
injection between studies, the minor differences in the interval between the administering
the initial anesthetic and radiotracer injection, or differences in the depth of anesthesia; in
addition, (-)-vesamicol that was reported to have high toxicity [44, 45], for blocking studies,
another potential explanation is that the difference may be caused by a pharmacological
response to the potent inhibitor (-)-vesamicol. Despite the difference seen in initial uptake,
the steady state retention of the tracer in the cerebellum (after 70 min post injection of the
radiotracer) did not change following pretreatment with (-)-vesamicol. The baseline data
shown in Figure 2 were averaged from four scans in the NHP Subject A; the blocking and
baseline curves for cerebellar hemisphere almost overlap by 70 min p.i. (Figure 2),
suggesting that the cerebellar hemisphere can serve as a reference region for VAChT under
both baseline and vesamicol blocking conditions. A dose of 0.05 mg/kg (-)-vesamicol
resulted in a 56% decrease in the striatum: cerebellar hemispheres ratio 20-min post-
injection, indicated by SUV. Pretreatment with 0.25 mg/kg (-)-vesamicol decreased tracer
binding by 72%; with a clear dose-dependent reduction in radiotracer accumulation
observed following pretreatment with increasing doses of (—)-vesamicol (Figure 2, Table 2).
LoganREF analysis also was applied to baseline data and showed regionally specific uptake
with striatum > thalamus > frontal cortex > hippocampus > occipital cortex > temporal
cortex > midbrain (Figure 3A). Although this uptake ranking order was similar after
pretreatment with (=)-vesamicol at 0.25 mg/kg, striatal retention of (-)-[11C]TZ659
decreased dramatically in the blocking study (Figure 3B), consistent with the change in
BPnp values shown in Table 2. Displacement of the radiotracer from the striatum was
observed when (-)-vesamicol (0.3 mg/kg) was injected 20 min after (-)-[11C]TZ659
administration (Figure 4). The striatal SUV for (-)-[11C]TZ659 decreased quickly after
administration of (-)-vesamicol; by the end of the 120 min scan, tracer uptake in the
striatum had decreased by 50% and approached levels in the cerebellar hemispheres. These
results demonstrate that (-)-[11C]TZ659 has reversible binding to VAChT.

3.4. Occupancy studies

The data acquired from the (=)-vesamicol pretreatment studies were used to determine the
target occupancy following administration of different doses and to estimate the in vivo
affinity of the ligand for the VAChT. In pharmacological studies, the dose at which 50% of
the maximal effect observed is the EDsg. A radiotracer for VAChT with selective, reversible
binding could be used in this way to quantify the binding site occupancy of other VAChT
ligands or for the noninvasive measurement of changes in VAChT expression following
pharmacological treatments that target cholinergic systems. The BPyp values (both from
LoganREF and SRTM for occupancy studies) are presented in Table 2. These data suggest
that BPyp values are reduced by escalating doses of (-)-vesamicol. The (-)-vesamicol
occupancy levels obtained were 55%, 56%, 78% and 72% for LoganREF (BPnp); 44%,
60%, 77%, and 75% for SRTM (BPyp) occupancy plot analysis, BPyp values are shown for
(-)-vesamicol doses of 0.01, 0.05, 0.125, and 0.25 mg/kg, respectively. The scatter plot of
striatal BPnp with SRTM modeling versus BPyp LoganREF modeling showed good
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correlation (r, = 0.97), this plot includes data from six baseline studies (circles) and four
escalating doses of (-)-vesamicol, one (+)-pentazocine pretreatment and one S-(-)-
eticlopride pretreatment (triangles) (Figure 5A). The excellent agreement between two
different modeling approaches suggested that both methods properly reflect in vivo
specificity of (-)-[11C]TZ659. The occupancy percentages for each (-)-vesamicol dose
were averaged from two modeling methods (SRTM and LoganREF). Using the four
escalating doses of (-)-vesamicol and control (zero point), the fitted EDsg of (=)-vesamicol
for VAChT was 0.0057 + 0.002 mg/kg (Figure 5B).

4. Discussion

The newly developed PET tracer (-)-[}1C]TZ659 demonstrated excellent in vivo binding
specificity to VAChT. This new radiotracer has several advantages compared to others for
quantifying cholinergic activities in vivo. First, high potency and selectivity for VAChT
makes (-)-[*1C]TZ659 a superb radioligand for quantifying cholinergic presynaptic
terminals [27, 28]. Second, this study and our previous studies revealed that this tracer has
highly specific uptake in the VAChT-enriched striatum while the cerebellar hemisphere
reference region appears devoid of specific binding sites. The reference region of cerebellum
was properly defined by excluding the cerebellum-vermis which has shown VAChT in vivo
binding [24]. Our blocking studies further confirmed uptake of (-)-[11C]TZ659 in the
cerebellar hemisphere under baseline conditions and in the blocking study using (-)-
vesamicol pretreatment (0.25 mg/kg) displayed a similar steady state TAC profile by 70 min
p.i. (Figure 2) although the initial uptake in the blocking study showed some variability. For
the displacement study using 0.3 mg/kg of (=)-vesamicol administered during steady-state,
variability in initial uptake was minor; more importantly, the TACs for cerebellar
hemisphere uptake following injection of (—)-vesamicol 20 min p.i. compared with the
baseline TAC for the cerebellar hemisphere (Figure 4) showed great similarity. These
studies confirmed that the cerebellum is the proper reference region. Third, the studies
reported herein demonstrate that (-)-[11C]TZ659 binds reversibly in striatum to VAChT
with advantageous Kinetics.

For many years, [1231]-IBVM ((#)-trans-2-hydroxy-3-[4-(3-iodophenyl)piperidyl]-1,2,3,4-
tetrahydronaphthalene) has been used clinically to assess the level of VACHT, but lengthy
image acquisition may limit its applications. Furthermore, previous studies revealed that
sigma receptor ligands can block the uptake of [1231]-IBVM which suggested that [123]]-
IBVM may cross bind to sigma receptors [46]. The radiation dosimetry of the 18F-labeled
benzovesamicol analogue, [18F]fluoroethoxy-benzovesamicol ([18F]FEOBV) and kinetic
modeling for assessing VAChT levels in human brain was recently reported [24].
[18F]FEOBYV offers advantages over SPECT ligands for both preclinical and clinical
imaging of cholinergic loss. Studies of [18F]FEOBV in a rat model of cholinergic
dysfunction showed a good correlation between PET measurements of [L8F]JFEOBYV uptake
and ex vivo autoradiography in the same animals [47]. However, equilibrium Kkinetics of
[18F]FEOBYV in the brain of both NHP and human subjects suggest that it requires more than
360 min p.i. to reach steady state [24, 48]. This may cause challenges for clinical studies
with [18F]JFEOBYV in patients with impaired cognitive function. Our recent in vitro
pharmacological evaluation of the tritiated counterpart of (-)-[3H] TZ659 showed that it has
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high affinity (Kg = 1.97 nM) and specificity for VAChT [28]. Here, we further demonstrated
the in vivo binding selectivity and specificity of (-)-[}1C]TZ659 toward VAChT in NHPs,
its reversible binding property, and its suitable radiopharmaceutical Kinetics. These results
warrant clinical evaluation of (-)-[11C]TZ659 in human subjects.

In the microPET baseline scans, (-)-[*1C]TZ659 readily entered the brain and showed a
heterogeneous distribution. Striatum demonstrated the highest accumulation with good
retention of radioactivity; consistent with reported in vitro immunohistochemistry indicating
the highest concentration of VAChT in striatum [49-51]. Slow uptake and washout have
hampered the advance of other radioligands for clinical imaging studies of VAChT; rapid
kinetics is an important feature for PET imaging studies of the CNS [52]. The TAC for (-)-
[11C]TZ659 under baseline conditions revealed a comparatively rapid uptake and peak
striatal equilibration with more rapid washout from non-target regions, particularly the
cerebellar hemispheres (Figure 2, 4). A peak of striatal uptake was reached ~ 20 min p.i.; the
tracer was retained for 30—40 min, then slowly washed out. As indicated in Table 2 and
Figure 5, the SRTM BPyp estimate correlated well with the estimates obtained from
LoganREF plots. Kinetics modeling using 2TCM and Logan plot analyses showed a
significantly high ratio of V striatum-to-cerebellum ratio (~3) (Tables 1 and 2). These
modeling studies collectively and consistently reveal the suitability of [11C]TZ659 for
assessing VAChT in vivo. Our studies also suggested that referenced based modeling
(SRTM, LoganREF) without blood sampling provided consistent results when compared
with kinetic modeling (2TCM and Logan analysis) using arterial blood input functions.

The in vivo specificity of (-)-[11C]TZ659 binding to VAChT in the NHP brain was
supported by reductions in striatal uptake following administration of (=)-vesamicol either
pre- or post-tracer injection. Furthermore, the observed displacement of striatal radioactivity
post injection of (-)-vesamicol confirmed that binding of (-)-[}1C]TZ659 to VAChT is
reversible. No effect was observed on tracer kinetics by pretreatment of the animal with (+)-
pentazocine, a known sigma-1 ligand, suggesting (—)-TZ659 has negligible binding to the
sigma-1 receptor. These results are consistent with our previously reported data [27, 28]. In
comparison, pretreatment of the NHP subject with the D,-like receptor antagonist S-(-)-
eticlopride increased the BPyp of (-)-[11C]TZ659 (BPnp = 2.6 and 2.7, with LoganREF
and SRTM respectively Table 2). The result was consistent with previous reports that S-(-)-
eticlopride stimulated binding in rats of a SPECT ligand for VAChT [43]. Another D,—like
receptor antagonist, haloperidol, has been similarly reported as markedly augmenting uptake
of the aminobenzovesamicol PET tracer (-)-[18F]NEFA in NHP [53]. Our in vitro binding
data showed that the binding of (-)-[3H]TZ659 to VAChT is not affected by S-(-)-
eticlopride in the post-nuclear supernatant of a stably transfected PC12A123.7 cell line that
expresses human VAChT [28]. This lack of agreement between the in vitro and the in vivo
findings may be attributed to the interaction of cholinergic and dopaminergic systems in the
living brain (Figure 6). Activation of nicotinic acetylcholine receptors (nAChRs) by ACh
facilitates dopamine release in the striatum [54]. In contrast, the predominant effect of
dopaminergic activation is suppression of ACh release, which is mediated by Do—like
receptors [55]. S-(-)-eticlopride is an antagonist for Do—like receptors, hence eticlopride-
induced down-regulation of dopaminergic output could enhance ACh release [56]. This
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phenomenon could be used to measure the so-called “cholinergic reserve” [13] with PET
using VAChT radiotracers such as (-)-[11C]TZ659 in healthy young and aged subjects and
promote the development of new cholinergic therapies.

(-)-[11C]TZ659 was also used to calculate the degree of VACHT binding site occupancy
produced by pretreatment of a NHP with escalating doses of (—)-vesamicol. A dose of
approximately 0.0057 mg/kg (-)-vesamicol was estimated to produce 50% VAChT
occupancy in the striatum. These results provided an example to estimate the degree of
VAChKT occupancy under pharmacological intervention, and they provided essential
information on the pharmacokinetic-pharmacodynamics relationship of (-)-vesamicol [57].

High striatal uptake of (-)-[11C]TZ659 permits in vivo measurement of striatal cholinergic
function. The striatum is a prominent site for cholinergic neuropathology in several
neurodegenerative diseases, including Huntington’s disease (HD) and PD. For instance, both
MRNA and protein levels of VAChT are decreased significantly in the striatum of a HD
transgenic mouse model [58]. VAChT expression also was downregulated by 51.4% in the
striatum of HD patients, compared with a control group [58]. In PD, an imbalance of
acetylcholine and dopamine may contribute to clinical symptoms. Dopamine depletion
blocks autoinhibition of acetylcholine release, leading to excessive acetylcholine release that
eventually interrupts information transfer from motor command centers in the cerebral
cortex [59]. Therefore, VAChT could serve as a useful biomarker for diseases involving loss
of striatal cholinergic neurons, and noninvasive PET imaging with (-)-[*1C]TZ659 could be
used to monitor disease progression and therapeutic effects using a cholinergic inhibition
strategy.

5. Conclusion

(-)-[11C]TZ659 is a promising PET radiotracer that can be used to investigate VAChT. The
high retention of (-)-[11C]TZ659 in the striatum could be either prevented or displaced in a
dose dependent manner by (-)-vesamicol. D,—like antagonism resulted in increased striatal
uptake of (-)-[11C]TZ659, which could be used for in vivo investigation of the relationship
between the dopaminergic and cholinergic systems. Further investigation of (-)-[}1C]TZ659
in animal models and translational clinical investigations are warranted to determine if it is a
suitable tracer for quantifying the VAChT levels in human subjects and determine its utility
in measuring changes in VAChT expression during disease progression or therapeutic
treatment with cholinergic inhibitors.
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end of bombardment

distribution volume ratio
(-)-5-18F-fluoroethoxybenzovesamicol
Huntington’s disease
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single-photon emission computed tomography

simplified reference tissue model



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jinetal.

SD
SUv
TAC

Page 13

standard deviation
standardized uptake value

time activity curve
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Figure 1. Specificity of (—)-[11C]T2659 in vivo binding to VAChT

Representative coronal images of PET (left) and the coregistered MRI/PET (right) in a male
macaque (Subject A). The baseline scan (A) of (-)-[11C]TZ659 clearly demonstrates striatal
accumulation (caudate and putamen). B-D show (-)-[11C]TZ659 striatal activity after
pretreatment with (B) 0.25 mg/kg of the allosteric antagonist (-)-vesamicol; (C) 1 mg/kg of
the sigma-1 receptor ligand (+)-pentazocine or (D) 0.025 mg/kg of the dopamine D,-like
receptor antagonist S-(-)-eticlopride. Striatal accumulation of (-)-[11C]TZ659 was
significantly reduced in response to (-)-vesamicol pretreatment, while (+)-pentazocine
pretreatment showed no significant change in striatal activity. D,o-like receptor antagonism
with S-(-)-eticlopride clearly increased the striatal uptake of the radiotracer.
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Figure 2. Cerebellar and striatal time-activity curves (TACs) from baseline and (=)-vesamicol
pretreatment (0.25 and 0.05 mg/kg)
Cerebellar TACs at baseline (filled circles) and after (—)-vesamicol treatment (open circles)

reached a similar steady state (by 70 min p.i.) although the initial uptake differed; this
suggests the cerebellar hemispheres are a suitable non-target reference region. Striatal
uptake (combination of caudate and putamen) after pretreatment using 0.05 mg/kg (-)-
vesamicol (half-filled triangles) and 0.25 mg/kg (-)-vesamicol (open triangles), was
significantly lower than baseline striatal uptake (filled triangles). A greater reduction in
striatal uptake during steady state was seen with the higher blocking dose. Baseline data
represents the average of all four scans for Subject A.
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Time activity data for different brain regions (striatum “x”, thalamus “O”, occipital cortex
“~” temporal cortex “0”, frontal cortex “[0”, midbrain “@” and hippocampus “A”) for the
graphic Logan plots for baseline (A) and experiments with pretreatment by (-)-vesamicol

0.25 mg/kg (B).
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Figure 4. Reversible tracer binding
(-)-Vesamicol (0.3 mg/kg i.v.) was injected 20 min p.i., during striatal equilibrium for

displacement studies. Striatal uptake of (-)-[11C]TZ659 significantly decreased after
injection of (-)-vesamicol under displacement conditions (gray triangles) compared to
baseline uptake (black triangles). Cerebellar uptake of (-)-[11C]TZ659 after injection of (-)-
vesamicol (grey circles) was almost identical to baseline cerebellar uptake (black circles).
Baseline data are the average of all four scans for Subject A.
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Figure 5. (-)-Vesamicol dose and VAChT occupancy relationship
A) Scatter plot of BPyp estimates with SRTM versus BPyp estimates with LoganREF

modeling. Data are for striatal regions under either baseline (circles) or after pretreatment
(triangles). All six baseline, four (-)-vesamicol blocking, one (+)-pentazocine blocking, and
one S-(-)-eticlopride blocking studies are shown. B). (-)-Vesamicol dose and VAChT
occupancy relationship. The occupancy percentages were calculated from BPND. The fitted
EDsq is 0.0057 £ 0.0017 mg/kg.
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Figure 6. Simplified circuitry cartoon showing the interaction between cholinergic and

dopaminergic system in the striatum

A). Acetylcholine (ACh) activation of nicotinic receptors (NAChRs) facilitates dopamine
release in the striatum. In contrast, the predominant effect of dopamine is suppression of
ACh release, mediated by Do-like receptors. B). S-(-)-eticlopride is an antagonist for Do-
like receptors and therefore down-regulates the consequences for activation of dopaminergic

output and enhances cholinergic activity.
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Kinetics™ and occupancy of (-)-[11C]TZ659 following pharmacological pretreatment

Table 2

Kinetic parameters for striatal uptake

Drugs and doses LoganREF SRTM
(mglkg)

BPnp Occ% BPnp Ry ko Occ

(min1) %

**Control 15+0.26 0 15+0.12 0.75+0.09 0.055+0.034 0
(-)-Vesamicol—0.25 0.43 72 0.39 0.87 0.049 75
(-)-Vesamicol—0.125 0.33 78 0.36 0.82 0.035 77
(-)-Vesamicol—0.05 0.68 56 0.61 0.83 0.028 60
(-)-Vesamicol—0.01 0.69 55 0.85 0.85 0.033 44
(+)-Pentazocine—1.0 1.2 N/A 1.6 0.86 0.029 N/A
S-(-)-Eticlopride—0.025 2.6 N/A 2.7 11 0.053 N/A

*
Reference region (cerebellar hemisphere) based modeling.

Fk

Averaged from all six baseline scans including four from Subject A and two from Subject B.

N/A: Not applicable
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