
Subscriber access provided by UNIV OF DURHAM

Molecular Pharmaceutics is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Brief Article

A metal protein-attenuating compound for PET neuroimaging:
Synthesis and preclinical evaluation of [11C]PBT2

Hema S. Krishnan, Vadim Bernard-Gauthier, Michael Stephen Placzek, Kenneth
Dahl, Vidya Narayanaswami, Elijahu Livni, Zhen Chen, Jing Yang, Thomas Lee
Collier, Chongzhao Ran, Jacob M. Hooker, Steven H Liang, and Neil Vasdev

Mol. Pharmaceutics, Just Accepted Manuscript • DOI: 10.1021/acs.molpharmaceut.7b00936 • Publication Date (Web): 03 Jan 2018

Downloaded from http://pubs.acs.org on January 5, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



 1

A metal protein-attenuating compound for PET 

neuroimaging: Synthesis and preclinical evaluation of 

[
11
C]PBT2  

Hema S. Krishnan,
1,2

 Vadim Bernard-Gauthier,
1,2

 Michael S. Placzek,
2,3

 Kenneth Dahl,
1,2

 Vidya 

Narayanaswami,
1
 Elijahu Livni,

1,2
 Zhen Chen,

1
 Jing Yang,

2,3
 Thomas L. Collier,

1,2,4
 Chongzhao 

Ran,
2,3

 Jacob M. Hooker
,2,3 

Steven H. Liang,
1,2,* 

and Neil Vasdev,
1,2,* 

1. Division of Nuclear Medicine and Molecular Imaging, Massachusetts General Hospital, 

Boston, Massachusetts 02114, United States. 

2. Department of Radiology, Harvard Medical School, Boston, Massachusetts 02115, United 

States. 

3. Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, 

Charlestown, Massachusetts 02129, United States. 

4. Advion Inc., Research and Development, Ithaca, New York 14850, United States.  

 

KEYWORDS.  

PBT2, 
11

C-labeled PBT2, Metal Hypothesis of Alzheimer’s Disease, Carbon-11, Positron 

Emission Tomography, PET, Neuroimaging, Amyloid-β plaques.   

Page 1 of 28

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 2

ABSTRACT  

Dyshomeostasis or abnormal accumulation of metal ions such as copper, zinc and iron have been 

linked to the pathogenesis of multiple neurodegenerative disorders including Alzheimer’s disease 

(AD) and Huntington’s disease (HD). 5,7-Dichloro-2-((dimethylamino)methyl)quinolin-8-ol, 

PBT2, is a second generation metal protein-attenuating compound that has recently advanced in 

Phase II clinical trials for the treatment of AD and HD based on promising preclinical efficacy 

data. Herein, we report the first radiosynthesis and preclinical positron emission tomography 

(PET) neuroimaging evaluation of [
11

C]PBT2 in rodents and nonhuman primates. Carbon-11 

labeled PBT2 was synthesized in 4.8 ± 0.5% (non-decay corrected) radiochemical yield (RCY) 

at end-of-synthesis, based upon [
11

C]CH3I (n = 6), with >99% radiochemical purity and 80-90 

GBq/µmol molar activity (Am) from the corresponding normethyl precursor. In the non-human 

primate brain, [
11

C]PBT2 uptake was extensive with peak concentration SUVpeak of 3.2-5.2 

within 2.5-4.5 min post-injection in all cortical and sub-cortical gray matter regions (putamen > 

caudate > cortex >>> white matter) followed by rapid washout from normal brain tissues. 

Furthermore, it is shown that [
11

C]PBT2 binds specifically in AD human brain tissue in vitro. 

The results presented here, combined with the clinical data available for PBT2, warrant the 

evaluation of [
11

C]PBT2 as an exploratory PET radiotracer in humans. 
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INTRODUCTION 

Alzheimer’s disease (AD) is a chronic, progressive neurological disease with a high 

socioeconomic burden.
1
 All current approved treatments only work on mitigating and managing 

disease symptoms and none of them address the underlying causes.
2
 The defining 

neuropathologic lesions of AD are amyloid-β (Aβ) senile plaques and tau neurofibrillary tangles, 

both of which appear many years before the onset of symptoms of cognitive impairment.  

Traditionally, the ‘Amyloid Hypothesis’ postulates that Aβ is the proximal causative agent, and 

its accumulation is accompanied by oxidative stress, neuroinflammation and 

neurodegeneration.
3-5

 In addition, it has been shown that elevated levels of iron along with 

aggregation of copper and zinc in cerebral Aβ is a key characteristic in AD brains.
6-7

 This led to 

the formulation of the ‘Metal Hypothesis of AD’ which posits that the neuropathological effects 

of Aβ are bolstered by metal-Aβ interactions leading to the formation of stable insoluble 

oligomers and the production of reactive oxygen species.
8-9

 Furthermore, abnormal protein-

copper interactions have been described in Huntington’s (HD), Parkinson’s (PD) and 

amyotrophic lateral sclerosis (ALS; Lou Gehrig’s) diseases.
10-13

 This has impelled the 

development of several metal protein-attenuating compounds (MPACs) as potential therapeutic 

agents to restore metal homeostasis. The most promising leads from this compound class have 

been derivatives of 8-hydroxyquinoline, 1 (Figure 1).
14-15

 Studies in transgenic mice showed up 

to 49% reduction in brain Aβ aggregation upon treatment with 5-chloro-7-iodoquinolin-8-ol 

(clioquinol, CQ, 2).
16

 A preliminary clinical positron emission tomography (PET) study with 

[
18

F]FDG showed improved glucose metabolism in subjects with familial AD and a promising 

Phase II/III clinical study in AD patients treated with CQ, but the study was terminated due to 

toxic by-products in the drug manufacturing process.
17-18

 The results from these studies 
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supported the development of radioiodinated [
123

I]CQ ([
123

I]2) for imaging patients with AD.
19

 

However, the use of this radiotracer was hampered by radiodeiodination and low brain uptake in 

vivo in both mice and humans.
19-20

 Following this study, our group reported the development of 

the fluorinated 8-hydroxyquinoline derivative CABS13 (3, Figure 1).
21-22

 In preliminary rodent 

studies with transgenic and age-matched wild-type control mice, [
18

F]CABS13 demonstrated 

overall higher but transient brain uptake in the transgenic mice (~4.5 standardized uptake value, 

SUV) compared to the control mice (~3 SUV). However, the tracer showed negligible brain 

uptake and fast metabolism in non-human primate imaging studies.
23

  

Insert Figure 1 

Bifunctional small molecules based on substituted anilines (L2-a, 4 and L2-b, 5, Figure 1) have 

also been reported.
24

 In a separate study, the synthesis and preclinical evaluation of the carbon-

11 and fluorine-18 derivatives of L2-b was conducted and showed reasonable brain uptake in 

non-human primates (~2 SUV) followed by moderate washout, yet those radiotracers have not 

been advanced in further studies thus far.
25

 PBT2 (5,7-dichloro-2-

((dimethylamino)methyl)quinolin-8-ol, 7, Figure 1) is a MPAC that was developed for the 

treatment of AD which has recently been repurposed for HD.
26-30

 This compound is a second-

generation 8-hydroxyquinoline analog that was developed as a potential successor to CQ. 

Following promising results in transgenic AD mice models wherein rapid decrease in soluble Aβ 

and improved cognitive functions was observed in vivo, Prana Biotechnology began a Phase IIa 

trial in Europe (EURO) with PBT2 in a small population of patients with AD.
31

 The double-

blind, randomized, placebo-controlled study found that 250 mg of PBT2 when administered over 

the course of 12 weeks resulted in improved cognitive function and reduced amounts of soluble 

Aβ in cerebrospinal fluid.
32-34

 In the second stage of this Phase II study in Australia 
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 5

(IMAGINE/extension), patients with AD (n = 78) were subject to a double-blind, randomized 

trial with 250 mg PBT2 and a placebo. The primary outcome was monitored by measurement of 

amyloid deposition with PET scans using the gold standard amyloid imaging tracer, [
11

C]PiB.
35

 

The results of the study did not meet the criteria set forth by the primary endpoint, as a reduction 

in [
11

C]PiB signal in the PET scans was observed in the control and PBT2 treated groups. 

However, it is noteworthy that like in the EURO study, PBT2 may have reduced the amount of 

soluble plaque, while not depleting insoluble plaque. Whereas [
11

C]PiB and the three FDA-

approved plaque imaging agents ([
18

F]Amyvid
TM

,
36-37

 [
18

F]Neuraceq
TM

,
38

 [
18

F]Vizamyl
TM 39

) 

have become instrumental for PET imaging of neurodegenerative diseases, these compounds are 

not sensitive enough for early disease detection and are limited by their inability to effectively 

image soluble and non-fibrillar Aβ-plaques.
40-42

 It has also been observed that marked changes in 

[
11

C]PiB (and the related approved 
18

F-agents) retention in AD patients is relatively small which 

could lead to inconclusive results,
43

 therefore a Aβ-plaque imaging radiotracer with higher 

sensitivity for amyloidosis is still desperately needed for accurate diagnosis and to guide 

therapeutic trials. A critical point to note is that PBT2 was well-tolerated and safe in the subjects 

over 52 weeks. Concordant safety and tolerability data were also obtained from Phase II trial of 

PBT2 in HD patients,
44

 making this lead drug an ideal scaffold for PET radiopharmaceutical 

development of metallobiology and the “metal hypothesis of AD” in vivo. 

Herein, we report the first radiosynthesis of [
11

C]PBT2 ([
11

C]7).  PET imaging studies with 

[
11

C]7 were conducted in rodents and non-human primates.  Autoradiography was also 

performed with human AD brain sections to assess [
11

C]PBT as a lead compound for clinical 

translation. 
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 6

EXPERIMENTAL SECTION 

General Methods. All solvents were of reagent or anhydrous grade quality and purchased from 

Sigma-Aldrich, Alfa Aesar, or Fisher Scientific. All reagents were purchased from Sigma-

Aldrich, Alfa Aesar, or Fisher Scientific. 
1
H and 

13
C NMR spectra were recorded on a Bruker 

300 MHz spectrometer, and resonances are given in parts per million (ppm) relative residual 

solvent. Peak multiplicities are designated by the following abbreviations: s, singlet; bs, broad 

singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of 

triplets; br, broad; and J, coupling constant in Hz. Analytical thin layer chromatography (TLC) 

was performed on pre-coated glass-backed plates (EMD TLC Silica gel 60 F254) and visualized 

using a UV lamp (254 nm). HPLC analysis was performed with XSelect
TM

 HSS T3 3.5µm (4.6 

X 150 mm column), 35:65 CH3CN/0.1N ammonium formate at pH=4 (glacial acetic acid) at a 

flow rate of 1 mL/min, 8 min run, ultraviolet detection (λ =254, 224 nm). All animal procedures 

were performed in accordance with the National Institutes of Health Guide for the Care and Use 

of Laboratory Animals and were approved by the Massachusetts General Hospital Institutional 

Animal Care and Use Facility. Frozen human brain tissue samples (20 µm thick sections) from 

AD-positive brains were generously provided by Dr. Teresa Gomez-Isla (Massachusetts General 

Hospital & Harvard Medical School). 

Chemistry. 5,7-Dichloro-2-((dimethylamino)methyl)quinolin-8-ol (PBT2, 7) A solution of 1.0 M 

dimethylamine in methanol (1.75 ml, 3.5 mmol) and DIPEA (0.70 ml, 0.6 mmol) were added 

dropwise slowly to a two-necked flask charged with a solution of tert-butyl-(5,7-dichloro-2-

formylquinolin-8-yl)carbonate 8 (300 mg, 0.87 mmol) in methanol at room temperature. The 

resulting reaction mixture was stirred for 2 h at room temperature. Following this, the reaction 

mixture was cooled to 0
o
C and NaBH4 (165 mg, 4.3 mmol) was added in portions to the reaction 
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 7

mixture via one of the openings in the flask, while maintaining N2 atmosphere. The reaction was 

slowly warmed to room temperature and stirred for an additional 5h at room temperature. The 

reaction mixture was slowly quenched with water and saturated sodium bicarbonate solution, and 

the aqueous layer was extracted with dichloromethane (3 X 15 ml). The combined organic phase 

was concentrated in vacuo to yield the product, 5,7-dichloro-2-

((dimethylamino)methyl)quinolin-8-ol (PBT2, 7) as a yellow solid in 125 mg (52.5 % isolated 

yield). Purity > 99% (HPLC λ = 254 nm, HPLC method described in radiochemistry section).
1
H 

NMR (300 MHz, acetone-d6) δ 8.49(d, J= 8.7 Hz, 1H), 7.83(d, J= 8.7 Hz, 1H), 7.64(s, 1H), 4.04 

(br s, 1H (OH)), 3.82 (s, 2H), 2.31 (s, 6H) ; 
13

C NMR (75 MHz, acetone-d6) δ 160.2, 148.7, 

138.2, 133.4, 127.4, 124.1, 122.7, 119.7, 115.1, 65.1, 44.9. HRMS: calculated 271.0405, 

observed 271.0399. 

Radiochemistry. Automated Radiosynthesis of [
11

C]PBT2. [
11

C]CH3I synthesis. [
11

C]Methyl 

iodide ([
11

C]CH3I) was prepared using a commercially available [
11

C]CH3I synthesis apparatus 

(GE TracerLab FX MeI). In brief, no-carrier-added [
11

C]carbon dioxide ([
11

C]CO2) production 

was performed using a GEMS PETtrace cyclotron. The 
14

N(p, α)
11

C reaction was employed in a 

pressurized gas target containing nitrogen (nitrogen 6.0) and 1% oxygen (oxygen 6.0) by 

bombardment with 50 µA proton beam for 30 min (~3 Ci of [
11

C]CO2). [
11

C]CO2 was delivered 

from the cyclotron target via a 1/8″ stainless-steel delivery line by nitrogen pressure directly to a 

column packed with 0.3 g of molecular sieve and 0.2 g of nickel (Shimalite-Ni (reduced), 

Shimadzu Inc., Kyoto, Japan) where it was trapped at rt. The column was then sealed under 

hydrogen gas and heated to 350°C for 80 s to reduce the [
11

C]CO2 to [
11

C]CH4. The [
11

C]CH4 

was passed through a column of phosphorous pentoxide and trapped on a column of carbosphere 

cooled to −75°C (with liquid nitrogen). Gaseous [
11

C]CH4 was released by heating the 
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 8

carbosphere column to 80°C. Once released, the [
11

C]CH4 entered a circulation loop, which 

includes a membrane-based gas pump, a column of iodine at 100°C, a quartz-glass iodine reactor 

tube at 740°C, two adjacent columns of Ascarite II, and a column of Porapak Q at room 

temperature. The gaseous mixture was circulated for 5 min, whereas [
11

C]CH3I accumulated on 

the Porapak column. [
11

C]CH3I (13.0−37.0 GBq, 350−1000 mCi) was then released from the 

Porapak column and delivered directly to the reaction vessel using a control stream of He flow 

(12 mL/min) while heating the Porapak column to 190°C. Radiotracer Synthesis.  13.0−37.0 

GBq (350−1000 mCi) of [
11

C]CH3I was delivered to a custom-made 3 mL glassy carbon reaction 

vessel (Synthra; Part No:00240780) and the corresponding 12 mm reaction vessel head (Synthra; 

Part No:00224010) and fit to the GE Tracerlab FXF-N containing 0.3 mg of the precursor 9 in a 

solution of DMSO/DMF (100 µl/200 µl) as solvent in a stream of helium gas at a flow rate of 12 

ml/min followed by cooling to 50 
o
C. After the end of radioactivity delivery, the reaction vial 

was heated at 120
o
C for 7 min. The reaction was quenched with 1.5 ml of mobile phase and 

injected onto a HPLC column (XSelect
TM

 HSS T3 Prep 5µm 10 X 250 mm column) and eluted 

with 35:65 CH3CN/0.1N ammonium formate at a flow rate of 4 mL/min. The eluent was 

monitored by UV (λ = 254 nm) and radiochemical detectors connected in series (Rt [
11

C]PBT2 = 

12.5 minutes). The product was diluted with 25 mL of sterile water. The diluted HPLC fraction 

was then loaded on an Oasis HLB light cartridge, then washed with 10 mL sterile water. 

[
11

C]PBT2 was recovered in 1.0 mL dehydrated ethanol for injection, USP, and 10 mL of 0.9% 

sodium chloride for injection, USP. [
11

C]PBT2 was obtained in 4.80 ± 0.45 % radiochemical 

yields (RCYs) (s.d., non-decay corrected) radiochemical yields (RCYs) at end-of-synthesis (~ 50 

min) based upon [
11

C]CH3I (n = 6), with > 99% radiochemical purity and 80-90 GBq/µmol 

molar activity (Am). Product identity and purity were determined by radio-HPLC (35:65 
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 9

CH3CN: 0.1 N ammonium formate at pH 4 (acetic acid), XSelect
TM

 HSS T3 column) and UV 

by co-injection with the standard.  

Small Animal PET Imaging in mice. BALB/c mice (n = 2, 24 and 30 g, COX7) were serially 

imaged dynamically using a Sofie G4 small animal PET scanner (frames× min: 2 × 0.5, 5 × 1, 2 

× 12, 1 × 30). For all imaging experiments, mice were anesthetized using 2% isoflurane in O2 at 

a flow rate of ∼1.5 L/min, positioned in a prone position along the long axis of the PET scanner 

and imaged. Images were reconstructed using a filtered back projection reconstruction algorithm. 

For image analysis, regions of interest (ROIs) were manually drawn from three-dimensional 

filtered back projection (FBP) reconstructed PET images using AMIDE software. Regional 

radioactivity was expressed as the percentage standardized uptake value [% SUV = % ID/mL × 

body weight (g)]. 

NHP PET/MRI Imaging. A female Papio anubis baboon (8 years,14 kg), deprived of food for 

12 h prior to the study, was administered intramuscular ketamine (10 mg/kg) and intubated. For 

maintenance of anesthesia throughout the study, the baboon was provided 1 – 4% isoflurane 

(Forane) in a mixture of medical oxygen and nitrogen. The baboon was catheterized 

antecubitally for radiotracer injection. PET-MR acquisition was performed on a 3T Siemens 

TIM-Trio with a BrainPET insert (Siemens, Erlangen, Germany). A PET/MRI compatible eight-

channel array coil customized for nonhuman primate brain imaging was utilized. Dynamic PET 

image acquisition was initiated followed by administration of the radiotracer (5.2 mCi) in a 

homogenous solution of 10% ethanol and 90% isotonic saline. An MEMPRAGE sequence was 

initiated for anatomic co-registration. Dynamic data from the PET scans were recorded in list 

mode for 90 min. Images were reconstructed using the 3D ordinary Poisson expectation 

maximization algorithm with detector efficiency, decay, dead time, attenuation, and scatter 
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 10

corrections. PET data was binned in 26 frames (6 X 10 s, 6 X 20 s, 2 X 30 s, 1 X 60s, 5 X 300 s, 

6 X 600 s) and image volumes were reconstructed into 76 slices with 128 x 128 pixels and a 2.5 

mm isotropic voxel size. PET data was coregistered to the Black baboon brain atlas using JIP 

tools optimized for nonhuman primate data processing (www.nitrc.org/projects/jip). Image 

registration was carried out on high- resolution T1-weighted anatomical MRI images using a 12 

degree of freedom linear algorithm and a nonlinear algorithm to the atlas brain. The 

transformation was then applied to the simultaneously collected dynamic PET data. PET data 

analysis was performed using PMOD 3.3 (PMOD Technologies Ltd., Zurich, Switzerland). 

Fifteen volumes of interest (VOIs) were defined per the Black baboon brain atlas. Time−activity 

curves (TACs) were extracted from the anterior cingulate cortex (ACC), amygdala (Amyg), 

caudate (Cau), cerebellum (CB), dorsal lateral prefrontal cortex (DLPFC), hippocampus (HIP), 

primary motor cortex (M1), nucleus accumbens (NAc), orbitofrontal cortex (OFC), posterior 

cingulate cortex (PCC), primary visual cortex (V1), putamen (Put), supplementary motor area 

(SMA), thalamus (Tha), whole brain (WM), VOIs for analysis. Symmetrical structures were 

averaged before further analysis. For SUV calculations, time points between 0 and 90 min were 

averaged for each VOI.  

 

Autoradiography. Brain tissue was provided by Dr. Matthew Froesch from the Neuropathology 

Core at the Massachusetts Alzheimer's Disease Research Center.  Baseline and blocking 

experiments were performed on adjacent sections. On the day of the synthesis, sections were 

thawed at room temperature, air dried followed by pre-incubation in 50 mM Tris HCl buffer (pH 

7.4) for 30 min. Tissue was then incubated with 0.2 MBq/ml (5 µCi/ml) of [
11

C]PBT2 alone 

(baseline) or [
11

C]PBT2 in the presence of 10 µM PBT2 (blocking) in the same buffer solution at 
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 11

room temperature  for 30 min. After incubation, slides were washed twice in buffer (4°C, 5 min 

each) followed by rinsing one time in distilled water and dried subsequently. The sections were 

then exposed on a radioluminographic imaging plate (PerkinElmer 7001723) for 1 h following 

which autoradiography images were obtained with a Cyclone Plus Storage Phosphor 

(PerkinElmer) detector. Activity in photostimulated luminescence unit per mm
2
 was calculated 

for each ROI using ImageJ. Gray and white matter binding are averaged.  

 

RESULTS AND DISCUSSION 

The normethyl precursor 5,7-dichloro-2-((methylamino)methyl)quinolin-8-ol (9, Scheme 1B), 

for the synthesis of [
11

C]PBT2 was prepared as previously described in 4-steps from 

commercially available materials.
45

 Authentic PBT2 (7) was synthesized as the free amine by 

modifying a previously reported protocol from boc-protected aldehyde 8 using dimethylamine in 

52% isolated yield (Scheme 1A).
26, 28

 Carbon-11 labeled PBT2 ([
11

C]7, Figure 1B) was 

synthesized by reaction of  [
11

C]CH3I with 9 via an automated method, which uses the GE 

TracerLabFXM module for [
11

C]CH3I production and a modified small-volume glass vial (custom 

manufactured by Synthra) designed to fit the commercial radiofluorination module (GE 

Tracerlab FXF-N) which was connected in series for purification and formulation. This vial 

allows the use of a traditional automated radiofluorination apparatus for small-volume carbon-11 

labeling reactions. Radiolabeling was performed in a mixture of DMF and DMSO (2:1, v/v) 

for 7 min at 120 
o
C which led to the isolation of [

11
C]PBT2 in 4.8 ± 0.5% (s.d., n = 6) RCYs, 

>99% radiochemical purity with Am of  80-90 GBq/µmol  (2200-2500 mCi/µmol), which is 

consistent with non-decay corrected RCYs of most 
11

C-labeled PET radiopharmaceuticals. This 

automated synthesis allows for the large-scale production of [
11

C]PBT2 (starting with 37.0 GBq 
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(1 Ci) of [
11

C]CH3I) to enable advanced preclinical PET imaging studies. We anticipate that 

this radiosynthesis would be suitable for validation of [
11

C]PBT2 and clinical translation would 

be further simplified as PBT2 has been shown to be safe and well-tolerated in human based on 

reported Phase II trial outcomes,
33, 44

 therefore toxicity studies would not be required for this 
11

C-

isotopolog. 

We performed [
11

C]PBT2 imaging studies in BALB/c mice and non-human primates and 

preliminary in vitro autoradiography studies using human AD brain tissue with the aim of 

clarifying three major requirements in support of the tracer’s translation towards human PET 

studies, specifically: defining whether or not [
11

C]PBT2 displays (i) sufficient brain exposure, 

(ii) favorable brain pharmacokinetics in vivo and (iii) saturable binding to AD brain tissue in 

vitro.  

Insert Scheme 1 

 Dynamic small animal PET imaging data were acquired for 30 min and demonstrated that 

[
11

C]PBT2 rapidly permeates the blood-brain barrier (BBB) in mice following intravenous 

injection with peak SUV for the whole brain (SUVpeak) of 1.3 ± 0.3 (at 1.3 min post-injection, n 

= 2, Figure 2). The initial uptake was followed by fast washout of the radiotracer with 

SUVpeak/SUV30 min ratio of 6.3 and only negligible radioactivity remaining in the brain in the later 

phase (20-30 min post-injection). The data presented here with regard to [
11

C]PBT2 brain 

exposure and clearance were analogous to the trends observed in rodents with [
18

F]CABS13 but 

favorable compared to previously described data for the SPECT radiotracer [
125

I]CQ.
20-21, 23

  

Insert Figure 2 
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 Carbon-11 labeled PBT2 displayed excellent brain penetration in the non-human primate 

brain following intravenous injection (Figure 3). Brain uptake at SUVpeak and in the early phase 

(0-20 min) was high and heterogeneous with an averaged SUVpeak in gray matter areas of 4.09 at 

2.2-4.5 min post-injection and most pronounced in the caudate and putamen (4.57-5.05) while 

subcortical white matter was associated with lowest uptake (2.33 SUVpeak @ 4.5 post-injection) 

(Figure 4). This initial uptake was followed by a favorable and fast brain tissue clearance with 

convergence of all time-activity curves and uniform kinetics for all brain regions, including 

subcortical white matter, starting 25 min post-injection throughout the remainder 90 min 

scanning time and is in accordance with an absence of pathological metal-concentrated 

peptide/protein aggregates (Figure 4, Figure S3). The in vivo profile of [
11

C]PBT2  in primate is 

in contrast with the clinical SPECT results obtained with [
125

I]CQ as well as the preclinical 

primate data from the evaluation of [
18

F]CABS13 – both radiotracers were deemed to be 

unsuitable for neuroimaging based on negligible CNS uptake.  

Importantly, the primate PET data presented here suggest that the lack of efficacy seen in 

the IMAGINE/extension trial in AD patients (NCT:00471211) likely does not originate from a 

lack of CNS drug exposure.
33

 These recently reported clinical results may be related to the 

propensity of the tridentate PBT2 to form ternary complexes, including PBT2-Cu
II
-Aβ, which 

prevent proper clearance and/or redistribution of aggregated metal.
46-47

 The rapid washout seen 

here in NHP after high initial brain permeation also indicates that [
11

C]PBT2 does not form 

intracellularly trapped ternary complex (under non-pathological condition) or CNS-retained 

metabolites. Prana Biotechnology has studied PBT2 and [
14

C]PBT2 in phase I trials and showed 

that the drug was primarily metabolized as its PBT2-glucuronide and renally excreted.
48

 The 

formation of such polar [
11

C]PBT2-glucuronide primary metabolite is not expected to cross the 
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BBB or otherwise interfere with the CNS [
11

C]PBT2 PET signal or quantification in present and 

upcoming studies.  It is important to note that whether or not PBT2 will prove efficacious in any 

further Phase II/III trials for AD or HD will need to be assessed independently of the question of 

the potential use of [
11

C]PBT2 as a PET radiotracer to study metallobiology in 

neurodegenerative diseases.  The putative mechanistic limitation of PBT2 as a drug (e.g. 

preferential ternary complex formation over 2:1 complex which could enable therapeutic metal 

redistribution) will not likely impact the application of [
11

C]PBT2 under the inherent 

microdosing conditions used in PET. In light of the promising in vivo PET imaging profiles 

observed with this radiotracer, we carried out autoradiography studies and confirmed that 

[
11

C]PBT2 binds specifically to postmortem AD human brain cryosections (occipital cortex; ∆ = 

-36.2 ± 2.7% following self-blocking conditions, Figure S4).   

Insert Figure 3 

Insert Figure 4 

  

Taken together, the extensive [
11

C]PBT2 brain uptake and rapid subsequent washout observed 

here in primate, combined with the safety, tolerability and favorable metabolic profiles of PBT2 

established in human have provided an accelerated path to [
11

C]PBT2 human PET studies. In 

particular, we anticipate that the high striatal sensitivity of [
11

C]PBT2 may prove useful beyond 

AD, for example in studying the role of metal accumulation in striatal degeneration in HD 

patients.
30, 49

 Detailed quantification, radiometabolite assessments and human PET evaluation 

will be reported in a separate account.  
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FIGURE LEGENDS 

Figure 1. Chemical structures of representative metal protein attenuating compounds (MPACs), 

metal chelators and corresponding reported SPECT/PET radiotracers.  

Figure 2. TAC for [
11

C]PBT2 uptake in mice brain at baseline (whole brain; expressed as mean 

± SD; n = 2) 

Figure 3. In vivo PET imaging of [
11
C]PBT2 in the non-human primate brain. Coronal, 

sagittal and transverse MRI, summed PET and overlaid images (5-15 min and 60-90 min p.i.) of 

[
11

C]PBT2 in the baboon (Papio anubis) brain.  

Figure 4. Regional [
11
C]PBT2 TACs in the non-human primate brain. CRB, cerebellum; 

HIP, hippocampus; PUT, putamen; THA, thalamus; CAUD, caudate; WM, white matter; CTX, 

cortex.  
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FIGURES  

 

Figure 1. Chemical structures of representative metal protein attenuating compounds, metal 

chelators and corresponding reported SPECT/PET radiotracers.   
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Figure 2. Time-activity curve of [
11

C]PBT2 uptake in mouse brain at baseline (whole brain; 

expressed as mean ± SD; n = 2)  
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Figure 3. In vivo PET imaging of [
11
C]PBT2 in the non-human primate brain. Coronal, 

sagittal and transverse MRI, summed PET and overlaid images (5-15 min and 60-90 min p.i.) of 

[
11

C]PBT2 in the baboon (Papio anubis) brain.   
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Figure 4. Regional [
11
C]PBT2 TACs in the non-human primate brain. CRB, cerebellum; 

HIP, hippocampus; PUT, putamen; THA, thalamus; CAUD, caudate; WM, white matter; CTX, 

cortex.  
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SCHEMES  

Scheme 1. Synthesis of PBT2 and radiosynthesis of [
11
C]PBT2 from the corresponding 

normethyl precursor
a 

 

a
Reagents and conditions: (a) Me2NH (5 equiv.), MeOH, rt, 2 h, then NaBH4, MeOH, 5 h 

(isolated yield = 52.5 %); (b) [
11

C]CH3I, DMSO/DMF (1:2), 7 min, 120°C; (isolated RCY = 4.8 

± 0.5%)  
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ASSOCIATED CONTENT 

1
H and 

13
C NMR of PBT2, Figure S1. HPLC chromatogram formulated [

11
C]PBT2 (coinjected 

with PBT2), Figure S2. Detailed regional TACs of [
11

C]PBT2 in nonhuman primate, Figure S3. 

Binding of [
11

C]PBT2 in postmortem human tissue, Figure S4. This material is available free of 

charge via the Internet at http://pubs.acs.org.  
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ABBREVIATIONS 

Aβ, amyloid-β; AD, Alzheimer’s disease; BBB, blood-brain barrier; CQ, clioquinol; DMF, N,N-

dimethylformamide; DMSO, dimethyl sulfoxide; [
18

F]FDG, 2-deoxy-2-[
18

F]fluoroglucose; HD, 

Huntington’s disease; MRI, magnetic resonance imaging; MPAC, metal protein-attenuating 

compound; PiB, Pittsburgh compound B; PET, positron emission tomography; SD, standard 

deviation; SPECT, single photon emission computed tomography; SUV, standardized uptake 

value; TAC, time activity curve. 
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