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Figure 5. Ev vivo analysis of NK-1 receptor occupancy by aprepitant in the gerbil striatum at different time points after oral administration. (A) Representative autora-
diograms showing binding of [*FJFE-SPA-RQ to coronal sections of gerbil brains containing the striatumn at 0.5, 1, 2, 4, 8, and 24 h (left to right) after aprepitant admin-
istration at doses of 0.3, 3, and 30mg/kg (top to bottom). Radiolabeling of sections from untreated gerbils without (control) and with 10 pM aprepitant (non-specific
binding) are displayed in the far right panel. (B) Striatal NK-1 receptor occupancy by aprepitant plotted against plasma concentrations of aprepitant in gerbils. The
regression curve was generated as in the PET assays, and outlier data (indicated by circles), presumably in a non-equilibrium state, were excluded from the model fit.

Table 2. Striatal NK-1 receptor occupancy by aprepitant and plasma aprepitant concentrations in gerbils after oral aprepitant administration

Time after administration

0.5h 1h 2h 4h 8h 24h
Parameter Dose n=3) (n=3) (n=3) (n=3) n=3) n="5)
Occupancy (%) 0.3mg/kg -4.54+3.10 48.8+8.60 91.42+1.20 95.2+0.72 93.00.34 67.5£3.31
3mg/kg 90.6+0.84 98.7+0.21 99.3+0.32 99.0+£0.71 99.2+0.26 93.5+1.19
30mg/kg 99.6+0.08 99.1+0.20 99.3+0.52 99.2+0.44 98.9+0.29 98.6+0.33
Plasma Concentration (ng/mL)  0.3mg/kg 28.5+5.0 72.6+11.9 75.6+8.3 61.4+10.2 37.3x7.6 4.0+0.4
3mg/kg 205.7+23.1 453.4+18.4 569.6+7.9 649.8+140.1 476.1+69.5 40.5+5.7
30mg/kg 2070.7+67.9  4438.0x4419  68834:7024  4949.7:409.7 4061.7%392.7 209.5x40.4

Data are expressed as mean + SE.

Discussion

The present study demonstrated the validity of [**F]FE-SPA-RQ-
PET in small animals for estimating the pharmacodynamics
measures of central NK-1 receptor occupancy by aprepitant and
their relationships to its plasma pharmacokinetics.

Due to the relatively slow kinetics of [¥F]FE-SPA-RQ, we per-
formed dynamic PET data acquisition in gerbils over 360min
after radioligand injection, but our time-stability analyses also
indicated that the duration for a dynamic scan could be short-
ened to 120min (Figure 3A). Quantification of specific radioli-
gand binding could be made even shorter by conducting a 15min
static PET scan at 120min after radioligand injection (Figure 3B
and C), resulting in an increase of analytical throughput. By seri-
ally scanning gerbils with this method and by placing two ani-
mals on the stage of a PET scanner, data would be obtainable
from 10 gerbils or more after a single radiosynthesis.

PET results in gerbils also suggested caution regarding the
measurement of striatal NK-1 receptor occupancies, as the
retention of [**F]FE-SPA-RQ was not reduced to a level equivalent
to the cerebellum even with an excessive dose of aprepitant.

133

This is attributable to the strong accumulation of [**F]FE-SPA-RQ
in the Harderian glands and the consequent spillover of radio-
activity to the anterior striatum. Such spillover is also likely to
hamper precise determination of receptor occupancies induced
by low-concentration aprepitant (Figure 4), although inclusion
and exclusion of these data sets did not critically affect the
result of the curve fit. Despite these technical issues, a fairly rea-
sonable EC,, value (5.5ng/mlL) was obtained by assuming that
aprepitant occupied 50% of total NK-1 receptors when reduction
of specific radioligand binding was 50% of the maximal block-
ade. Indeed, EC,; of aprepitant in humans was approximately
10ng/mL (Bergstrom et al., 2004). The proportion of protein-
bound aprepitant in plasma is relatively high, and fractions of
protein-unbound aprepitant in gerbil and human plasma were
0.36% and 0.7%, respectively. The EC,, value in gerbils, corrected
for this species difference in protein binding, is 10.5ng/mL, and
is in good agreement with the actual measure in humans.

It was reported that 90% and 95% occupancies of striatal
NK-1 receptors by aprepitant were required for therapeutic effi-
cacies in treatments of vomiting and overactive bladder, respec-
tively (Bergstrom et al., 2004; Green et al., 2006). In a manner
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Figure 6. In vivo distribution of [*F]FE-SPA-RQ in the marmoset brain. (A) Coronal PET images containing the caudate/putamen (left) and cerebellum (right) at baseline
(top) and after oral aprepitant administration at a dose of 20mg/kg (bottom). PET images were generated by averaging dynamic data from 0-180min after intravenous
radioligand injection and overlaid on the MRI template. ROIs were placed on the caudate (arrows), putamen (arrowheads), and cerebellum (cyan lines). (B) Time-activ-
ity curves for [*F]FE-SPA-RQ in the caudate/putamen (red symbols) and cerebellum (black symbols) of the marmoset at baseline (closed symbols) and after aprepitant
administration (open symbols). Radicligand uptake into each region was expressed as a percentage of the injected dose per unit tissue volume (%dose/mL).

similar to EC,, determination, EC,, and EC, in the striatum of
gerbils were estimated to be 50 and 105ng/mlL, respectively.
These values could be translated to be 94 and 199ng/mL after
correction for the species difference in plasma protein binding
of aprepitant, which were comparable to EC,, (~100ng/mL) and
EC, (~190ng/mL), as reported elsewhere (Bergstrom et al., 2004),
supporting the feasibility of using gerbil PET data for acquir-
ing preliminary indices toward prediction of clinically-optimal
doses of aprepitant.

To circumvent the interference in brain quantitation due to
spillover from Harderian glands, we conducted ex vivo studies
using brain slices obtained from aprepitant-treated gerbils. In
contrast to in vivo PET, ex vivo autoradiography indicated nearly
100% receptor occupancy by high-dose aprepitant. Our data
also showed that NK-1 receptor occupancy by aprepitant was
rather stationary at 4-8h after oral administration, justifying
PET assays initiated at 4h. Meanwhile, receptor occupancies at
0.5 and 1h after administration of low-dose (0.3mg/kg) aprepi-
tant could not be described by a direct model linking pharma-
cokinetic and pharmacodynamic parameters, presumably due
to the lack of a pseudo-equilibrium between plasma and brain
compartments. EC,, and EC,,; calculated by applying Hill's plot
to the observed data after eliminating these outliers, were 16
and 34ng/ml, respectively. These values were comparable to,
but slightly smaller than the in vivo PET estimates. This small
discrepancy might arise from inclusion of ex vivo data at 24h,
which may not follow a pseudo-equilibrium model. In fact, dis-
sociation between brain and plasma aprepitant concentrations
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was documented previously (Lindstrém et al., 2007), implying a
notable hysteresis in the relationship between plasma pharma-
cokinetics and brain pharmacodynamics. Hence, ex vivo EC,, and
EC,, values would become even closer to the in vivo measures by
adding data in a pseudo-equilibrium state (e.g., samples at 4-8h
after administration of aprepitant at doses <0.3mg/kg).

A full blockade of specific radioligand binding in the stria-
tum, without critical influences of extracranial radioactive sig-
nals, was demonstrated by a PET scan of a common marmoset
treated with high-dose aprepitant, providing additional proof of
the effects of radioactive spillover from the Harderian glands in
gerbils. Dynamic PET data in the marmoset also suggested that
a steady state of radioligand binding could not be pursued by
PET imaging over 180min. Indeed, BP,, values were not time-
stable in this scanning method (data not shown). Therefore,
PET analyses over a long period would be needed to determine
the minimal dynamic imaging time for quantifying binding
potentials and to seek an appropriate time frame for a simpli-
fied, ratio-based estimation of radioligand binding. This would
eventually allow a static PET scan protocol for marmosets with
a reasonably high throughput.

A practical strategy for the characterization of aprepitant
using small-animal PET can be proposed on the basis of the cur-
rent findings. [*¥F]FE-SPA-RQ-PET scans in gerbils could be car-
ried out at multiple time points after treatment with aprepitant
at different doses to efficiently outline the pharmacodynamics
profiles of aprepitant in the brain and their relationship to its
plasma pharmacokinetics. PET imaging of marmosets with [*F]
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FE-SPA-RQ could subsequently be conducted at selected time
points suitable for a direct model fit to more precisely determine
links between the pharmacokinetics and pharmacodynamics of
aprepitant in a pseudo-equilibrium state. This workflow would
also enable the characterization of new drug candidates that act
on central NK-1 receptors, and would possibly facilitate a pre-
diction of its effective plasma concentration in humans. While
slow kinetics of aprepitant in the brain could be captured with
[**F]SPA-RQ and [®F]JFE-SPA-RQ, which also exhibit relatively
slow kinetics (Hietala et al., 2005; Okumura et al., 2008), new PET
ligands with rapid dissociation from binding sites and clearance
from the brain would be required for evaluations of novel NK-1
receptor antagonists with faster kinetics.
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In Vivo SPECT Imaging of Amyloid-f3 Deposition with
Radioiodinated Imidazo[1,2-a]Pyridine Derivative DRM106
in a Mouse Model of Alzheimer’s Disease
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Noninvasive determination of amyloid- peptide (AB) deposition has
important significance for early diagnosis and medical intervention
for Alzheimer’s disease (AD). In the present study, we investigated
the availability of radiolabeled DRM106 (12%/125|-DRM106 [6-iodo-2-
[4-(1H-3-pyrazolyl)phenyllimidazo[1,2-a]pyridine]), a compound with
sufficient affinity for the synthesis of human A fibrils and satisfac-
tory metabolic stability, as a SPECT ligand in living brains. Method:
The sensitivity of 25-DRM106 for detecting AP deposition was
compared with that of '25-IMPY (2-(4'-dimethylaminophenyl)-6-
iodo-imidazo[1,2-a]pyridine), a well-known amyloid SPECT ligand,
by ex vivo autoradiographic analyses in 18-mo-old amyloid precur-
sor protein transgenic mice. To verify the sensitivity and quantitation
of radiolabeled DRM106 for in vivo imaging, we compared the de-
tectability of AR plaques with 12%-DRM106 and a well-known amy-
loid PET agent, 'C-labeled Pittsburgh compound B (''C-PiB), in
29-mo-old transgenic mice and age-matched nontransgenic litter-
mates. Additionally, we compared the binding characteristics of
125|-DRM106 with those of 1'C-PiB and ''C-PBB3, which selectively
bind to AB plaques and preferentially to tau aggregates, respec-
tively, in postmortem AD brain sections. Results: Ex vivo autora-
diographic analysis showed that measurement with 25-DRM106
has a higher sensitivity for detecting AR accumulation than with
125-IMPY in transgenic mice. SPECT imaging with 123l-DRM106
also successfully detected AP deposition in living aged transgenic
mice and showed strong correlation (R = 0.95, P < 0.01) in quantita-
tive analysis for AB plaque detection by PET imaging with 1'C-PiB,
implying that sensitivity and quantitation of SPECT imaging with
123|_.DRM106 are almost as good as ''C-PiB PET for the detectabil-
ity of AR deposition. Further, the addition of nonradiolabeled
DRM106 fully blocked the binding of 25I-DRM106 and "'C-PiB,
but not 1'C-PBBS3, to AD brain sections, and 25-DRM106 showed
a lower binding ratio of the diffuse plaque-rich lateral temporal cor-
tex to the dense-cored/neuritic plaque-rich hippocampal CA1 area,
compared with ''C-PiB. Conclusion: All of these data demon-
strated the high potential of 2%I-DRM106 for amyloid imaging in
preclinical and clinical application, and it might more preferentially
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detect dense-cored/neuritic amyloid deposition, which is expected to
be closely associated with neuropathologic changes of AD.

Key Words: Alzheimer's disease (AD); amyloid imaging; amyloid
precursor protein (APP) transgenic mouse; DRM106; single photon
emission computed tomography (SPECT)
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Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by 2 pathologic hallmarks: amyloid-$ pep-
tide (AB) plaques and neurofibrillary tangles (NFTs). In vivo nonin-
vasive detection of AP deposition is important for early diagnosis
and medical intervention of AD at a prodromal stage, because
fibrillary AP has already been accumulating in the brain for
a few decades before AD onset (/). Molecular imaging with nu-
clear medicine technologies such as PET and SPECT is available
for both preclinical and clinical use and is considered as a bridge
between them. Over the past few years, the availabilities of several
PET tracers for amyloid imaging have been successfully verified
in AD patients. !!C-labeled Pittsburgh compound B (}!C-PiB) is
the most widely used PET ligand with which investigators have
assessed the longitudinal, quantitative AR accumulation in AD
model mice and patients (2—4) and verified amyloid deposition
as a useful imaging biomarker for AD diagnosis, prognostic judg-
ment for conversion from mild cognitive impairment to AD, and
evaluation for antiamyloid therapies (5-7). To overcome the short-
coming of the limited half-life (~20 min) of !!C-labeled tracers,
ligands labeled with !8F (half-life, ~110 min) have also been
developed for further routine medical needs (8—11).

Although inferior to PET in terms of sensitivity and quantitative
performance, SPECT imaging has advantages of operating cost
and already-installed rate in medical hospitals, making it more
suitable for primary screening for prodromal AD patients. For the
past decade, several SPECT ligands have been developed for
amyloid imaging. '*I-IMPY (2-(4’-dimethylaminophenyl)-6-iodo-
imidazo[1,2-alpyridine) is a SPECT tracer with high affinity for
AR fibrils, and in vitro autoradiographic analysis has successfully
detected amyloid deposition on brain sections from both AD models
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and AD patients (/2-16). However, preliminary clinical data for
IZLIMPY showed a poor signal-to-noise ratio, making it difficult
to distinguish between cognitively normal persons and AD patients,
possibly because of insufficient affinity for AR fibrils, poor brain
permeability, or metabolic instability (/7). Recently, we developed
a series of imidazopyridine compounds for amyloid SPECT imaging
and obtained a promising candidate compound, termed DRM106
(6-iodo-2-[4-(1H-3-pyrazolyl)phenyl]imidazo[1,2-a]pyridine),
which has higher affinity for synthetic human A fibrils and
metabolic stability. In vitro autoradiography with !?5I-labeled
DRM106 also successfully detected AP plaques in postmortem
AD patient brains (/8). In the present study, we performed in vivo
imaging with this newly developed SPECT ligand in living mo-
del mice with AD-like amyloid pathology and compared it with
HC-PiB in the detectability of Ap deposition.

MATERIALS AND METHODS

Radiosynthesis of Radioligands

The radiosynthesis of '2’I-DRM106, '*°I-IMPY, '!C-PiB, and
'IC-PBB3 (2-((1E,3E)-4-(6-(''C-methylamino)pyridin-3-yl)buta-1,3-
dienyl)benzo[d]thiazol-6-ol) was performed as described in previous
publications (2,72,18,19). The radiochemical purity of '2’I-DRM 106,
125.IMPY, ''C-PiB, and ''C-PBB3 was greater than 95%, and specific
radioactivity was 81.4, 81.4, 93-354, and 72-204 GBq/pmol, respec-
tively, at the end of synthesis.

125I.DRM106 was prepared by the reaction of its precursor with
1231_Nal in the presence of chloramine T (Fig. 1). Briefly, chloramine
T (0.035 mg/20 pL 2-propanol) was added to 4.5 mL of 35 mM
phosphate buffer (pH 6.3) containing '**I-Nal (29.9 GBq; Fujifilm
RI Pharma Co., Ltd. [specific activity was adjusted to 714 GBg/pmol
by addition of nonradiolabeled Nal]) and precursor (0.638 mg) and
incubated for 5 min at room temperature, followed by quenching by
the addition of 200 pL of 1N NaOH. Then the reaction mixture was
incubated at 70°C for 30 min and terminated by cooling. The sub-
sequent experimental procedure was the same, with the preparation
of 125I-DRM106 as described in our previous publication (/8). The
radiolabeling efficiency of '2*[-DRM106 was 65%-80% based on
radio-thin-layer chromatography measurement. The radiochemical
purity was greater than 95% at the end of synthesis, and the theo-
retic value of the specific activity was 714 GBg/umol, considering
that the reaction of '23I-Nal and precursor led to the formation of
1231.DRM106 with a 1:1 stoichiometric ratio.

Experimental Animals

A transgenic mouse line (Tg2576), which overexpresses a mutant form
of amyloid precursor protein (APPK670/671 L), was purchased from
Taconic Farms Inc. Then we generated a JU-Tg2576 mouse by back-
crossing of Tg2576 with a JU strain (JU/Ct-C, A.) mouse over 29
generations under license agreement of the Mayo Foundation for Medical
Education and Research from Daiichi Sankyo Co. Ltd. for easier daily
handling. Transgenic mice (termed JU-Tg2576 if without special de-
scription) and body weight-matched nontransgenic JU strain mice as con-
trol animals were used in the present study, except for in vivo SPECT
imaging, for which commercially available Tg2576 mouse brain was used.

Preparation of Brain Homogenates and A Fibrils, In Vitro
Binding Assay and AP Assessment, In Vitro and Ex Vivo
Autoradiographic Analysis and Metabolite Analysis, and
Small-Animal PET and SPECT Imaging

Experimental procedures are presented in the supplemental data
(supplemental materials are available at http://jnm.snmjournals.org).

Statistical Analysis

All statistical examinations in the present study were performed by
SPSS software (SPSS Inc.). Statistical analyses for group comparisons
were performed by Student ¢ test or ANOVA followed by Bonferroni
post hoc test. The correlation between 2 parameters was examined by
parametric test with Pearson product-moment correlation coefficient
(R). The difference between groups was considered significant at a
P value less than 0.05. All data were expressed as mean * SD.

RESULTS

In Vitro Binding of DRM106

Saturation curves and Scatchard analyses using a 2-site binding
model demonstrated that the dissociation constant (K,) values of
high-affinity binding sites of DRM106 to synthetic human AB(1-40)
and AB(1-42) fibrils, brain homogenates of transgenic mice, and
AD patients were approximately 1-10 nM, and the Ky values of
low-affinity sites were approximately 100-300 nM (Supplemental
Fig. 1; Table 1). To estimate the correlation between quantitative
1251-.DRM 106 binding and AP amounts, brain homogenates of trans-
genic mice at different ages (8.1-17 mo) were used for the measure-
ment of '*I-DRM106 binding and AB amounts. Age-dependent
increases in '2’I-DRM106 binding and AB amounts were detected,
and there was excellent correlation between ’I-DRM 106 binding
and the amount of either AB(1-40) (R = 1, P < 0.01) or AB(1-42)
(R = 099, P < 0.01) (Fig. 2).

Metabolite Analysis in Transgenic Mice

Solutions of > I-DRM106 (1.1 MBq) were injected into male
JU-Tg2576 transgenic mice (age, 18 mo) via the tail vein, and
metabolite analyses were performed as described in our previous
publication (/8). Similar to results in normal rats (/8), there were
no detectable metabolites in the brain over the observation period,
whereas only a little metabolite-related radioactivity was observable
in the plasma samples, in addition to unchanged '?5I-DRM106
(Fig. 3).

Ex Vivo Autoradiography with 1251-DRM106 and 125]-IMPY

The sensitivity of 2>I-DRM106 for detecting AB plaques was
higher than that of 12°I-IMPY, based on the experimental observa-
tion that more amyloid plaques were detectable using '25I-DRM106
than '[-IMPY at 3 indicated time points in 18-mo-old transgenic
mice (Fig. 4). Meanwhile, no overt difference in amyloid deposition
labeled by congo red was detectable between 2 experimental groups
for 125I-DRM106 and ?SI-IMPY analysis (data not shown). Al-
though slight nonspecific binding of '2SI-DRM106 to white matter
was detectable in both transgenic and nontransgenic mice at 1 h
after injection, background radioactivity decreased to an undetect-
able level after 2 h (Fig. 4A), suggesting
that the optimum scan time for in vivo im-

Chioramine T
1231.Nal

Purification by HPLC

1NNaOH & C2 cartridge

/Cé,N : : ’N,Boc
Bu,Sn N

35mM PBS (pH 6.3),
rt. 5min

70 degree, 30 min
Precursor

W IO

aging with radiolabeled DRM106 was be-
tween 1 and 2 h for acquiring good contrast
with minimum loss in radioactive signals.

123|_.DRM106 Ex vivo emulsion autoradiography and con-

FIGURE 1. Radiosynthesis for '23-DRM106.

sequent fluorescent labeling with thioflavin-S
showed great consistency of '>>I-DRM106
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TABLE 1
Binding Parameters of 125-DRM106

High-affinity binding site

Low-affinity binding site

Kd* BmaxT

BP¥ Kg

o 150i000 a4
101£5.10

a0s0m
4.30 +1.20

1 3

AD brain 681 + 305

*Kq is expressed as nmol/L.

s780s1008
7,050 + 1,985

158.4 101 £ 37.8

TBmax for AP fibrils and mouse/human tissues is expressed as pmol/nmol of AR and pmol/g of tissue.

1BP = Brax/Ka.

Data of A fibrils were from 4 independent experiments, and each experiment was run in triplicate. Data of transgenic brains were from 4 mice
(20 mo old), and each experiment was run in triplicate. Data of AD brain were from triplicate experiments. Data are mean + SD.

Bmax = maximum binding value; mo = month.

accumulation and thioflavin-S—positive AP deposition (Supplemental
Fig. 2).

In Vivo Imaging with 123l-DRM106 SPECT and ''C-PiB PET

To investigate the capacity of '?*I-DRM106 for in vivo detec-
tion of amyloid deposition, we performed in vivo imaging with
123I.DRM106 and '!C-PiB in the same mice and compared their
quantitative analysis. The accumulation of ''C-PiB in the frontal/
parietal cortex and hippocampus regions enriched with amyloid
deposition was more abundant than that in other brain regions in
transgenic mice (Tg2576), whereas no regional difference in ra-
dioactivity accumulation was detectable in age-matched nontrans-
genic mice. In vivo images of 123 [-DRM106 showed great similarity
to those of ''C-PiB except for more intelligible accumulation in
the cerebellum (Fig. SA; Supplemental Fig. 3). Subsequent ex vivo
autoradiography also clearly demonstrated consistency in radioligand
accumulation with the observation of in vivo imaging. Quantitative
analysis showed that both ''C-PiB and '>*I-DRM106 accumulations
in amyloid pathology-enriched regions (cortex/hippocampus) in
transgenic mice were significantly higher than in nontransgenic mice
(Fig. 5B). Positive correlations between amyloid depositions detected

by these 2 radioligands (R = 0.95, P < 0.01) and between in vivo
and ex vivo binding of 'ZI-DRM106 (R = 0.98, P < 0.01) were
statistically significant (Fig. 5C). Although using cerebellum with
slight to moderate amyloid pathology as reference tissue would un-
derestimate the binding potential (BP) calculated from the simplified
reference tissue model, this would not affect our correlation analysis.

Binding of 125|-DRM106, ''C-PiB, and 'C-PBB3 in
Postmortem Human Brain
To evaluate binding sites of 'I-DRM106 in AD brain, we compared
the in vitro autoradiographic images of '>I-DRM106 with ''C-PiB or
HC-PBB3, a radiolabeled ligand that binds to both amyloid and tau
lesions at 5 nM of incubation concentration (/9), in AD brain sections
containing the hippocampus and lateral temporal cortex (LTCx)
regions. The addition of nonradiolabeled DRM106 fully blocked the
binding of 'ZI-DRM106 and !'C-PiB, and partially ''C-PBB3, in AD
brain sections (Fig. 6A). '"I-DRM106, ''C-PiB, and !'C-PBB3
showed detectable specific binding in LTCx regions harboring numer-
ous plaques including dense-cored/neuritic and diffuse plaques and
NFTs, and in the hippocampal CAl sector enriched with NFTs and
AP deposition composed of numerous dense-cored/neuritic and few
diffuse plaques, to greater or lesser degrees

(Figs. 6B and 6C; Supplemental Fig. 4). The

3.000

A o B

AB 1-40 AB 1-42

17-Mo 2500 |

2.000

AP (nmollg brain)
g

AP {nmol/g brain)
g

LTCx-t0-CA1 ratio of »I-DRM106 binding
was similar to that of ''C-PBB3 but signifi-
cantly lower than that of ''C-PiB (Fig. 6D).

17-Mo
®

DISCUSSION

For development of a SPECT ligand for
amyloid imaging, the compound IMPY is
a good guide because it is the first SPECT
imaging agent to be tested in human
subjects, and a great deal of data have
already been published for reference. In

osbiéoxéozéezsosoo 0 50
1251-DRM106 binding
(pmol/g brain)
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1251-DRM106 binding
(pmol/g brain)

vitro autography with Z[-IMPY clearly
demonstrated its availability for visualiza-
tion of AR plaques in either AD model

FIGURE 2. Correlation between amounts of AP species and binding of '25]-DRM106. 125]-
DRM106 binding and amounts of Af were increased age-dependently in brain homogenates of
transgenic mice at different ages as indicated, and correlations between 25-DRM106 binding
and AB(1-40) (A) and AB(1-42) (B) amounts were statistically significant. Data were from average

of triplicate experiments for each age group.
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(APP/PS1 double-transgenic mouse) or
postmortem brain sections. Ex vivo auto-
graphic analysis also visually confirmed
123.IMPY-labeled AB plaques in aged
APP/PS1 double-transgenic mice (/2). The
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FIGURE 3. Metabolic stability of 1251-DRM106 in transgenic mice. Plasma and brain samples
were collected at indicated time points after intravenous injection of '25-DRM106. Thin-layer
chromatography analysis clearly demonstrated that no overt metabolite in brain (lower) and only
a little metabolite in plasma (upper) were detectable at the initial phase during observation period.

results of in vivo imaging with micro-SPECT, however, were not
encouraging (/7). Subsequent clinical studies also showed that
the signal-to-noise ratio for plaque labeling was not as high as

A 125|-DRM106 125-IMPY

B 50
45
40 —
2
= 5 3.5 -
€T 30 -
2 25
S 4
22 20
s
7L 15
& 19 esmey
1.0 - -COm=Non-Tg
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‘ =g ]’25I-DRM106
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0 1 2 3 4 5

Time (h)

FIGURE 4. Ex autoradiographic analysis of 125-DRM106 and '25I-{MPY in transgenic mouse brain. (A)
Representative coronal images of 18-mo-old male transgenic (from left, first and third columns) and
body weight-matched nontransgenic (from left, second and fourth columns) mice administered bolus
injection of radiolabeled 251-DRM106 (from left, first and second columns) and 125-IMPY (from left, third
and fourth columns) at 1, 2, and 5 h after injection. (B) Amyloidosis-associated accumulations of radio-
ligands were quantified as ratios of radioactivity of neocortex to striatum. Data were from experiments
shown in A. Transgenic (closed symbols, n = 2 for each time point) and nontransgenic (open
symbols, n = 1 for each time point) mice were administered 125-DRM106 (squares) and '25-IMPY
(circles). Data are mean + SD. CT = neocortex; Non-Tg = nontransgenic; ST = striatum; Tg = transgenic.
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that of ""C-PiB (I7), indicating that suc-
cessful development will require higher
criteria as exemplified by higher metabolic
stability and affinity for AR plaques than
IMPY. The present and previous data
clearly demonstrated that '*’I-DRM106
has satisfactory metabolic stability in
rodents and higher affinity for synthetic
human AP fibrils than IMPY (I8). There
was high-level specific binding of '23-
DRM106 to AR deposition in Tg2576
mouse and postmortem AD patient brains
with high affinity (K4 of 1-digit nM). This
characteristic was similar to that of 'C-PiB,
as published in a previous study, at low
nanomolar concentrations typically used in
SPECT studies (20). Such improvements in

the properties of imaging agents are responsible for the superiority
of '’I.DRM106 in the detectability of AB plaques, compared with
1251.IMPY, as shown in ex vivo autoradiographic analysis (Fig. 4).

Recently, amyloid deposition in 28-mo-old
Tg2576 mice was successfully visualized
with a radioiodine-labeled pyridyl benzofuran
derivative (21). There was, however, rela-
tively high retention, approximately 40%
of initial brain uptake, in the normal brain
even after 60 min and resulting high-level
nonspecific binding to white matter (27).
Given that white matter in human subjects
is much more abundant than in rodents,
such high-level nonspecific binding to
white matter may overtly affect the detect-
ability of AB plaques in human subjects.
Additionally, this radioligand was not met-
abolically stable in normal mice. The intact
form in plasma was decreased to approxi-
mately 20% at 30 min after injection (21),
raising the undesirable possibility that
these radioactive metabolites penetrated
into the brain and lowered the signal-to-
noise ratio. In contrast, the amount of
I2I.DRM106 remaining in the normal
brain was lowered to less than 4% of initial
uptake after 60 min, exhibiting excellent
off-target washout (/8). As a result, there
was low nonspecific binding in white matter
and other brain regions without amyloid
pathology (Figs. 4 and 5). Additionally, a re-
cent poster presentation—at the Alzheimer
Association International Conference (22),
during which a newly developed radioiodin-
ated tracer, '2I-ABC577, was reported—
demonstrated the possible availability of
image-based diagnosis for AD in human
subjects. Although this is a preliminary
result and there is still a lack of accurate
information available, such as the chem-
ical structure of ABC577, this successful
case has proved the feasibility of this
SPECT agent for amyloid imaging in human
subjects.
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Downloaded from jnm.snmjournals.org by Nippon Medical School on January 29, 2015. For personal use only.

A Non-Tg Tg
(Tg2576) (Tg2576)
“C-PiB
(in vivo)
123|-DRM106
(in vivo)
123).DRM106
(ex vivo)
B C-PiB 123.DRM106
0.15 o 15 - *
& 005- @ 13-
53 O
2 2
S 005- f 141
® o
o NN °
Non-Tg Tg
C 0.2 - 2.0
R =095, P<0.01 R=0.98, P<0.01
— L)
= 0.1 4 g 15 - “
< £
£3g oo g 10 .
Se = :
2 o1 S o5
() F
-0.2 - - — 0.0 .
05 0.8 10 13 15 1.8 20 0 1 2 3
1231.DRM106 123.DRM106 (ex vivo)
(CT/Hip-to-CB ratio in vivo)

FIGURE 5. In vivo imaging with 123l-DRM106 and ''C-PiB. (A) Typical in vivo images of 1'C-PiB
(top) and *23I-DRM106 (middle) and ex vivo images of 23I-DRM106 (bottom) in 28-mo-old female
transgenic (Tg2576; right) and age-matched nontransgenic littermate (left) mouse brains. In vivo
images were overlaid on MR imaging template. Red and yellow arrowheads indicate cerebellum
and cortex/hippocampus regions, respectively. White arrows indicate harderian gland. (B) Quan-
titative analysis for in vivo binding of 1'C-PiB and 23I-DRM106 in nontransgenic (n = 3) and
transgenic (n = 5) mice. In vivo bindings of 1'C-PiB and 123|-DRM106 were estimated by BP and
cortex-to-cerebellum ratio, respectively. Data are mean £ SD. *P < 0.05 and **P < 0.01 vs.
nontransgenic mouse, t test. (C) Correlation of in vivo binding between 1'C-PiB and 123|-
DRM106 (left) and between in vivo and ex vivo binding of 1231-DRM106 (right). Data of mice
that underwent both ''C-PiB and '22|-DRM106 scans were used for correlation analysis.
Non-Tg = nontransgenic; Tg = transgenic.

clinical application. We performed in vivo
imaging with 'PI-DRM106 in Tg2576
mice and compared this with PET imaging
with 11C-PiB. Tg2576 is a widely used
transgenic mouse line with AD-like amy-
loid pathology, with AB plaque density
increasing exponentially from 12 mo,
reaching levels similar to those seen in the
AD brain (23). There were, however, many
fewer amyloid-associated binding sites
for ''C-PiB in the Tg2576 mouse than in
AD patient tissues (2,24). Despite the
fewer binding sites for ''C-PiB in
Tg2576 mice, we successfully detected
significant amyloid-associated !'C-PiB ac-
cumulation in the living brains, taking ad-
vantage of the high-quality ''C-PiB with
high specific radioactivity up to approxi-
mately 300 GBg/umol, 6-10 times higher
than the usually used level, and elderly
mice (29 mo). Our comparative analysis
showed great consistency in the quantitative
detection of AR deposition between 23[-
DRM106 and ''C-PiB, demonstrating that
SPECT imaging with 'Z[-DRM106 has
quantitative ability and sensitivity similar to
those of PET with '!C-PiB in the living brain.

On the basis of our experimental re-
sult that the LTCx-to-CA1 ratio of bin-
ding of '>I-DRM106 is significantly lower
than that of !!'C-PiB, different patho-
logic aggregates are expected to provide
major binding sites for '[-DRM106 and
HUC-PiB. Although the LTCx-to-CAl ratio
of binding of '*I-DRM106 was similar to
that of 'C-PBB3, which binds to both AB
and tau aggregates at the incubation concen-
tration used (/9), NFTs might not provide
binding sites for !2I-DRMI106, because
a high concentration of nonradiolabeled
DRM106 failed to fully block the binding
of 1'C-PBB3 when we postulated that NFTs
provide similar binding sites for all of the
{3-sheet ligands. Thus, a reasonable expla-
nation is that !25[-DRM106 might preferen-
tially bind to dense-cored/neuritic plaques as
did other amyloid tracers such as ®F-(fluori-
nated amyloid imaging compound of Tohoku
University) (25). Given that '*C-PiB also binds
to diffuse plagues, in addition to dense-cored/
peuritic plaques, the lower LTCx-to-CAl ratio
of binding of '“I-DRM106 than ''C-PiB is

In comparison with PET, radioisotopes used in SPECT, such as
1231 (half-life, 13.22 h), have a longer half-life and can therefore
achieve longer distance delivery and cheaper operating cost, and
more SPECT scanners have also been installed for routine clinical
examinations, making it more suitable for primary screening for
prodromal AD patients, especially in developing countries with
large territories. Given that the sensitivity and quantitative ability
of SPECT are inferior to those of PET, we need more in vivo
imaging data to support the availability of DRM106 for further

124

consistent with the distribution of AP plaques—that is, the ma-
jor AR deposition is dense-cored/neuritic plaques in CAl. In con-
trast, in addition to dense-cored/neuritic plaques, numerous dif-
fuse plaques are also observed in the LTCx region.

The correlation between PiB binding and the amounts of either
AB(1-40) or AB(1-42) was not significant (20), being attributable
to preferential binding of PiB to certain AP subtypes, such as
ABnspr) (2). In contrast, '5I-DRM106 binding showed excellent
linearity with the amounts of either AB(1-40) or AP(1-42) in
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research of the progression of amyloid pathol-
ogy when using existing APP transgenic mouse
models, most of which express numerous
dense-cored, but not AD-like, diffuse plaques.

C-PiB

CONCLUSION

In this study, we have successfully cap-
tured AP deposition in a living AD model
mouse with a newly developed SPECT
agent, '2’I-DRM106. Given that its capac-
ity was not inferior to ''C-PiB for detecting
AR deposition, 123I-DRM106 has a high po-
tential for further clinical application and,
in fact, might preferentially capture the de-
position of dense-cored/neuritic plaques.
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Tg2576 brain homogenates, suggesting that the terminal modification
of AR may not change its binding sites for 'I-DRM106. If so,
binding sites for '>’I-DRM106 in AD patients and experimental
animal models are more similar to each other, compared with that
for 'C-PiB. As evidence, the ratio of maximum binding values of
125.DRM106 for high-affinity binding sites in a 20-mo-old Tg2576
mouse to that in AD brain was proximately 0.17, much higher than
that of '!C-PiB (ratio of maximum binding values in a 15-mo-old
APP/PS1 double-transgenic mouse to AD brain was below 0.001)
(20). On the basis of the BP values for high- and low-affinity binding
sites in Tg2576 mouse brain being approximately 27 and 14, respec-
tively, the percentage of BP for high-affinity binding is approximately
65%. Likewise, the percentage of BP for high-affinity binding in AD
brain is approximately 69% (Table 1). These 2 similar values may
imply a similarity of composition of binding sites for 2I-DRM106
in Tg2576 and AD brains, largely differing from that seen in 'C-PiB
binding to the AD model mouse and patient brains (percentage of BP
for high-affinity binding was ~37% and 92% in the AD model mouse
and patient brains, respectively) (20). This similarity in values suggests
that 12125I.DRM 106 is more suitable than 'C-PiB for translational

for kindly providing human tissue.
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Radiosynthesis, Photoisomerization, Biodistribution, and
Metabolite Analysis of 'C-PBB3 as a Clinically Useful PET
Probe for Imaging of Tau Pathology

Hiroki Hashimoto!, Kazunori Kawamura', Nobuyuki Igarashi!-?, Makoto Takei'-?, Tomoya Fujishiro!-?,
Yoshiharu Aihara!-2, Satoshi Shiomi!?, Masatoshi Muto"2, Takehito Ito!-3, Kenji Furutsuka!-3, Tomoteru Yamasaki!,
Joji Yuil, Lin Xie!, Maiko Ono!, Akiko Hatori', Kazuyoshi Nemoto!, Tetsuya Suhara!, Makoto Higuchi’,

and Ming-Rong Zhang'

'Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Japan; *Tokyo Nuclear Services Co., Ltd., Tokyo,

Japan; and SHI Accelerator Service Ltd., Tokyo, Japan

2-((1E,3E)-4-(6-("'C-methylamino)pyridin-3-yl)buta-1,3-dienyl)
benzo[d]thiazol-6-ol (1'C-PBBJ) is a clinically useful PET probe that
we developed for in vivo imaging of tau pathology in the human
brain. To ensure the availability of this probe among multiple PET
facilities, in the present study we established protocols for the radio-
synthesis and quality control of 1'C-PBB3 and for the characterization
of its photoisomerization, biodistribution, and metabolism. Methods:
C-PBB3 was synthesized by reaction of the tert-butyldimethylsilyl
desmethyl precursor (1) with "'C-methyl iodide using potassium hy-
droxide as a base, followed by deprotection. Photoisomerization of
1C-PBB3 under fluorescent light was determined. The biodistribution
and metabolite analysis of ""C-PBB3 was determined in mice using
the dissection method. Results: ""C-PBB3 was synthesized with
15.4% + 2.8% radiochemical yield (decay-corrected, n = 50) based
on the cyclotron-produced 'C-CO, and showed an averaged synthesis
time of 35 min from the end of bombardment. The radiochemical purity
and specific activity of 11C-PBB3 were 98.0% + 2.3% and 180.2 + 44.3
GBg/pmol, respectively, at the end of synthesis (n = 50). "'C-PBB3
showed rapid photoisomerization, and its radiochemical purity decreased
to approximately 50% at 10 min after exposure to fluorescent light. After
the fluorescent light was switched off, "'C-PBB3 retained more than
95% radiochemical purity over 60 min. A suitable brain uptake (1.92%
injected dose/g tissue) of radioactivity was observed at 1 min after the
probe injection, which was followed by rapid washout from the brain
tissue. More than 70% of total radioactivity in the mouse brain homog-
enate at 5 min after injection represented the unchanged ''C-PBB3,
despite its rapid metabolism in the plasma. Conclusion: ''C-PBB3
was produced with sufficient radioactivity and high quality, demonstrat-
ing its clinical utility. The present results of radiosynthesis, photoisomeri-
zation, biodistribution, and metabolite analysis could be helpful for the
reliable production and application of 'C-PBB3 in diverse PET facilities.
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photoisomerization
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Accumulation of intracellular tau fibrils is a neuropathologic
hallmark of Alzheimer disease (AD) and related tau-positive neu-
rodegenerative disorders, which are collectively referred to as
tauopathies (/). Understanding of the mechanistic roles played
by pathologic tau in AD and related tauopathies has stimulated
increasing interest in the development of imaging probes that fa-
cilitate visualization of tau pathology in the brains of living hu-
mans and animal models of tauopathies (7). '8F-FDDNP (Fig. 1)
was applied to PET imaging of intraneuronal neurofibrillary tan-
gles for the first time (2). However, '®F-FDDNP showed a rela-
tively low contrast and selectivity for tau lesions versus 3 amyloid
in in vitro autoradiograms and PET images of AD brains (3). In
addition to '®F-FDDNP, researchers have developed several prom-
ising PET probes for imaging tau protein in the brain (4-10).
Among these radioprobes, '8FE-T807, '|F-T808, !|F-THKS523,
and '8F-THK5105 (Fig. 1) have been used in clinical studies for
AD patients (6,8-10), whereas its capability of capturing tau ag-
gregates in non-AD tauopathies and transgenic animal models is
yet to be determined.

Recently, we developed a new class of tau ligands, phenyl/
pyridinyl butadienyl benzothiazoles/benzothiazoliums (PBBs). In
vivo optical imaging of a transgenic mouse model demonstrated
rapid and sensitive detection of intraneuronal tau inclusions by
intravenous administration of these ligands, which are intrinsically
fluorescent (11). Selected from these ligands, three 1'C-labeled
compounds were synthesized and evaluated for their potential as
PET probes for imaging tau pathology in tau transgenic mouse
models (/7). After preclinical evaluation, 2-((1E,3E)-4-(6-(*1C-
methylamino)pyridin-3-yl)buta-1,3-dienyl)benzo[d]thiazol-6-ol
(*'C-PBB3, Fig. 1) was applied to clinical PET studies and was
demonstrated to effectively display tau pathology in patients with
AD and non-AD tauopathies. Notably, the high-level retention of
11C-PBB3 in the AD hippocampus wherein tau pathology is
enriched sharply contrasted with that of a B-amyloid PET probe,
HC-Pittsburgh compound B (''C-PIB) (11,12).

Our previous study was focused on the development of PBBs
and the application of ''C-PBB3 to PET imaging of a mouse
model and human brains (/7). Meanwhile, the growing interest
in the clinical use of 'C-PBB3 in many PET facilities motivated
us to establish protocols for its radiosynthesis and quality control
and to characterize its chemical stability and its pharmacokinetic

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 55 ¢ No. 9 » September 2014

146



Downloaded from jnm.snmjournals.org by Hoshasen Igaku Ken, S87255 on October 9, 2014. For personal use only.

NC_ _CN —N
! y
CHs N
1BF\/\N — N
I 18 \

18F.FDDNP 18F-T807
0.
o
NH,
18F_THK-523

""c-PBB3

o
N \N)QN
CH, F N /,/O
18p
G
N _CH,

18F-THK-5105

Wik
/ =/ "
oo
HO S

Institute. Commercially available reagents and
organic solvents (Sigma-Aldrich and Wako
Pure Chemical Industries) were used without
further purification. 'C was produced by “N
(p, @)''C nuclear reaction using a CYPRIS
HM18 cyclotron (Sumitomo Heavy Industries).
Effluent radioactivity was monitored using
a Nal (T1) scintillation detector system (Gabi
Star PET; Raytest). If not otherwise stated, ra-
dioactivity was determined using an IGC-3R
Curiemeter (Aloka).

Male ddY mice were purchased from
Japan SLC Inc. Animals were maintained
and handled in accordance with the recom-
CHy mendations of the U.S. National Institutes of
Health and the guidelines of the National
Institute of Radiologic Sciences. Animal experi-
ments were approved by the Animal Ethics
Committee of the National Institute of Radio-
logic Sciences. Male ddY mice (35.2 = 2.2 g)
were fed ad libitum.

18F.T808

Radiosynthesis of 1'C-PBB3
UC-methyl iodide (!'C-CHsl) was synthe-

FIGURE 1.

and metabolic properties. Here, we determined the radiosynthetic
conditions for ''C-PBB3 to obtain an appropriate amount of ra-
dioactivity with reliable quality for clinical application. Because
of the chemical structure of pyridylbutadienylbenzothiazole in
HC-PBB3, which is considered to easily undergo photoisomeriza-
tion by exposure to ultraviolet light (/3), we monitored the prog-
ress of photoisomerization of 1!C-PBB3 under fluorescent light
and investigated how to prevent it during radiosynthesis and qual-
ity control. To validate whether the radioactive signals in the
mouse and human brains were derived from !C-PBB3 itself, we
performed metabolite analysis of ' C-PBB3 for the mouse plasma
and brain homogenate.

MATERIALS AND METHODS

General

PBB3 and its precursor (5-((1E,3E)-4-(6-(tert-butyldimethylsily-
loxy)-benzo[d]thiazol-2-yl)buta-1,3-dienyl)pyridin-2-amine (1, Fig. 2)
for radiosynthesis were synthesized and supplied from the NARD

Chemical structures of PET probes for imaging of tau pathology in clinical use.

sized from cyclotron-produced !C-CO, using
an automated synthesis system developed in-
house (/4). The produced !'C-CHsl was trap-
ped in a mixture of the rerr-butyldimethylsilyl group-protected des-
methyl precursor 1 (0.9-1.1 mg) in anhydrous dimethylsulfoxide
(0.15 mL) and KOH (10 mg) suspended in anhydrous dimethylsulfoxide
(0.3 mL) at room temperature. Heating the reaction mixture at 125°C for
5 min produced 5-((1E,3E)-4-(6-(tert-butyldimethylsilyloxy)benzo[d]
thiazol-2-yl)buta-1,3-dienyl)-N-2-1C-methylpyridin-2-amine (!C-2).
Subsequent deprotection of the ferr-butyldimethylsilyl group in 'C-2
was performed using H,O (0.2 mL) at 50°C for 2 min. After 1.5 mL of
the high-performance liquid chromatography (HPLC) solvent was
added to the reaction vessel, the radioactive mixture was loaded into
a preparative HPLC system (Jasco) for separation. The HPLC condi-
tions were as follows: Atlantis T3 (5 pm, 10-mm internal diameter [i.d.] X
150 mm; Waters); acetonitrile/S0 mM sodium phosphate buffer (pH
7.0) (20/30, v/v); 6.0 mL/min; 379-nm ultraviolet light. The fraction
corresponding to !!C-PBB3 (retention time [tg], ~7 min) was collected
into a flask in which 25% ascorbic acid (0.4 mL) and polysorbate-80
(0.075 mL) in ethanol (0.3 mL) had been added before radiosynthesis,
and was then evaporated to dryness. The residue was dissolved in
physiologic saline (6-12 mL) and sterilized with a Millex-GS filter
(Millipore). An amber vial was filled with
the formulated product.

/ \ NHZ

N N

KOH, DMSO, Slo S
125°C, 5 min

y 7 N\_\

H,0 =N
50°C, 5 min HO S
1C-PBB3

All radiosynthesis and subsequent quality
control procedures were performed without
=N H fluorescent light to prevent photoisomeriza-
tion of ''C-PBB3. If necessary, an ultraviolet-
cutoff flashlight (green light, LED-41VIS525;
OptoCode) was used to monitor these proce-
dures for a short time.

Determination of Radiochemical
Purity and Photoisomerization

With the fluorescent light switched off, the
final product solution of 'C-PBB3 was ana-
lyzed using an HPLC system (515 pump and
2487 ultraviolet detector; Waters) and an

FIGURE 2. Radiosynthesis of 1'C-PBB3.

RapIosyNTHESIS OF !C-PBB3

XBridge Shield RP18 column (2.5 pm, 3.0
mm i.d. X 50 mm; Waters). A mixture of 90%
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aqueous acetonitrile and 50 mM ammonium phosphate buffer (pH 9.3)
(50/50 [0-1.2 min] and then 70/30 [1.2 min and onward], v/v) was
used as the mobile phase. The tg of !'C-PBB3 was approximately
1.1 min at 1.0 mL/min. The identity was confirmed by coinjection
with an authentic PBB3 sample. The specific activity was calculated
by comparison of the assayed radioactivity to the carrier mass, which
was measured on the basis of its ultraviolet peak at 379 nm. To de-
termine the radiochemical stability of ''C-PBB3, the formulated prod-
uct was maintained for 60 min at room temperature without fluorescent
light. An analytic sample was taken from the formulated solution to
measure the radiochemical purity again.

For comparison, a portion of the ''C-PBB3 injection sample was
transferred to a colorless vial and maintained for 60 min at room
temperature under fluorescent light. Analytic samples were taken from
this vial to measure the radiochemical purity at 1, 10, and 60 min.

Quality Control

In addition to determination of radiochemical purity and specific
activity, the physical appearance of the ''C-PBB3 injection was checked
by visual inspection (/5). pH was measured using a pH meter (F-71;
Horiba) and a probe (9618-10D; Horiba). Sterility was tested using a soy-
bean-casein digest broth (Merck) incubated with the injection sample at
20°C-25°C for 14 d and fluid thioglycollate medium (Merck) incubated
with the sample at 30°C-35°C for 14 d. Absence of culture growth after
14 d indicates sterility (/6). The endotoxin content in the injection sample
was measured using a toxinometer (ET-6000; Wako) (/7). Residual
organic solvents (acetonitrile and ethanol) were measured using a gas
chromatography system (7890; Agilent Technologies) (/8). A DB-WAX
column (0.50 pm, 0.53-mm i.d. x 30 m; Agilent Technologies) was
maintained at 40°C (0-8 min), raised to 120°C (8-28 min), and kept
at 120°C (28-33 min). The makeup gas was nitrogen (99.9995%, 50
mL/min), and the carrier gas was helium (99.995%, 4 mL/min). A flame
ionization detector was used.

Biodistribution Study

HC-PBB3 (1.6 MBq in 0.1 mL, 49.6 GBqg/p.mol) was injected into
the tail vein of mice (» = 4 for each time point) without fluorescent
light. The blood, heart, lung, spleen, liver, small intestine, testis, kidney,
muscle, and brain were dissected at 1, 5, 15, 30, and 60 min after
injection. The radioactivity in each tissue was measured using a vy
counter (1480 Wizard 3; Perkin-Elmer) and expressed as follows: up-
take [percentage injected dose (%ID)/g] = [tissue radioactivity (cps) X
100/tissue weight (g))/injected dose (cps). All measured radioactivity
values were corrected for decay.

Metabolite Analysis in Brain and Plasma

11C-PBB3 (33.3-37 MBq in 0.1-0.2 mL, 51.9 = 18.2 GBg/pumol)
was injected into the tail vein of mice (n = 3 for each time point), and
the mice were sacrificed by cervical dislocation at 1 and 5 min after
injection. Blood samples were obtained and centrifuged at 15,000 rpm
for 1 min at 4°C. The plasma (0.5 mL) was separated and transferred
to a tube containing acetonitrile (0.5 mL). The mixture was stirred in
a vortex mixer and centrifuged at 15,000 rpm for 2 min to separate the
precipitate from the aqueous phase.

The half brain was placed in test tubes, each containing 2.5 mL
of ice-cooled saline, and homogenized (SilentCrusher-S; Heidolph
Instruments). Radioactivity (%ID/g) in the left brain was measured at
the same time. The homogenized brain tissue (0.5 mL) was transferred
to a tube containing acetonitrile (0.5 mL) and centrifuged (15,000 rpm,
2 min, 4°C). The precipitate and supernatant were separated and mea-
sured for radioactivity. The supernatants of the plasma and brain
homogenates were analyzed using an HPLC system equipped with a
highly sensitive detector for radioactivity (/9). The HPLC system and
conditions were as follows: pump, PU-2089 plus (Jasco); ultraviolet

1534

detector, UV-2075 (Jasco); Nal(Tl) scintillation detector (S-2493A;
OKEN); precolumn, XBridge Prep C18 Guard Cartridge (5 pm,
10 mm id. x 10 mm; Waters); main column, XBridge OST C18
(2.5 pm, 10 mm i.d. x 50 mm; Waters); mobile phase, 90% aqueous
acetonitrile/0.02 M sodium phosphate buffer (pH 7.0) (30/70
[0-4 min], 40/60 to 70/30 [4~7 min], v/v); flow rate, 8.0 mlL/min;
tr, ''C-PBB3, 5 min. All the procedures in this section were conducted
with the fluorescent light switched off.

RESULTS

Radiosynthesis of "'C-PBB3

1C-PBB3 was synthesized by N-methylation of the desmethyl
precursor 1 with ''C-CHal using KOH as a base (Fig. 2), followed
by deprotection of the rert-butyldimethylsilyl group in the inter-
mediate ''C-2 with water. After the reaction, HPLC separation
(Fig. 3), and formulation, ''C-PBB3 was successfully obtained
with a sufficient amount of radioactivity. At the end of synthesis,
'IC-PBB3 of 1.6-3.1 GBq was obtained as an injectable solution
of sterile normal saline after 30-35 min of proton bombardment at
a beam current of 18 wA. The decay-corrected radiochemical
yield of '"C-PBB3 based on ''C-CO, was 15.4% = 2.8% (n =
50) at the end of bombardment, and the specific activity was
180.2 ® 44.3 GBg/pmol (n = 50) at the end of synthesis. The
averaged radiochemical purity of the ''C-PBB3 product in an
amber vial was 98.0% = 2.3% (Fig. 4A) and remained greater
than 95% after 60 min (Fig. 4B) without fluorescent light. The
total synthesis time was approximately 35 min from the end of
bombardment.

Photoisomerization

Figures 4C—4E show the photoisomerization of 'C-PBB3 in
a colorless vial under fluorescent light. At 1 min after exposure
to the fluorescent light, the radiochemical purity of ''C-PBB3
decreased to 77%. From 10 to 60 min, its radiochemical purity
remained approximately 50%. The chemical structure of the 1'C-
impurity was not identified but was assumed to be the Z, Zor E, Z
isomer of ''C-PBB3.

A
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FIGURE 3. Typical preparative HPLC chromatogram of 1'C-PBB3.
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Biodistribution Study

Table 2 shows the tissue distribution of
radioactivity in the whole body of mice at
1, 5, 15, 30, and 60 min after injection of
'C-PBB3. Uptake in most tissues was the
highest at 1 min among all sampling time
points. The radioactivity levels in the blood,
heart, lung, testis, muscle, and brain de-
creased rapidly after initial uptake, whereas
the radioactivity in the liver, spleen, small
intestine, and kidney reduced gradually af-
ter 5 min. The radioactivity in all tissues
except the small intestine cleared to less
than 1 %ID/g at 60 min. Brain uptake was
1.92 %ID/g at 1 min and then decreased
rapidly to 0.03 %ID/g-at 60 min.

NC-impurity

and Plasma
Figure 5 shows the HPLC chromato-
grams for the plasma and brain homoge-

I

i

¥

{f %i Metabolite Analysis in Brain
|
]

I N [
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nate samples after injection of '!C-PBB3.
In the plasma, the percentage of !'C-PBB3
rapidly decreased and a radiolabeled me-

05 10 15 20

FIGURE 4. Typical analytic HPLC chromatograms of 1'C-PBB3. Analyses were performed
without (A and B) and with (C-E) fluorescent light. Identity of "'C-PBB3 was confirmed by co-
injection with authentic PBB3 sample immediately after formulation (A) and at 60 min (B), 1 min

(C), 10 min (D), and 60 min (E).

Quality Control

Table 1 summarizes the results of the quality control assess-
ment for 3 different lots of '!C-PBB3 production. The physical
appearance of the product was clear and without particles. The
pH was 6.7 = 0.8. In sterility testing, no viable bacteria or
microorganisms were observed in soybean-casein digest broth
or fluid thioglycollate medium. The endotoxin content was un-
detectable (<0.7 endotoxin units/maximum volume). The radio-
chemical purity of 1!C-PBB3 was 98.2% * 22% (n = 3) at the
end of synthesis and was within the range of 97.0% * 0.8% after
60 min. The residual amounts of ethanol and acetonitrile in the '!C-
PBB3 injection sample were to be 6.7 *= 0.6 ppm and 1 ppm,
respectively.

tabolite was observed as early as 1 min
after injection (Fig. 5A). The fraction cor-
responding to unchanged !'C-PBB3 in the
plasma was 1.9% = 0.53% at 5 min
(Fig. 5B) and was not detectable at 15 min
(data not shown). The radiolabeled metabo-
lite was more polar than !C-PBB3, as estimated by its tg (2.0 min)
on the HPLC charts. Despite the rapid metabolism in plasma, the
percentage of unchanged ''C-PBB3 in the brain homogenate was
82% at 1 min (Fig. 5C) and 70% at 5 min (Fig. 5D). A radio-
labeled metabolite was also detected in the HPLC charts of the
brain samples, and its tg was similar to that of the metabolite in the
plasma. Calculated from the total brain uptake (%ID/g), which
was simultaneously measured for the same mice, radioactivity
levels representing unchanged '!C-PBB3 and !!'C-metabolite in
the brain were found to be 1.58 % 0.25 and 0.35 = 0.06 %ID/g,
respectively, at 1 min and 0.83 = 0.06 and 0.35 % 0.04 %ID/g,
respectively, at 5 min. Recovery of radioactivity from HPLC
analysis for all samples was greater than 95%. Because of the low

TABLE 1
Quality Control for 11C-PBB3 Productions (n = 3)

Test

Acceptance criterion

Lot 1 Lot 2

Specific activity (GBg/umol)

ati

Sterility

No bacterial growth

‘Not less than 3.7

No bacterial
growth

No bacterial
growth

No bacterial
growth

RaDIOSYNTHESIS OF !C-PBB3
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Biodistribution for ''C-PBB3 in Mice

TABLE 2

Brain 1.92 +0.13

Data are mean (+ SD) %ID/g tissue (n = 4).

5 min 15 min 30 min
 3.06+0.65 1.27+019 - 064£012
2.10 £ 0.17 0.72 + 0.07 0.32 + 0.03 .
 858+246 2121020 :;f1o7a:0285f*7'v**'
3.49 + 2.48 0.43 + 0.03 0.23 + 0.07
iddstEte9 o g0dt04 & :
45.58 + 7.82 29.64 + 8.02

AsEosa
10.55 + 0.81
1334023
0.97 + 0.06

0684022

4.36 + 0.40

. 055:0.07
0.27 £ 0.02

‘d80¢026
022£002
0.11 + 0.04

003:001

radioactivity level, no further metabolite analysis was performed

for the brain samples collected beyond 5 min.

DISCUSSION

In this study, ''C-PBB3, a PET probe clinically used for imag-
ing tau pathology in the human brain, was reliably synthesized
with sufficient radioactivity and high quality. The metabolite anal-

ysis demonstrated the presence of unchanged ''C-PBB3 as the

major radiolabeled component in the mouse brain despite its rapid
metabolism in the plasma.

For the radiosynthesis of ''C-PBB3, the ferr-butyldimethylsilyl
group-protected desmethyl compound 1 was designed as the pre-
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FIGURE 5. HPLC chromatograms for metabolite analysis of ''C-PBB3 at 1 min in mouse plasma
(A), at 5 min in mouse plasma (B), at 1 min in mouse brain (C), and at 5 min in mouse brain (D).

1536

150

cursor. '!C-methylation of 1 and subsequent deprotection of 11C-2
gave ''C-PBB3 in a 2-step, 1-pot process (Fig. 2). We initially
attempted to perform ''C-methylation of 1 using ''C-CH;0Tf and

no base, as is done for the synthesis of !!C-
Pittsburgh compound B, which was easily
labeled by direct 'C-methylation without
requiring a base (20). However, this ap-
proach could not produce !'C-2, indicating
that the a-amino group in the pyridine ring
of 1 did not have enough nucleophilicity to
undergo ''C-methylation without a base.
Use of organic bases gave only trace
amounts of ''C-2. Because the low label-
ing efficiency with ''C-CH3;0Tf without
a base could not be improved even by heat-
ing the reaction mixture to 150°C for 5 min,
this approach was not pursued further.

We then used KOH powder as a base to
form the salt of the amine group in situ for
the "'C-methylation of 1 with 1C-CH;1. The
reaction conditions, including the amount
of KOH, reaction solvent, time, and tem-
perature, were optimized. It was found that
the use of 10 mg of KOH, which was sus-
pended in anhydrous dimethylsulfoxide for
2030 s with an ultrasonic cleaner just before
the synthesis, for reaction of 1 mg of 1 with
HC-CH;I at 125°C for 5 min could give the
highest yield of 1C-2.

To remove the protective rert-butyldi-
methylsilyl group in 'C-2, we initially used
tetrabutylammonium fluoride. Although the
deprotection was successful, perfect removal
of tetrabutylammonium fluoride and its
decomposing residues in the final formu-
lated product remained challenging. In
place of tetrabutylammonium fluoride, we
then used water to remove the tert-butyldi-
miethylsilyl group. As expected, deprotection
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with alkali water at 50°C for 2 min proceeded perfectly. Indeed,
alkali water was also used to remove the fers-butyldimethylsilyl
group in the synthesis of ''C-AZD2184, an imaging agent for B
amyloid with structural similarity to ''C-PBB3 (21).

Photoisomerization is a molecular behavior in which a structural
change between isomers occurs because of photoexcitation. E and
Z conversion is a representative behavior. Chemicals exhibiting
this conversion include stilbene and azobenzene, in which the
rotation or inversion around the double bond affords the isomer-
ization between the 2 states (/3). 1'1C-PBB3 underwent rapid pho-
toisomerization as a pyridylbutadienylbenzothiazole compound
by exposure to fluorescent light as shown in the analytic HPLC
charts (Figs. 4C—4E). Compared with !C-PBB3, its !!C-isomer
showed much less specific binding to tau in the brain sections of
AD patients (Supplemental Fig. 1; supplemental materials are
available at http:/jnm.snmjournals.org). This photoisomerization
could be prevented by switching off the fluorescent light. By
cutting off all fluorescent light in the synthetic hot cell to perform
the radiosynthesis, in particular HPLC separation and formulation,
and using an amber vial to store the formulated product, !!C-
PBB3 was reliably obtained with high radiochemical purity with-
out isomerization and radiolysis. All the results of quality control
for the ''C-PBB3 injection complied with our in-house quality
control and quality assurance specifications (Table 1). These data
have guaranteed a reliable supply of !'C-PBB3 with sufficient
radioactivity and high quality for clinical application.

The results of the biodistribution study of *C-PBB3 in mice
suggest that the radioactivity might be cleared mainly via the
hepatobiliary and intestinal reuptake pathways, with rapid wash-
out from the body (Table 2). The present brain uptake indicates
that 1'C-PBB3 easily passed through the blood-brain barrier,
which is related to its lipophilicity (calculated logD, 3.30) (11).
The effective dose estimate for 1!C-PBB3 was 3.28 pnSv/MBq
(Supplemental Table 1), which was comparable to that reported
for other !'C-labeled probes, including !'C-Pittsburgh compound
B (4.7 uSv/MBq) (22).

Metabolite analysis demonstrated that this probe was rapidly
decomposed to a polar radiolabeled metabolite in the plasma (Fig.
5). Despite the high abundance in the plasma, this metabolite,
which was more hydrophilic than !'C-PBB3, showed limited entry
into the brain. This finding indicates that uptake of radioactivity
into the mouse brain was attributable mainly to unchanged 'C-
PBB3. The present data, taken together with the results of the
previous metabolite analysis for human plasma (1 /), demonstrated
that 1!C-PBB3 is rapidly metabolized to the same radiolabeled
metabolite in mouse and human plasma, as evidenced by the
similar tgs in the HPLC charts for plasma samples from these 2
species. The percentage of unchanged !'C-PBB3 in human plasma
at 3 min after injection was 7.8% = 2.2%, and the metabolizing
rate in human plasma was slightly slower than that in mouse
plasma. These results indicate that the radioactive signals acquired
by PET in the human brain may primarily reflect the kinetics of
LC-PBB3. However, the influence of the low-grade uptake of
radioactive metabolites into the brain on pharmacokinetic meas-
ures of 11C-PBB3 should be clarified.

In both humans and mice, the rapid entry of 1'C-PBB3 into the
brain and prompt reduction of the parent probe in the plasma
imply that the levels of 1!C-PBB3 in the brain may be dependent
largely on its first-pass extraction (/7). This characteristic, along
with its minimal nonspecific binding of ''C-PBB3 to the myelin-
rich components (/1), resulted in a rapid washout of this probe

RapIOsYNTHESIS OF !C-PBB3 -«

from the brain, thereby reducing the background signal in the
brain. Moreover, the significant contribution of the first-pass ex-
traction to the radioprobe kinetics in the brain indicates that re-
gional cerebral blood flow may be a critical determinant of the
amount of 1'C-PBB3 entering the brain; accordingly, the specific
binding of 'C-PBB3 to tau lesions may be underestimated in
areas with profound hypoperfusion. In fact, PET imaging with
1IC.PBB3 in the AD brain displayed high-contrast signals in the
hippocampus and low nonspecific retention in the white matter
and other myelin-rich regions (/7). Although the brain uptake of
1C-PBB3 is lower than that of ®F-T807 and '!C-Pittsburgh com-
pound B (5,11,23), a relatively low concentration of free '!'C-
PBB3 in the brain may be advantageous to its selective binding
to high-affinity, low-capacity sites on tau fibrils, compared with
the low-affinity, high-capacity binding sites on $ amyloid (I7).

A shortcoming of !C-PBB3 may be the presence of the radio-
labeled metabolite in the mouse brain, although brain uptake of this
metabolite was lower than that of unchanged ''C-PBB3 in the brain.
Determination of the metabolic pathway for ''C-PBB3 is currently
ongoing and should provide clues for the design of new probes with
improved biostability. Identification of the chemical structure of the
major ''C-PBB3 metabolite should also be performed, and subse-
quent radiolabeling of this metabolite would facilitate evaluation of
its plasma and brain kinetics and affinity for tau fibrils.

CONCLUSION

11C-PBB3, a clinically useful PET probe for tau pathology in
the brains of humans and transgenic mouse models, was success-
fully synthesized by reaction of tert-butyldimethylsilyl desmethyl
precursor 1 with 1'C-CH,l in the presence of KOH, followed by
deprotection with water. We have so far achieved more than 200
productions of 'C-PBB3 in our facility for various research pur-
poses, including translational PET imaging of mouse models and
clinical PET assessments of patients diagnosed as having AD and
non-AD neurodegenerative disorders. The present results demon-
strate the reliable production and widespread clinical potential of
1IC-PBB3.

DISCLOSURE

The costs of publication of this article were defrayed in part by
the payment of page charges. Therefore, and solely to indicate this
fact, this article is hereby marked “advertisement” in accordance
with 18 USC section 1734. This study was funded in part by
Grants-in-Aid for the Japan Advanced Molecular Imaging Pro-
gram, Scientific Research (B) (23390235), Core Research for Evo-
lutional Science and Technology, and Scientific Research on
Innovative Areas (Brain Environment) (23111009) from the Min-
istry of Education, Culture, Sports, Science, and Technology,
Japan. Drs. Suhara, Higuchi, and Zhang are named as inventors
on patent application 0749006WO1, claiming subject matter re-
lated to the results described in this paper. No other potential
conflict of interest relevant to this article was reported.

REFERENCES

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

2. Small GW, Kepe V, Ercoli LM, et al. PET of brain amyloid and tau in mild
cognitive impairment. N Engl J Med. 2006;355:2652-2663.

3. Thompson PW, Ye L, Morgenstern JL, et al. Interaction of the amyloid imaging
tracer FDDNP with hallmark Alzheimer’s disease pathologies. J Neurochem.
2009;109:623-630.

Hashimoto et al. . 1537

151



11.

13.

1538

Downloaded from jnm.snmjournals.org by Hoshasen Igaku Ken, S87255 on October 9, 2014. For personal use only.

. Villemagne VL, Furumoto S, Fodero-Tavoletti M, et al. The challenges of tau

imaging. Future Neurol. 2012;7:409-421.

. Baskin A, Giannakopoulos P, Ratib O, et al. PET radiotracers for molecular

imaging in dementia. Curr Radiopharm. 2013;6:215-230.

. Chien DT, Bahri S, Szardenings AK, et al. Early clinical PET imaging results

with the novel PHF-tau radioligand [F-18}-T807. J Alzheimers Dis. 2013;34:
457-468.

. Ballatore C, Smith AB III, Lee VM, et al. Aminothienopyridazines as imaging

probes of tau pathology: a patent evaluation of W02013090497. Expert Opin
Ther Par. 2014:24:355-360.

. Chien DT, Szardenings AK, Bahri S, et al. Early clinical PET imaging results

with the novel PHF-tau radioligand [F-18]-T808. J Alzheimers Dis. 2014;38:
171-184.

. Fodero-Tavoletti MT, Furumoto S, Taylor L, et al. Assessing THKS523 selectivity

for tau deposits in Alzheimer’s disease and non Alzheimer’s disease tauopathies.
Alzheimers Res Ther. 2014;6:11.

. Okamura N, Furumoto S, Fodero-Tavoletti MT, et al. Non-invasive assessment of

Alzheimer's disease neurofibrillary pathology using "SF-THKS5105 PET. Brain.
2014;137:1762-1771.

Maruyama M, Shimada H, Suhara T, et al. Imaging of tau pathology in a tauop-
athy mouse model and in Alzheimer patients compared to normal controls.
Neuron. 2013;79:1094-1108.

. Wood H. Alzheimer disease: [''C]JPBB3—a new PET ligand that identifies tau

pathology in the brains of patients with AD. Nat Rev Neurol. 2013;9:599.
Waldeck DH. Photoisomerization dynamics of stilbene. Chem Rev. 1991;91:
415-436.

21.

23.

152

. Fukumura T, Suzuki H, Mukai K, et al. Development of versatile synthesis

equipment for multiple production of PET radiopharmaceuticals [abstract].
J Labelled Comp Radiopharm. 2007;50(suppl 1):S202.

. Chen JJ, Huang SJ, Finn RD, et al. Quality control procedure for 6-['*F]fluoro-L-

DOPA: a presynaptic PET imaging ligand for brain dopamine neurons. J Nucl
Med. 1989;30:1249-1256.

. Yu S. Review of '8F-FDG synthesis and quality control. Biomed Imaging Interv

J. 2006;2:e57.

. Jung JC. In-process 20-minute endotoxin “limit test” for positron emission to-

mography radiopharmaceuticals. J Am Pharm Assoc. 2006;46:89-92.

. Channing MA. Analysis of residual solvents in 2-['FJFDG by GC. Nucl Med

Biol. 2001;28:469-471.

. Takei M, Kida T, Suzuki K. Sensitive measurement of positron emitters eluted

from HPLC. Appl Radiat Isor. 2001;55:229-234.

. Wilson AA, Garcia A, Chestakova A, et al. A rapid one-step radiosynthesis of

the B-amyloid imaging radiotracer N-methyl-[''C]2-(4’-methylaminophenyl)-6-
hydroxybenzothiazole ([''C}-6-OH-BTA-1). J Labelled Comp Radiopharm.
2004;47:679-682.

Andersson JD, Varnas K, Cselenyi Z, et al. Radiosynthesis of the candidate
B-amyloid radioligand [''C]AZD2184: positron emission tomography examination
and metabolite analysis in cynomolgus monkeys. Synapse. 2010,64:733-741.

. Scheinin NM, Tolvanen TK, Wilson IA, et al. Biodistribution and radiation

dosimetry of the amyloid imaging agent ''C-PIB in humans. J Nucl Med.
2007;48:128-133.

Xia CF, Arteaga J, Chen G, et al. ['*F]T807, a novel tau positron emission tomog-
raphy imaging agent for Alzheimer’s disease. Alzheimers Dement. 2013;9:666-676.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 55 « No. 9 « September 2014



