From the DEPARTMENT OF CLINICAL NEUROSCIENCE
Karolinska Institutet, Stockholm, Sweden

DEVELOPMENT OF PET RADIOLIGANDS
SYNTHESIZED FROM
IN-TARGET PRODUCED [""CIMETHANE

Jan Andersson

Karolinska
fﬁ gf» > Institutet

4’VN0 1‘6\0

Stockholm 2010



All previously published papers were reproduced with permission from the
publisher.

Published by Karolinska Institutet.
Printed by University Service US-AB, Stockholm, Sweden

© Jan Andersson, 2010
ISBN 978-91-7409-797-9



Development of PET Radioligands Synthesized from In-Target Produced [''C]Methane

ABSTRACT

The aim of this thesis was two-fold. The first aim was to compare the specific
radioactivity (SA) of positron emission tomography (PET) radioligands synthesized
from in-target produced [“C]methane ([“C]CH4) and [“C]carbon dioxide ([“C]COZ).
The second aim was to apply high SA ["'CICH, in the development of PET
radioligands for CNS targets such as the metabotropic glutamate receptor 5 (mGIuR5),
B-amyloid aggregates and the serotonin 1B (5-HT;p) receptor system. PET is a
molecular imaging technique that allows for high sensitivity imaging of particular
targets or pathways in a living organism. One of the most commonly used
radionuclides is carbon-11 (t;» = 20.4 min) since it can be incorporated into many
molecules without significant effect of biological activity and in addition the short half
life allows for repeated injections in the same subject and day.

The 14N(p, oc)“C reaction on N,—O, or N,—H, gaseous systems during proton
bombardment allows for the production of [“C]carbon dioxide ([“C]COZ) and
[HC]methane ([“C]CH4). Compared to the more common in-target produced
[''C]CO,, the [''C]CH, resulted in a mean 6 fold to 17 fold increase of SA for four
different PET radioligands synthesized from [“C]methyl 1odide ([HC]CH3I). For the
dopamine D2 antagonist [“C]raclopride, we obtained an average SA of 3908
GBg/umol at the end of bombardment for the last 52 productions, which is a 32-fold
increase compared to using the [''C]CO, target. The mean SA of a radioligand
synthesized from hydrogen [''Clcyanide (["'"CIHCN) was 398 GBg/umol when
produced from the [''C]CH, target, which is about nine times higher than from
[''C]CO,. The reasons for the higher SA can to the greatest extent be attributed to
[“C]COZ being more sensitive to isotopic dilution from CO; in the air.

The hydroxyamidine [MC]Ximelagatran, and the novel mGIluRS radioligand
[''C]AR-P135003 were prepared using palladium mediated ''C-cyanation in high yield.
There was high brain exposure of [''C]AR-P135003 in cynomolgus monkey with a
regional uptake that was in accordance with the known distribution of mGIuRS5.

The candidate amyloid PET radioligand [''C]AZD2184 was successfully labeled
by a two step radiosynthesis. Examination in monkey brain demonstrated sufficient
brain exposure of [”C]AZD2184 (2 — 3% of injected dose) with relatively low levels of
white matter retention and may thus provide improved contrast compared to currently
used PET radioligands for visualization of amyloid plaques.

Eight carboxamide radioligands from three different core structures aimed for
visualization of the 5-HT;g receptor were examined by PET in monkey and
radiometabolites were measured in plasma. Lipophilicity was a physicochemical
property showing relation to brain exposure and non-specific binding.
[''C]AZ10419369 was the most promising radioligand, showing high uptake of
radioactivity in regions rich in 5-HTp receptors and low uptake in cerebellum resulting
in relatively high binding potentials. The reported development program led to the
identification of the first successful PET radioligand for visualization of 5-HT;g
receptors in the human brain.

In conclusion, we have shown that in-target produced [''C]CH, makes it possible
for the routine ''C-labeling of PET radioligands with high SA. We utilized [''C]CH5I
and [''CJHCN synthesized from in-target produced [''C]CH, in PET radioligand
development programs where high SA radioligands for the mGIuR5, $-amyloid and the
5-HT;p were successfully developed.
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Nothing in life is to be feared. It is only to be understood.

Marie Curie

To Candice
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LIST OF ABBREVIATIONS

e Radioactive, neutron deficient isotope of carbon

[''c]Cco, [''C]carbon dioxide

[''CICH, [''C]methane

["'CICHAI [''Clmethyl iodide

[''CICH;0Tf [''C]methyl triflate

[''CIHCN Hydrogen [''Clcyanide

5-HT Serotonin

o Alpha particle

AR Amyloid beta peptide

AD Alzheimer’s disease

Alpha particle Positive helium ion (He*")

BBB Blood brain barrier

Binax Binding maximum i.e. total receptor density

BP Binding potential

Bq Bequerel, SI derived unit of radioactivity

Carrier Non radioactive form of radioligand/radiotracer

CT Computed tomography

CNS Central nervous system

Cyclotron Particle accelerator

DMSO Dimethyl sulfoxide

EOS End of synthesis

EOB End of bombardment (irradiation)

Exvivo “out of the living” e.g. tissue

FDA Food and Drug Administration

Hot-cell Lead shielded containment box

HPLC High performance liquid chromatography

HR High resolution

Hydrophilic Polar, tendency to dissolve well in water

ICRP International Commission on Radiological Protection

ID Injected dose

In vitro “in flask™ i.e. in the test tube

In vivo “in life” i.e. in the organism

v Intravenous

Kryptofix (K2.2.2) 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo [8.8.8]-
hexacosane

Lipophilic Non-polar, tendency to not dissolve well in water

LogP Logarithm of partition coefficient octanol/water

MeCN Acetonitrile

MeV Mega electron volt

mGIuR Metabotropic glutamate receptor

MRI Magnetic resonance imaging

OLINDA Organ level internal dose assessment
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1 INTRODUCTION

1.1 THE PET TECHNIQUE

Molecular imaging is a set of non-invasive techniques that enables the
visualization of cellular function and molecular processes in the living organism. The
imaging modalities of magnetic resonance imaging (MRI), optical imaging and nuclear
imaging are emerging as key molecular imaging techniques because of their ability to
detect molecular events when combined with contrast agents with sufficient sensitivity,
specificity, temporal resolution and spatial resolution'. The nuclear imaging methods,
positron emission tomography (PET) and single photon emission computed
tomography (SPECT), require radiolabelled probes (radioligands or radiotracers) to be
administered prior to the imaging measurement, which enables the specific
visualization of certain proteins or biological processes in the living human being2. The
other common tomography technique, X-ray computed tomography (CT), is not a
molecular imaging technique as it can only give anatomical information and no
functional information about molecular processes.

For in vivo investigations in humans, PET has the advantage of higher sensitivity
and spatial resolution compared to SPECT’ (3.8 mm for the PET camera used in this
thesis and 8 mm for SPECT cameras) as well as better means of quantification due to
more accurate scatter and attenuation correction. MRI has a lower sensitivity than PET,
and is therefore not suitable for receptor studies since the higher mass will saturate
available receptors”.

The limitations of the PET technique are in large due to the short half-life of the
positron emitting radionuclides used. The radionuclides have to be produced by a
cyclotron adjacent to or at least in the regional area of the PET camera. The cyclotron
and the equipment and laboratory space required for radiochemistry makes necessary
for large investments. In contrast, the most commonly used SPECT radionuclide,
9MTe, is available from less expensive and commercially available generators.

The PET technique has application in our understanding of biological processes
in a living system, with particular relevance in understanding disease pathology,
progression and diagnosis, as well as in drug development. In PET, a molecule is
tagged with a short-lived positron emitting radionuclide, and these labeled compounds
are referred to as radioligands or radiotracers. One of the most commonly used
radionuclides is carbon-11 (t;» = 20.4 min) since it can be incorporated into many
molecules including endogenous substances and pharmaceutical drugs without
significant effect on biological activity, and in addition the short half life allows for
repeated injections in the same subject and day. The radioligand or radiotracer is
administered into the living organism that is under study and the ''C -radionuclide
decays by the transformation of a proton into a neutron to "B and with the emission of
a positron and a neutrino. The positron will inevitably encounter an electron after
traveling a few mm in the tissue which leads to annihilation of the two particles and
two gamma photons (511 keV) are emitted in opposite directions of 180°. The photons
are detected by a PET camera, and every event of coincidence is registered. Three
dimensional images can be constructed by a computer to reveal the distribution of
radioactivity over time. Another radionuclide that is commonly used in PET is 18p (tin
= 110 min).

Today the major clinical application for PET is in oncology and especially the

tracer [ISF]ﬂuorodeoxyglucose (("*FIEDG) is widely used’. In addition to oncology,
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clinical PET has also been proven useful in cardiology studying stroke® and neurology
in the studies of e.g. Parkinson’s’ and Alzheimer’s diseas®. In research it can be used to
examine links between specific biological processes or proteins and different diseases.

PET is also useful in drug development, either by labeling the actual drug and
e.g. assess whether a drug reaches the target organ or investigation of the interaction
between the drug and enzymes or receptors. Such a study is known as a ‘microdose’
study since the PET technique enables the (radiolabeled) drug to be administered at
very low doses’!!. This reduces the risk associated with toxicity of the drug, and can
speed up the process of drug development from in vitro studies to in vivo studies in non
human subjects to investigations in human subjectslz. Another, indirect, way is to use a
known radioligand and administer the drug (either as pre-treatment or displacement)
and look at the perturbation the drug has on the system compared to baseline
condition'* ',

1.2 DEVELOPMENT OF CNS PET RADIOLIGANDS

The success of a PET measurement depends to a large extent on the radioligand
used in the experiment. It is necessary to use a PET radioligand that is specific for the
certain protein or the biological process that you are interested in. Although the
development of CNS PET radioligands began almost three decades ago there are today
only a few established radioligands for a small number of targets. For the vast majority
of CNS targets there exists no radioligand suitable for in vivo PET measurements. The
development of PET radioligands is a multidisciplinary field and one can argue that
physics, radiochemistry, medicinal chemistry, biology, pharmacology, drug
metabolism, mathematics and regulatory affairs all are important disciplines necessary
for the successful radioligand development program.

For a radioligand to be useful in human CNS PET studies the information
collected by the PET camera needs to be suitable for quantitative analysis, otherwise
the information is of little value for clinical investigations. The outcome measure of a
PET experiment is usually the binding potential (BP), and for good quantification of the
BP, the radioligand is required to possess some key propertiesls'lg. These include high
binding affinity for the target receptor, selectivity over other receptors and a high signal
to noise ratio which depends upon both the affinity of the radioligand and the quantity
of non-specific binding. The density of target proteins (Bn,x) is also an issue to
consider, as this will influence the affinity (Kq) and selectivity needed by a successful
radioligand. By,.x should clearly exceed the Kq4 of the radioligand for good image
contrast, a ratio of 5 between the two parameters can be used as an initial guidelinelg.
Another important parameter is the lipophilicity of the compound; it impacts (but is not
the sole affecting factor of) the plasma free fraction, brain exposure and the non
specific binding. The specific binding equilibrium needs to be reached within a
reasonable scan time, and if everything else is equal, higher affinity results in a longer
required scan time. The specific radioactivity (SA) for the radioligand is required to be
sufficiently high to produce negligible receptor occupancy (generally this means
occupancy lower than 5%). The radiolabelled metabolites formed from the radioligand
should not bind to the receptor of interest, and ideally not cross the BBB although if
they do quantification is still possible. PET radioligands differ in properties compared
to radioligands used in in vitro studies since they need to pass the BBB and bind
reversibly to the target with kinetics allowing it to wash out from the brain within the
scan time.
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1.3 "'C-PRODUCTION AND LABELING OF PET RADIOLIGANDS

Several nuclear reactions can be used to produce ''C, amongst these the "*N(p,
a)''C reaction is by far the most commonly used. A cyclotron (particle accelerator) is
used for the irradiation of nitrogen gas. The ''C-species that is formed reacts readily if a
small amount of oxygen (< 2.0%) or hydrogen (5% - 10%) is available in the target gas
and the primary precursors [''C]carbon dioxide ([''C]CO,) or [''C]methane ([''C]CH,)
are formed, respectively. The in-target production of [''C]CH, is generally achieved
with higher SA while the radiochemical yield is lower compared to the production of
[MC]COzzo. [“C]CH4 can also be formed using the classic nickel catalyzed
hydrogenation of [''C]CO,*' and in the opposite way, [''C]CO, can be formed in an
online preparation from [“C]CH4 using Cobalt (ILIIT) oxide?.

[''C]CH, has to be converted into more reactive forms (secondary precursors) to
be useful in radiochemistry reactions. In this thesis [”C]CH3I and [“C]HCN were
employed as secondary ''C-labeling precursors. Typically the production of [''C]CH;I
is based on production of [''C]CO, in a gas target, with subsequent reduction using
lithium aluminum hydride and conversion to [''C]CHsl using hydriodic acid®. This
method is often referred to as the ‘wet’ method. [”C]CH3I can also be obtained using
gas phase iodination of [''C]CH, in a radical reaction initiated at 720°C. The gas phase
method can be utilized in a single pass method** * or by recirculating the unreacted
[''C]CH, to acquire higher conversion yields®. In short, the ‘wet’ method makes it
possible to obtain high radiochemical yields while the specific radioactivity of the
[''C]CH5I often is low (see below). The gas phase method can provide higher specific
radioactivity of the labeling precursor whereas the drawback would be relatively low
conversion yields.

[MC]HCN is available from [”C]CH4 by reaction with ammonia (NH3) over a
platinum catalyst*’.

14N(p,(X)l IC

0, H,
Ni, Hy, 360°C
—_

1 1C02 -~ 1 1CH4
Co40y, 500°C

1)LiAIH,
2)HI

Pt [990°C

HCH,I H!'CN
Scheme 1. Routes to produce the secondary 11C-labeling precursors [“C]CH3I and [“C]HCN.

The radiosynthesis to incorporate the ''C-label into the PET radioligand has to be
performed in automated systems within a hot-cell to minimize the radiation burden for
personnel. Due to the short half life of ''C, the incorporation has to be performed in a
rapid manner. As a rule of thumb the radiosynthesis including purification and
formulation should be performed within three half-lifes of the radionuclide, which
would mean approximately 60 minutes for ''C. Therefore it is of advantage if the
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radiolabel can be introduced in the molecule as late as possible in the reaction sequence
of the synthesis. Using large excess of precursor compared to the labeling agent and the
use of high precursor concentration in small volumes can promote faster reaction times.

In this thesis [”C]methyl 1odide ([”C]CHgI) and hydrogen [”C]cyanide
(["'"CJHCN) were employed as secondary labeling precursors. [''C]CHsl is most widely
used in methylation reactions, and the reactivity of the electrophilic carbon can be
enhanced by preparing [''C]methyl triflate ([''C]CH;OTf ) in an on-line process™ *°.
[MC]CH3I has also been used in wittig reactionsSO, in transition metal mediated
reactions such as the Suzuki®' and Stille’ couplings and it can be utilized to produce
other labeling agents such as [“C]methyl lithium® 3, [”C]nitroalkane534,
[HC]methanesulfonyl chloride™, [HC]methylmagnesium iodide™ and
triphenylarsonium [“C]methylide”. [“C]HCN can be used in aromatic substitution
reactions to introduce a nitrile functionality. The nitrile can subsequently be
transformed into a carboxylic acid, primary amine or amide and thus introduces a
multi-functionality®.

1.4 SPECIFIC RADIOACTIVITY

For commonly used PET radioligands with moderate binding affinity, the
occupancy of the tracer itself is usually not a problem. However, high binding affinity
(picomolar) radioligands such as the dopamine D2 receptor ligand [''CJFLB 457 may
introduce considerable occupancy even at very small injected masses® . The mass of
radioligand that is administered in a PET measurement is dependent on how much
radioactivity per unit mass of radiolabelled compound that is obtained. This is referred
to as specific radioactivity (SA) and is usually given in the unit of GBg/pmol.

The theoretical value of specific radioactivity can be calculated using the
following equation:

n2
SA=-"5N Equation 1.
t1/2

where N is the number of atoms of the radioactive element. Using Avogadro’s number
we can calculate the theoretical SA in Bg/mol. From this equation it is also obvious that
the theoretical SA only depends on the t;, of the radionuclide (and not time) and that a
shorter t;,; gives a higher theoretical SA. The theoretical value of SA for e is 3.4x10°
GBg/umol. This SA is considerably higher than what is usually reported for PET
radioligands in the literature (100 — 500 GBg/umol), which means that the amount of
unlabelled compound far exceeds the labeled compound in which case the SA will be a
function of time and exponentially decline with the half-life of the radionuclide:

SA(t) = w Equation 2.
where A(t) is the radioactivity at the time of measurement, t = time after radioactivity
measurement, m = mass of compound. At very high SA, i.e. a ratio of unlabelled atoms
to that of labeled atoms of ten or smaller is reached, the mass of the labeled species also
has to be taken into account for in the SA calculations*.

The production of [''C]CO; often results in good radiochemical yields and high
radioactivity, however there remains to be a problem with the specific radioactivity
(SA) of the produced labeling precursor. The Earth’s atmosphere contains about
0.038% CO.,, and despite strong efforts to prevent it, this often contaminates the labeled
precursor resulting in low SA. The isotopic dilution can occur both during the
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radionuclide production from the target gas and holder as well as from the reagents,
valves and tubings used in the radiosynthesis. In situ production of [''CICH, in the
target should provide higher specific radioactivity as long as the hydrocarbon content of
the target gases is less than the corresponding CO, that may enter the system from
different sources”. In addition this method eliminates potential sources of decreased
SA by avoiding the use of LiAIHy/THF* which is used in the ‘wet” method to produce
[''CICH;I from [''C]CO,.

1.5 THE METABOTROPIC GLUTAMATE RECEPTOR 5 (MGLURS5)

The mGluRS5 is believed to be an important therapeutic target for a number of
CNS disorders” including anxiety (maybe in interaction with the serotonergic
system)44, schizophrenia45, Parkinson’s disease46, Alzheimer’s disease47, addiction48,
epilepsy™ as well as various pain states.

Glutamate is the main excitatory neurotransmitter in the brain, acting through
ionotropic (NMDA, kainate and AMPA) and metabotropic (mGlu) receptor subtypes.
The mGIuRS5 is one out of eight subtypes of the mGlu receptors that have been cloned
to date and it is coupled to phospholipase C and regulate neuronal excitability™ . The
structure of the mGIuRS is divided into several distinct regions: Venus flytrap
mechanism, cystein rich domain, heptahelical domain and an intracellular C-terminal
region™*°. The Venus flytrap mechanism consists of a large extracellular region made
up of two globular domains with a hinge region that is responsible for agonist binding
and activation of the G-protein through conformational change of the receptor upon
agonist binding. While glutamate binds to the large extracellular region, the action of
non-competitive antagonists, aka negative allosteric modulators, such as 2-methyl-6-
phenylethynyl-pyridine (MPEP)’' and  2-methyl-4-(pyridin-3-ylethynyl)thiazole
(MTEP) **, is within the TM regions, specifically TMIII and TMVII>®. It is speculated
that negative allosteric modulators binding within the TM region of mGluRSs stabilize
the inactive state of the receptor and therefore inhibit the constitutive activity.

Immunohistochemical staining has shown that the distribution of the mGIuRS is
widely expressed with the highest density in the olfactory bulb, caudate/putamen,
lateral septum, cortex and hippocampus™. In cerebellum, only a small amount of
mGIluRS mRNA is detected.

The therapeutic potential of a drug targeting mGluRS5 has led to recent advances
in the development of negative allosteric modulators. Most ligands that are being
developed are diaryl alkynes, based on the structure of the prototypical mGIluR5
antagonists MPEP’' and MTEP%. There has been a lack of selective PET radioligands
for the mGIuRS, however in recent years successful PET imaging of mGIuRS has been
reported for 3—(6—Methyl—pyridin—2—ylethynyl)—cycloheX—Z—enone—0—[1IC]—rnethyloxime
(["'C]-ABP688) and ['®F]3-Fluoro-5-[(pyridin-3-yl)ethynyl]benzonitrile (['*F]F-
PEB)™®. The compound reported in this thesis, 3-fluoro-5-(3-(5-fluoropyridin-2-yl)-
1,2,4-oxadiazol-5-yl)benzo-[''C]-nitrile ([''C]JAR-P135003), belongs to a novel class of
mGIuRS ligands which does not depend on the presence of an alkyne moiety (Figure
1).
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Figure 1. Structures of A) MPEP, B) MTEP, C) [''C]ABP688, D) ["*F]F-PEB and E) [''C]AR- P135005.

AR-P135003 has in binding studies showed high affinity (Kp = 3.8 £ 0.7 nM) for
the human mGIuRS and evidence support the contention that AR-P135003 bind to the
same allosteric binding site of the mGluRS as MPEP. In addition, selectivity screenings
has shown that AR-P135003 is highly selective for the mGIluRS over other mGlu
receptors as well as a broad panel of other targets (Table 1).

Table 1. Molecular weight, lipophilicity, affinity and selectivity data for the potential mGluRS
radioligand [''C]AR-P135003.

Compound MW cLogD Affinity Selectivity
(g/mol) (pH =7.4) (mGIuRS, Kp, nM) other mGluR's 136 other targets

AR-P135003 283.22 2.74 3.840.7 >1000 >100

1.6 IMAGING OF AMYLOID PLAQUES

Alzheimer’s disease (AD) is the most common cause of dementia and one of the
most widespread illnesses of later life. Early cognitive and behavioral symptoms of AD
are difficult to distinguish from normal signs of aging, and most patients are therefore
not accurately diagnosed until neuronal damage becomes extensive. Although currently
used drugs may provide temporary relief from symptoms, no treatments are available to
halt disease progression57. The best hope for improvement might be to detect the
disease at an early stage, and initiate treatment before the brain damage is widespread.
Senile plaque accumulation is associated with the pathogenesis of AD®. The plaques
consist of B-amyloid (AP) aggregates and imaging of these aggregates in the living
human brain is currently a main focus in research on AD. Detecting deposits of [B-
amyloid using PET at an early stage could lead to earlier and more conclusive diagnosis
of AD. In addition, imaging tools may serve to confirm proof of mechanism for new
disease-modifying drug therapies.

Among the PET radioligands that have been investigated to date the most
extensively studied radioligand is [''CIPIB (2—(4—(methy1—1 'C-
amino)phenyl)benzo[d]thiazol-6-ol, [“C]6—OH—BTA-1), a derivative of the amyloid
binding dye Thioflavin-T (2-(4-(dimethylamino)phenyl)-3,6-dimethyl-benzo[d]thiazol-
3-jum, Figure 2)**°!. Although PET imaging with [''C]PIB has provided valuable new
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information, the high degree of white matter retention displayed by [''C]PIB may limit
its use as a tool for early diagnosis of AD when plaque levels are relatively low.

A new potential radioligand for imaging of AP deposits, AZD2184 ((N-methyl)-
2-(6-methylamino-pyridin-3-yl)-benzo[d]thiazol-6-ol, Figure 2), has recently been
reported®.

Figure 2. Structures of thioflavin-T and its labelled derivatives [''C]PIB and [''C]AZD2184.

AZD?2184 displays high affinity for human amyloid fibrils in vitro (Kd = 8.4 £
1.0 nM) and favourable brain uptake in rodents in vivo (1% of injected dose (ID) 2 min
post injection)®®. In vitro autoradiography has shown that while ["H]AZD2184 and
[*H]PIB are mutually displaceable, ["H]AZD2184 displays a higher signal to noise ratio
by the feature of lower background binding. This in vitro profile might suggest an
improved signal in PET compared to currently used radiotracers.

1.7 THE SEROTONIN 1B (5-HT1g) RECEPTOR

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter that mediates a
wide range of effects by binding to multiple receptors in the human brain®. The
serotonin 1B (5-HT;p) receptor, plays a crucial role as an autoreceptor modulating
synaptic release of serotonin®*. Tn addition, 5-HTp receptors serve as heteroreceptors
modulating transmitter release in several non-serotonergic systems® .

Compounds that alter the reuptake or degradation of serotonin have long been
used in the pharmacological treatment of many neuropsychiatric disorders®’.
Pharmacological and genetic studies give support for involvement of the 5-HT;p
receptor subtype in the pathophysiology of anxiety, depression, aggressive behavior
and substance abuse®™ ® as well as in Alzheimer’s disease™. Drugs specifically
targeting the 5-HT;p receptor could thus have a role in the treatment of psychiatric
disorders. For example, antagonists at the 5-HT;g autoreceptor may enhance
serotonergic neurotransmission in vivo'' and have shown antidepressant-like effects in
animal models of depressi0n72.

The regional distribution of 5-HTg receptors in the postmortem human brain has
previously been examined using autoradiographic methods’> ’*. These investigations
found evidence for high densities of 5-HTp receptors in the pallidum, substantia nigra,
ventral striatum and visual cortex. It has been difficult to differentiate the 5-HT 5 and 5-
HTp receptor subtypes in native systems since they are pharmacologically similar’,
however the 5-HTp receptor is more highly expressed in brain tissue than the 5-HT)p
receptor .

Drugs and ligands selective to the 5-HT/1p receptor proteins include the agonist
zolmitriptan  ((S)-5-((3-(2-(dimethylamino)ethyl)-1H-indol-5-yl)methyl)pyrrolidin-2-
one)’’, a drug for the treatment of migraine headaches, the partial agonist GR127935
(N-(4-methoxy-3-(4-methylpiperazin-1-yl)phenyl)-2'-methyl-4'-(5-methyl-1,2,4-
0xadiazol—3—yl)biphenyl—4—carb0xamide)78, the 5-HT,p selective inverse agonist SB-
224289 ((2'-methyl-4'-(5-methyl-1,2,4-oxadiazol-3-yl)biphenyl-4-yl)(1'-methyl-6,7-
dihydrospiro[furo[2,3—f]indole—3,4'—piperidine]—5(2H)—y1)methan0ne)79 and the
reference radioligand for in vitro autoradiographic studies, ["HJGR125743 (N-(4-
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methoxy-3-(4-methylpiperazin-1-yl)phenyl)-3-methyl-4-(pyridin-4-yl)benzamide)™.
Previously, AR-A000002 ((R)-5-methyl-8-(4-methylpiperazin-1-yl)-N-(4-
morpholinobenzyl)-1,2,3,4-tetrahydronaphthalen-2-amine) (Figure 3) has been shown
to be a selective 5-HT antagonistgl.
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AR-A000002
Figure 3. Structures of five reference compounds for SHT;p-binding. The anti-migraine agonist
Zolmitriptan, the partial agonist GR127935, the inverse agonist SB-224289, the reference ligand for in
vitro studies GR125743 and the antagonist AR-A000002.

However, before the start of this thesis no suitable radioligands had been reported
for in vivo imaging of 5-HT;p receptors with PET. The development of a suitable 5-
HT;g receptor PET radioligand would facilitate the selection of drug candidates
targeting this receptor, and enable the determination of dose-occupancy relationships
for 5-HT;p receptor-selective compounds. In addition, availability of a PET 5-HTp
receptor radioligand could allow for clinical research on the pathophysiology of major
psychiatric disorders.
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2 AIMS

The aims of the present thesis were to compare the specific radioactivity (SA) of
PET radioligands synthesized from in-target produced [“C]CH4 and [“C]COZ, and to
utilize the obtained high SA [''C]CH5I and [''CJHCN in the development of PET

radioligands.

The two primary aims of the project were as follows:

1. To study the effect on specific radioactivity when using in-target
produced [“C]CH4 compared to the more commonly used [“C]COz.

Paper L.

Paper I1.

Paper 111

A longitudinal comparison between in-target produced
[''CICH; and [''C]JCO, and the effect on the SA of
[''C]CH;L

The set up of a reliable semi-automated system for the ''C-
cyanation of [“C]Ximelagatran, including the use of in-
target produced [''C]CHj, to assure high SA of the labeled
radioligand.

Palladium mediated ''C-cyanation of [''C]AR-P135003 and
its in vivo characterization. The radioligand was produced
both from in-target produced [”C]CH4 (not included in the
manuscript) and [“C]COz.

2. To use the high SA [''C]CH, in development of PET radioligands for the
mGIuR5, B-amyloid and 5-HT;p.

Paper III.

Paper IV.

Paper V.

Paper VL.

The palladium mediated ''C-cyanation of the mGluR5
antagonist  [''CJAR-P135003 and its in  vivo
characterization.

The improved second generation amyloid radioligand,
[''C]AZD2184, was radiolabelled in two steps from high
SA [''C]CH3L, and evaluated in cynomolgus monkey.

Radioligand development program for the 5-HTg receptor.
In vivo PET measurements of eight PET radioligands.

A more extensive characterization of the 5-HT;g PET
radioligand, [“C]AZIO419369, and the first visualization of
5-HT;p in the human brain.
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3 MATERIALS AND METHODS

A brief summary of the general methods used during this thesis work are
described here. For complete details the reader is referred to the copies of the full
papers and manuscripts that follow.

3.1 RADIOCHEMISTRY

All irradiations were performed on a GEMS PETtrace cyclotron (GE, Uppsala,
Sweden) using 16.4 MeV protons.

The [''C]CO, target was a 78 mL aluminium target. The target gas used was
0.5% oxygen in nitrogen of scientific grade purity (99.9999%). Process gases used
were nitrogen, hydrogen and helium of scientific grade (99.9999%). The gases were
purchased from AGA GAS AB (Sundbyberg, Sweden).

The [”C]CH4 target used was a 78 mL aluminium target, with Havar foils
(25um) and graphite collimators. Cooling of the target body was achieved by a water
system and the foil was cooled using He gas. 10% Hydrogen in nitrogen of scientific
grade purity (99.9999%) was used as target gas. The gas was flushed through a
nitrogen purifier (All Pure™ Alltech with specifications of <lppb for CO, CO,, O,,
H,0 and sulfur compounds and <3ppb for non methane hydrocarbons for a nominal
inlet concentration of 50ppm) before reaching the target.

3.1.1 Production of [''C]CHGl

Starting from in-target produced [''C]1CO,, [''CICH5I was synthesized utilizing a
GEMS Mel Microlab® system using previously reported procedures®. Briefly
[MC]COZ was reduced over shimalite nickel (Alltech) at 360°C with hydrogen to
[''C]CH, followed by gas phase halogenation to obtain [''C]CH;L

Starting from in-target produced [”C]CH4, [MC]CH3I was produced according to
previously published methods®. In short, [''C]CH, was released and passed through a
phosphorous pentoxide trap (to remove trace amounts of ammonia and water produced
in the target) and collected in a Porapak Q trap cooled with liquid nitrogen. The
nitrogen and hydrogen was flushed to waste using helium. Following collection, the
[MC]CH4 was released from the trap by heating with pressurized air, into a recirculation
system consisting of a micro diaphragm gas pump (NMP830KVDC, KNF Neuberger,
Freiburg, Germany), three ovens, a Porapak Q trap and a Quartz tube containing iodine
and ascarite. First the [''C]CH, was pumped to the quartz tube where it was mixed with
vapours from iodine crystals at 60°C and then reaction occured at 720°C (Carbolite
oven type: MTF 10/15G, GE Medical Systems, Sweden). After the reaction the iodine
and HI were trapped in ascarite while the [''CICH;I was collected in a porapak Q trap
at room temperature and the unreacted [“C]CH4 was recirculated for three minutes
(Figure 4). ["'C]CH;I was released from the porapak Q trap by heating the trap using a
home-built oven to 180°C.

10
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Figure 4. Circulation system for gas phase iodination.

3.1.2 Production of [''"C]JHCN

["'C]JHCN was produced according to previously published methods*!. In short
NH; gas (flow 20-30 mL/min) was added to the produced (either from in-target
production or the [“C]CH4 from hydrogenation of [“C]COZ) [MC]CH4 (200 mL/min)
and the mixture was passed through a furnace (Carbolite, Hope Valley, UK) containing
a quartz tube with a heated platinum wire (990°C). The produced [”C]NH4CN was
bubbled through H>SO4 (50%, 2 mL) at 65°C to generate [''CJHCN. A flowchart of the
full synthesis module for 11C—cyalnaltions is shown in Figure 5.

Figure 5. Schematic diagram of the radiochemistry apparatus for H''CN production and subsequent
labelling.

11
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3.2 PET MEASUREMENTS

Cynomolgus monkeys (Macaca fascicularis), are housed in the Astrid Fagraeus
Laboratory of the Swedish Institute for Infectious Disease Control (SMI), Solna,
Sweden. The study was approved by the Animal Ethics Committee of the Swedish
Animal Welfare Agency and was performed according to “Guidelines for planning,
conducting and documenting experimental research” (Dnr 4820/06-600) of the
Karolinska Institutet as well as the “Guide for the Care and Use of Laboratory
Animals™®,

Anesthesia was induced and maintained by repeated intramuscular (i.m.)
injections of a mixture of ketamine hydrochloride (3.75 mg/kg/h, Ketalar®, Pfizer) and
xylazine hydrochloride (1.5 mg/kg/h Rompun® Vet., Bayer) for the duration of each
measurement. A head fixation system was used to secure a fixed position of the
monkey’s head during the PET measurements®”. Body temperature was maintained by
Bair Hugger — Model 505 (Arizant Healthcare Inc., MN) and monitored by a rectal
thermometer (Precision Thermometer, Harvard Apparatus, MA). Cardiac and
respiratory rates were measured every 20 min. The monkeys were observed
continuously during the PET experimental days. In each PET-measurement a sterile
physiological phosphate buffer (pH = 7.4) solution containing radioligand was injected
as a bolus into a sural vein during 5 seconds with simultaneous start of PET-data
acquisition.

Radioactivity in brain was measured continuously for 93 minutes with the ECAT
EXACT HR system (Siemens AG, Erlangen, Germany) according to a pre-
programmed series of frames starting immediately after an intravenous injection of the
radioligand. All acquisitions were acquired in 3D-mode®. A three-ring detector block
architecture gave a 15 cm wide field of view. The transversal resolution in the
reconstructed image was about 3.8 mm full width half maximum (FWHM) and the
axial resolution was 3.125 mm. The attenuation correction of the data was obtained
with the three rotating ®*Ge rod sources. Raw PET data were then reconstructed using
the standard filtered back projection consisting of the following reconstruction
parameters: 2 mm Hanning Filter, scatter correction, a zoom factor of 2.17 and a 128 x
128 matrix size®. The regions of interest were drawn on PET summation images
representing radioactivity measured from 9 to 93 minutes after intravenous injection of
radioligand.

All quantitative analysis calculations were based on the assumption that
radioactivity in brain represents unchanged radioligand86. The fraction of radioligand in
brain relative to the total amount of radioligand injected was calculated and plotted
versus time after injection. The radioactivity concentration in the region of interest
(ROI) for the whole brain was multiplied with the whole brain ROI volume (~65 mL),
divided by the radioactivity injected and multiplied by 100 to obtain the percentage.
Regional radioactivity concentrations were decay-corrected and normalized to injected
radioactivity and body weight by use of % of standard uptake value (%SUV), where

0pSUY = Limectedactivity ) 4o weight (g) Equation 3.

brain tissue (ccm)

3.3 PLASMA METABOLITE STUDIES

The method for determination of the percentages of radioactivity corresponding
to unchanged radioligand and labeled metabolites during the time of a PET

12
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measurement was a modification of an HPLC method that has been used for other PET
radioligands®’. Blood samples (2 mL) were obtained venously from the monkey usually
at 5, 15 and 30 minutes after injection of the radioligand. After centrifugation at 2000 g
for 2 min, plasma was obtained (0.5mL) and mixed with acetonitrile (0.7mL). The
mixture was centrifuged at 2000 g for 2 min and the supernatant (1 mL) was injected to
a HPLC. The radioactivity in blood (2mL) and plasma (0.5 mL) were measured in a
Nal well counter.

The radioactive peak having a retention time corresponding to the unchanged
radioligand was integrated and its area was expressed as a percentage of the sum of the
areas of all detected radioactive peaks.

13
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4 RESULTS AND DISCUSSION

4.1 SPECIFIC RADIOACTIVITY: [''C]CHsl (PAPER I)

The in-target production of [''C]CH, resulting in high SA radioligands prepared
from [MC]CH3I has previously been described in the literaturezs, but the aim of this
study was to look at longitudinal data from the use of this method. The influence on the
SA on four radioligands produced from in-target produced [''C]CH, was related to the
productions from in-target produced [''C]CO,. As model compounds [''C]raclopride®®
89, [“C]MADAM9O, [“C]PEZI91 and [“C]FLB 457°% % were selected, mostly based on
the frequent production of these radioligands in our lab. These radioligands were all
labeled by heteroatom ”C—methylations using methods that are well described in the
literature®. The radioligands were prepared from both in-target produced [''C]CO, and
[MC]CH4 and the SA was measured on the final formulations and calculated to the end
of bombardment (EOB).

The results obtained by switching to in-target produced [''C]CH, was a 6- to 17-
fold increase of SA for [''Clraclopride, [''CIMADAM, [''C]PE2I and [''C]FLB 457
(Table 2).

Table 2. Specific radioactivity (SA) for four radiopharmaceuticals.

[''C]Raclopride [''CIMADAM [''C]PE2I [!'C]FLB 457

SA [''C]CO, 124 162 183 176
n 85 21 23 95
Min 9 28 24 5
Max 371 427 507 686
Synth time (min) 36 34 33 31
SA [''CICH, 2335 2332 1097 1313
n 211 51 8 16
Min 180 345 442 126
Max 10231 16817 2387 6848
Synth time (min) 32 30 30 32

SA [''C]CO, is the mean value of specific radioactivity of the
radiopharmaceutical produced from [''C]CO, given in GBg/umol at the
end of bombardment (EOB); SA [”C]CH4 is the SA of the
radiopharmaceutical starting from target produced [''C]CHy; n is the
number of productions; Min and Max are the lowest and highest
measured SA respectively and the Synth time is the typical synthesis
time for the productions.

The results for the [''C]CH,4 target reported in Table 2 shows the mean SA over
3.5 years of productions of the four radioligands. The reasons for the higher SA can to
the greatest extent be attributed to [''cico, being more sensitive to isotopic dilution
from CO, in the air, than what the influence of environmental contamination of CHy is
likely to have on the SA. However, it is still very important to keep the target chamber
free from air since contamination by cold carbon species could result in lower SA. The
target was thus kept under pressure at all times. The nickel catalyzed step to produce
[HC]CH4 from [“C]COz was obviously not necessary when [“C]CH4 was produced in
situ, which also excluded one step for possible contaminations which could have
resulted in lower SA. The target gas and the helium carrier gas can also introduce
carbon-containing contaminants; consequently high purity of all gases was important.
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The N,-H, target gas was flushed through a nitrogen purifier before reaching the target.
No such gas purifier was used for the [''C]CO, target. Interestingly, no significant
improvement of the SA was found when productions were performed after pre-
irradiations and therefore no pre-irradiations were carried out from 2005 and forward.

The SA for the [''C]CH, target has fluctuated during the time of this study, the
major trend being that it increases over time. However, we also experienced a drop in
SA in the first half of the year 2006 (discussed below). Thirteen of the sixteen batches
included for [''C]ELB 457 were produced in 2004, and similarly six of eight batches
for [''C]PE2I were produced in the first half of 2006, explaining why the mean SA for
these two radioligands are not as high as expected.

In addition, a limited literature search was performed on reported values of SA
for carbon-11 methylations. In the search we found six articles from four different
groups, all articles described radiopharmaceuticals produced from [''C]CO,”"'™. The
reported SA ranged from 56 to 222 GBg/umol at EOB for five of the articles, which is
very much in line with the SA from our in-house [''C]CO, production reported in Table
2. However, Ermert and co-workers'® reported six productions from [”C]COZ with SA
ranging from 111 to 15 876 GBg/umol at EOB. This was performed using “wet”
(LiAlH4/Ph3sPI;) chemistry, and required thorough flushing of the chemistry system
overnight as well as at least three pre-irradiations on the target. Their results provide
evidence that very high SA is possible to reach also with the use of target produced
[MC]COZ. However, cumbersome precautions need to be adhered before each
production, whereas the method reported here needs no pre-irradiations on the target
and only 10 — 20 minutes flushing with helium through the recirculation system.

The deviation of the measured SA was large (Table 2). The high deviation could
have occurred during three steps: (i) during the actual [''CICH, production in the target
(i1) during the conversion of [''C]CHy to the final radiolabeled tracer or (iii) during the
SA measurements. The high deviations indicate that we did not succeed in reaching as
high SA for every production as we would hope for. Also, the inherent fault in SA
measurements using UV detection does increase with increasing SA, as the low
concentrations we are measuring for the higher SA gives lower signal to noise ratio.
Improved analytical techniques such as fluorescence detection may improve the
deviation of the SA measurements in this case. However, there was a high standard
deviation also for radioligand productions with low SA from the [''C]CO, target (Table
2).

The SA increased after repeated irradiations on the [''CICH, target (Figure 6).
Irradiations on the target reduce the cold carbon contaminations, which most likely is
why we saw increasing SA over time. For all radiotracers produced by methylations
starting from [''C]CHy, a dip in SA in the first half of the year 2006 was observed. We
have been able to correlate that to a decreased flow of the gas from the target. These
productions are not methylations and are not included in this study, but somehow the
flow seems to have an effect on the SA also for the methylations. The flow from the
target to the methylation system was over 400 ml/min, but for other synthesis (i.e. ''C-
cyanations) we used 200 ml/min, with no flushing of the target between the He-
cyanation and ''C-methylation productions.
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Figure 6. Specific radioactivity (SA) over time of [“C]raclopride when synthesized from [''cicH,
produced in situ in the target. Time is divided into quarters of a year (Q1, Q2 etc.). Specific radioactivity
(SA) is given as the mean value in GBg/umol at the end of bombardment (EOB); No productions of
["'CJraclopride was performed during Q2-2007.

While the standard deviation of the measured SA was large, the SA increased
with time. As a result the minimum SA measured for the last 52 productions of
[''Clraclopride was 967 GBg/umol which still is higher than any production from the
[MC]COZ target. In addition this SA would be sufficient to assure less than 5%
occupancy also for high affinity PET radioligands such as [''C]FLB 457%’.

4.2 RADIOLIGANDS SYNTHESIZED FROM ['"C]JHCN (PAPER Il AND lI)

After the positive results of SA improvement when using in-target produced
[''C]CH, for 11C—methylations, a system for “C—cyanations was set up. Two different
radiotracers were produced and the SA was compared when ''C-cyanation labelings
were performed starting from in-target produced [MC]COZ (one radiotracer) and
[''CICH,4 (two radiotracers).

4.2.1 Radiochemistry

For the “C—cyanation of aryl-bromide precursors, two synthetic strategies were
considered, ''C-cyanation via the traditional copper catalyzed Rosenmund-von Braun
reaction'”’ or via the palladium catalyzed reaction'”. We decided to utilize the
palladium catalyzed approach in radiosynthesis, because in the synthesis of [''C](Z,Z)-
BABCH Siméon et al.'® reported a comparison of copper catalyzed and palladium
catalyzed ''C-cyanations and in their labelling conditions, they found the palladium
catalyzed reaction more efficient.

[''CIHCN is produced by letting [''C]CH4 and NHj; pass over platinum catalyst
at high temperature. NH; concentration is very important for the [''CJHCN formation,
and in our system 10-15 vol % was found to be sufficient. A furnace temperature of
990°'C gave significantly better conversion (42 + 17%, n = 3) than a temperature of
950°C (11 + 2%, n = 2), which is not in accordance to previously published data®’. The
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over-all conversion yields were lower than what has been previously reported.
Explanations for the low yields could be the contact time for the gas with platinum, or
possibly the low platinum amount we used (1.3 g instead of 3 g)*’. Another possible
reason is that oxygen or HO is interfering with the catalytic reaction of [''CICH, with
NH; on Pt. Iwata et al*’ reported the effect of absorbers to improve the yield, achieving
close to quantitative conversion when metallic sodium coated on quarts wool was used.

Two radiotracers were labelled using [“C]HCN; [“C]Ximelagatran and
[MC]AR—PISSOOS (Scheme 2). Precursors and reference standards were obtained in
collaboration with AstraZeneca R&D Molndal and Sodertélje, Sweden. The labelling
reactions provided 11CN—incorporations with good yield for both compounds, with only
small variation between synthesis repetitions (between 70% and 80%).

Br
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O 0 O\/H 0
H $ K-11C=N K[2.2.2] H <
f Pd(PPhs),, DMSO

7,
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H NH,
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o N N\
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i l\{ Br K-""C=N K[22.2] 7 r\{ ne”
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F F
[''CJAR-P135003

Scheme 2. Synthesis of A) [“C]Ximelegatran and B) [“C]AR-P135003.

To afford the hydroxyamidine [''C]Ximelagatran, the labeled nitrile was treated
with hydroxylamine. The reaction was completed in 3 minutes in a mixture of EtOH
and EtOAc in a presence of small amount of EDTA (Scheme 2A). This is in contrast to
classical chemistry, where the reaction between the nitrile and hydroxylamine can take
several hours to days'® ',

4.2.2 Specific radioactivity

Specific radioactivity of the radioligands produced from ["'CIHCN was about
nine times higher when produced from in-target produced [''C]CH4 than [''C]CO,
(Table 3). The finding that the SA was higher for the productions using in-target
produced [''C]JCH; was in line with our observations from the ''C-methylation
reactions. However, the SA in the syntheses using [''CIHCN were consistently lower
compared to the productions from [''C]CHsL This indicates that isotopic dilution
occurred during the Pt catalyzed conversion of [“C]CH4 to [“C]HCN. From in-target

17



Jan Andersson

produced [''C]CHj the final formulations of ''C-cyanations contained a mean quantity
of cold compound of 16 nmol and for 11C—methylations the quantity at the same time
was 0.7 nmol. The irradiation process was kept the same (35u1A, 20 min) and the mean
radioactivities in the final formulations were similar; for the 11C—cyalnations (961 MBq)
and the ''C-methylations (922 MBq). The same comparison from the [''C]CO, target
gives 75 nmol for the ''C-cyanations (mean radioactivity of 553 MBq) and 31 nmol for
"C-methylations (mean radioactivity of 825 MBq), however in this case the irradiation
process varied more as did the final radioactivities making a direct comparison
challenging.

Table 3. Specific radioactivity of [''C]JAR-P135003 and [''C]Ximelagatran

Target [''cico. [ CICH,

Radioligand [''CJAR-P135003 [''CJAR-PI135003  [''C]Ximelagatran
SA (GBg/mmol) 44 398 406

n 10 41 3

min (GBq/mmol) 18 67 375

max (GBg/mmol) 115 894 430

A (MBq) 553 903 1754

m (nmole) 75 16 20

SA at EOB, n = number of productions, Min and Max are the lowest and highest
measured SA respectively, A = Radioactivity in final formulation, m = mean amount of
the cold compound in the final formulation.

Flushing with helium gas through the heated oven for 30 minutes before
radioactivity takedown was found to increase the SA, which indicates that the isotopic
dilution was due to trapped CH4 or HCN on the Pt catalyst. Another possible source
could be contaminants in the ammonia gas.

4.3 MGLURS PET RADIOLIGAND DEVELOPMENT (PAPER lIil)

One of the radioligands labeled using the secondary labeling precursor [''CJHCN
was the potential mGIluR5 radioligand [''C]AR-P135003. The aryl bromide precursor
was obtained with the co-operation of AstraZeneca LTD, Sodertélje, Sweden. In vivo
characterization of [''CJAR-P135003 was performed including seven PET
measurements in three cynomolgus monkeys. [''C]AR-P135003 showed high uptake in
regions known to contain mGluRS5 (Figure 7).
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Figure 7. Mean time course for radioactivity in the brain of cynomolgus monkeys (n=5) after i.v.
administration of [''C]AR-P135003 during baseline measurements. A) Total brain uptake. B) Regional
radioactivity. C) Specific binding. D) Binding ratios. Key: A Whole brain; x Caudate; ® Cingulate
Gyrus; 0 Thalamus; V Temporal Cortex; [] Cerebellum.

Co-injection with the cold compound distinctly decreased regional radioactivity
of [''C]JAR-P135003 in mGluR5 rich regions in a dose-dependent fashion (Figure 8).
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Figure 8. Time curves and summation images (6 to 93 minutes) showing regional distribution of
radioactivity in the brain of a cynomolgus monkey after i.v. administration of [''C]JAR-P135003 during
A) Baseline condition, B) After co-injection of 0.04 mg/kg of AR-P135003 and C) After co-injection

of 0.4 mg/kg of AR-P135003. Key: x Caudate; ® Cingulate Gyrus; 0 Thalamus; V Temporal Cortex; [
Cerebellum.

Analysis of radiometabolites measured in cynomolgus monkey plasma was
performed using HPLC. The injected radioactivity eluted from HPLC within 6-7
minutes. The metabolism was relatively slow with an amount of the total radioactivity
in plasma representing unchanged radioligand was 96%, 83% and 72% at 4, 15 and 30
minutes respectively. All radiolabeled metabolites were more hydrophilic than the
mother compound based on the elution from the HPLC.
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This first characterization showed that [“C]AR—P135003 enter the brain to a high
extent, the binding was saturable and the regional radioactivity pattern was in
accordance with the known distribution of mGIuR5.

4.4 B-AMYLOID PET RADIOLIGAND DEVELOPMENT (PAPER IV)

B-amyloid accumulation is associated with the pathogenesis of Alzheimer’s
disease (AD). Among the PET radioligands that have been investigated for
visualization of amyloid plaques to date, [''C]PIB is the most extensively studied.
Although PET imaging with [''C]PIB has provided valuable new information, the high
degree of white matter retention displayed by [''C]PIB may limit its use as a tool for
early diagnosis of AD when plaque levels are low.

AZD2184 has recently been proposed as a new radioligand for high contrast
imaging of AB—deposits after characterization on human amyloid fibrils in vitro and in
rodents ex vivo®.

4.4.1 Radiochemistry

Precursors and reference standards were obtained in collaboration with
AstraZeneca R&D Sodertilje, Sweden. Due to the similarity between the chemical
structures of [''C]JAZD2184 and [''C]PIB (Figure 2), the obvious starting point in
radiolabeling was the direct methylation using [UC]CH3OTf, without any added base at
80 °C. However, this route yielded no labeling product. Addition of aqueous base
resulted in only O-methylation, which was anticipated since the alkoxide group is a
stronger nucleophile than the amino group at such basic conditions. In the last effort
with the unprotected precursor we tried a weaker base (tetramethylpiperidine, TMP),
however only very low incorporation yields could be obtained (less than 2%).
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[''C]MeOTf, NaOH (0.5M) > 70% 0. S —
7\ /M
N N N/ \ N/ NH,

Acetone
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H3C\ |13c\|
o}
0\I [r'cMel W HO. s i "1cH,
N
o s _ KOH o s, =\ "CH; HCUMeOH &N\ \
/>_<\:>—NH2 DMSO / N N\
N N > 50% N N H ['"C]AZD2184
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CH, HsC H,0
e remer 2oL o ?
H,C” si KOH 3 !

HyC L HC'Y
O\@W DMSO @i%_@_ 11CH,
NH, > 50% N
N/ \ N/ 50% N/ \ N/ \H
Scheme 3. Radiosynthesis of [”C]AZD2184.

The next step was to utilize protection on the phenol to allow for more basic
conditions in the labeling. Protection with an ethoxymethoxy group and a tert-
butyldimethylsilyl group was tried and labelings were performed with methyl iodide in
DMSO at 125 °C. Both methods were successful with incorporation yields over 50%
and quantitative deprotection. The tert-butyldimethylsilyl group is usually removed by
acids or fluoride ionsl%, but we incidentally realized that adding a small amount of
water to the basic reaction mixture was enough for successful deprotection in this case
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(Scheme 3). This easy deprotection made us choose the fert-butyldimethylsilyl
protected precursor for all productions for PET. The total overall decay corrected yield
starting from [“C]CH4 was 4-13% (n=5) with a total synthesis time of 30-33 minutes,
and the range of specific radioactivity was 1600-4000 GBg/umol at end of synthesis.
Radiochemical purity after HPLC purification exceeded 99% for all productions.

4.4.2 Brain PET measurements

Following injection of [''C]AZD2184 in cynomolgus monkey, a reasonable
amount (2.2% to 3.4% of injected dose) of radioactivity entered the brain. The
distribution was fairly uniform and showed a rapid washout in all regions (Figure 9).
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Figure 9. PET measurements after intravenous injection of [''C]5 in cynomolgus monkeys. (A) Total
brain radioactivity presented as percentage of injected dose (ID) in two monkeys. Data represent mean
values from two measurements. (B) Time curves of regional brain radioactivity presented as percent

standardized uptake value (SUV). Data represent mean values from two measurements in the two
monkeys.

The studies were performed in cynomolgus monkeys that were assumed to be
virtually free from amyloid plaques. Compared to [''CIPIB, [''C]AZD2184 showed
signs of less white matter binding. The washout was fast for [''C]AZD2184 and the
ratio between radioactivity at peak uptake and at a late time point (60 minutes) is
significantly higher for [''C]AZD2184 (8.2) than what has been published for [''CIPIB
(4.6)'”". Also the uniform distribution, with no difference in binding between regions
rich in white matter to those containing less white matter is in contrast to [“C]PIB
measurements and indicates low white matter binding of [“C]AZD2184.

4.4.3 Whole body PET measurements

A preliminary whole body dosimetry measurement was performed with
[''C]AZD2184 in a single cynomolgus monkey using a Siemens Biograph 64 PET
system. The obtained organ curves were entered into the OLINDA software
(Vanderbilt University, Nashville, TN), which is an FDA-approved tool for performing
organ level internal dose calculations. The software generates Effective Dose (ED)
estimates in the unit of uSv/MBq, based on adult human male and female organ
models. The organ with the highest radiation burden was the urinary bladder wall (49.7
uSv/MBq) followed by the small intestines (30.3 uSv/MBq) and the gallbladder (23.4
uSv/MBQ).

Effective dose estimates is considered the most accurate measure of radiation
risks'®. For [''C]5, the estimated effective dose was 6.2 uSv/MBq for an adult male,
which is similar to other ''C-labeled compounds including [''C]PIB (4.7 uSV/MBq)'”.
The European commission guidelines states a maximum limit of 10 mSv per year''
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and subject, so this preliminary dosimetry measurement gives an indication that
multiple scans in one year in the same subject would not be a problem from a radiation
stand point. This may be an advantage when comparing different amyloid imaging
probes and enables plaque imaging and ['|F]JFDG measurement of cerebral metabolism
on the same day. Also the shorter half-life leads to less radiation burden for the patient.
This is of particular advantage in investigations where a longitudinal design is desired,
such as studies to follow disease progression or the outcome of treatment with a disease
modifying drug. However, the short half-life of carbon-11 limits the use of
[''C]AZD2184 to PET centers with a cyclotron. Thus, the development of a fluorine-18
labeled derivative of [''C]AZD2184 would extend the availability of the radioligand.

4.4.4 Radiometabolites in plasma

Metabolism of [“C]AZD2184 was fast. Less than 10% of the unchanged
radioligand remained fifteen minutes after administration.
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Figure 10. HPLC Analysis of metabolites in cynomolgus monkey. (A) Radiochromatogram of the
metabolism at 5 minutes after [''C]5 administration. (B) Radiochromatogram of the metabolism at 45
minutes after [“C]S administration. (C) Percentage of total radioactivity of unmetabolised [“C]S as well
as the percentages of the metabolites. Sampling times were 5, 15, 30 and 45 minutes. Graph shows the
mean with single direction bars presenting the standard deviation. N = 4 for the 5, 15 and 45 minutes and
N = 3 for the 30 minute time point.

Four metabolites could be seen on HPLC and all were more hydrophilic than the
mother compound (Figure 10). For [”C]PIB, more than 95% of the radioactivity in
mice brain has been shown to be from the unmetabolized species'”’. The fact that the
rate of metabolism of [“C]AZD2184 is similar to that reported for [“C]PIB and the
similarities in structure between the compounds, gives us no reason to believe that
radiometabolites of [''C]AZD2184 enter the brain to any great extent.
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4.5 5-HT.g PET RADIOLIGAND DEVELOPMENT (PAPER V AND VI)

The 5-HTp receptor is implicated in a number of serotonin related psychological
disorders and is therefore a very interesting target to visualize with molecular imaging
techniques such as PET. Before the start of this thesis work there was no available PET
radioligand for the visualization of the 5-HTp receptor.

4.5.1 Eight carboxamide radioligands (Paper V)

In collaboration with AstraZeneca Pharmaceuticals LP (Wilmington, DE, USA)
we searched in their compound library to find compounds with attributes that would fit
a 5-HT;g PET radioligand. The target PET radioligand profile consisted of: high
affinity (Ki = 0.1 — 0.5 nM), good selectivity over other receptor proteins (at least 100
fold, 10 times over 5-HT)p), moderate lipophilicity (logD around 1.5) and it should not
be an efflux substrate. Eight candidate compounds (Figure 11, pharmacological
characteristics given in Table 4) were selected for labeling with carbon-11, initial PET
measurements in cynomolgus monkeys and radiometabolite analysis.
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Figure 11. (A) Carbon-11 labeling of eight potential 5-HTp radioligands. (B) Structures of the eight
compounds divided into three different core structures.

Carbon-11 labelings of compounds 1-8 were based on N-alkylation on a

secondary amine group using [''C]CH;OTf in acetone with NaOH as the base (Figure
11).
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Table 4. Pharmacological characteristics of the compounds investigated in this report.

Compound MW cLogD  cLogP  Binding affinity Binding affinity =~ Selectivity ~Agonism  Antagonism  Efflux ratio
(gmol)  (pH=7.4) (5-HT1B, Ki,nM) (5HTIA,Ki,nM) (5-HT1A) (EC50,nM) (IC50, nM) (BA/AB)

1 512 0.90 1.51 0.5 247 490 8.0E-10 >2.5e-7 1.1

2 437 1.39 2.01 0.4 34 85 <3.5E-10 2.1E-10 1.6

3 437 1.39 2.01 0.3 52 150 4.9E-10 nm 2.1

4 437 1.39 2.01 0.6 34 55 9.7E-10 nm nm

5 522 1.25 1.88 2 >2570 >1300 >5.0E-6 3.5E-9 3.8

6 463 1.26 1.90 0.6 49 30 nm 5.0E-8 1.2

7 449 0.76 1.39 0.2 71 350 <5.2E-9 8.8E-9 1.1

8 446 1.70 2.35 0.2 40 270 <3.0E-9 >1.2e-6 0.3

LogD and LogP values were calculated using Pallas 3.0 (CompuDrug Chemistry Ltd.), nm = not
measured.

Target produced [''C]CH, was utilized for the production of [''C]CH;OTf in all
the preparations of radioligands in this study. This helped us achieving a mean specific
radioactivity (SA) of 299 GBg/umol (8075 Ci/mmol, n=12) at the time of
administration, and thus ensuring tracer dose conditions in the PET measurements for
all radioligands.

4.5.2 PET in non-human primates

Seven of the eight radioligands showed reasonably good brain uptake and the
brain uptake correlated with the lipophilicity of the compounds (Figure 12).

® G

[11C)1

[*C]5 [*1C)7 [11C]8

Figure 12. Summation PET images showing radioactivity distribution for eight radioligands in a
horizontal section of the cynomolgus monkey brain. The images represent integrated radioactivity from 9
to 93 minutes after radioligand injection.

The only notable exception was [''C)8 that despite high lipophilicity compared to
the other radioligands only entered the brain to moderate extent. The higher
lipophilicity of [''ci8 may lead to low plasma solubility, lung and liver uptake as well
as non-specific binding to plasma proteins that reduces the free fraction and
subsequently lower the brain uptakels. It should however be noted that the cLogP for
[''C]8 is 2.35 which is well in the range for optimum LogP values (2.0 — 3.5) reported
for many drug classes.
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[''C]5 only entered the brain in low amount, most likely due to it being a
substrate for efflux proteins (Table 4, an efflux ratio >3 might indicate this). The
unlabelled 5 has successfully been used as a blocker in in vivo studies in guinea pigs''’,
indicating reasonable brain exposure. This discrepancy can either be due to species
differences between guinea pig and cynomolgus monkey or be an effect of the higher
dose given in the guinea pig studies. A higher dose can saturate e.g. the efflux proteins
or specific or non-specific binding on plasma proteins leading to higher brain
penetration of the drug'.

Five of the seven radioligands with reasonable brain uptake, showed a
heterogeneous distribution within the brain (Figure 13), in accordance with the known
distribution of 5-HTp receptors. [“C]S showed homogenous distribution, indicating
higher non-specific binding of that radioligand, likely due to the higher lipophilicity.
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Figure 13. Time activity curves for regional brain uptake in the occipital cortex, striatopallidal complex,
frontal cortex and cerebellum after iv administration of radioligand in cynomolgus monkey.

The cerebellum is a region with low density of 5-HTg receptors’* and was used
as a reference region for non-specific and non-displaceable binding. There was a
positive correlation between the relative lipophilicity and non-specific binding of the
compounds (Figure 14), a relationship which is in line with previous studies in series of
other chemical structures'".

In an attempt to draw general conclusions on the relationship between the
physicochemical properties of compounds and the effect this imposes in the in vivo
setting, we could see a quadratic correlation between the lipophilicity of the compounds
and the peak in whole brain uptake (Figure 14A) which is in line with other studies".
The correlation might have been clearer if additional radioligands with higher
lipophilicities would have been included. Leaving [''C]8 out of the fit and looking only
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at the more hydrophilic radioligands, a linear relationship can be detected (R = 0.8).
Also the non-specific binding, shown as the radioactivity in cerebellum at 60 minutes
post administration, is positively correlated with the lipophilicity (Figure 14B). This
can in part be due to the higher initial uptake shown in Figure 14A, however [''C]8 still
had higher non-specific binding even though the initial uptake was lower than for other
compounds. Interestingly, relatively high non-specific binding was found for ["'cn
despite low lipophilicity and relatively low initial uptake.
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Figure 14. A. Peak in whole brain uptake and B. Radioactivity in cerebellum at 60 minutes plotted
against the lipophilicity for the eight radioligands.

Time activity curves were generated for specific binding which thus was
estimated as radioactivity in the region of interest minus radioactivity in the cerebellum.
Cerebellum was also used to calculate binding ratios (radioactivity in a region of
interest divided by radioactivity in the cerebellum). Time activity curves for the three
radioligands with the best binding profile (good brain uptake in 5-HT,g rich regions
and low cerebellar binding) [“C]4, [“C]6 and [“C]7 are shown in figure 15. The
specific binding curves were higher for [''C16 than for any other compound with a peak
above 150% SUV at 20 minutes for the occipital cortex and ratios reaching 3.0 for the
occipital cortex and striatopallidal complex. [''C]7 also shows ratios of 3.0 for the
occipital cortex, however the fast kinetics results in a specific binding peak equilibrium
time of only 7 — 10 minutes. A too early peak in specific binding might result in a
problematic quantification due to the contribution of blood flow. However, it cannot be
ruled out that the peak of specific binding for [''C]7 might arise later in human
applications as observed for [''C]6 (see below).
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Figure 15. Time curves after iv administration of radioligands ["'C14, [''C16 and [''C]7 in cynomolgus
monkey. (A) Specific binding in each of the target regions using cerebellum as reference region for non-
displaceable binding. (B) Ratios of radioactivity in each of the target regions to radioactivity in the
cerebellum.

As indicated by the binding ratios, also the binding potentials (BPxp) calculated
using the SRTM were higher for [''C]6 and [''C]7 than for any of the remaining
radioligands (Table 5).

Table 5. Binding potentials (BPyp) in occipital cortex, striatopallidal complex and frontal cortex.

Monkey (weight) 1 (3.1kg) 2 (3.4kg) 3(4.3kg) 4(6.8 kg)
Radioligand Mo Mo [Meo4 'c2 ['cg6 a6 (a7 1w ''ci6
Brain Region

Occipital Cortex 028 034 062 0.48 1.28 1.52 1.17 0.19 1.27
Striatopallidal Complex 025 046 055 0.51 1.14 1.44 1.29 0.28 1.79
Frontal Cortex 0.13 026 029 0.26 0.71 1.01 0.98 0.35 0.81

Binding potentials were calculated using the single reference tissue model (SRTM) with cerebellum as
the reference region.

Radiometabolites of the radioligands measured in monkey plasma were analyzed
by HPLC. The chroman radioligands ([''C]1, [''C]2, [''C]3 and [''C]4) were faster
metabolized than the chromenone ([”C]S, [”C]6 and [“C]7) as well as the quinoline
([''C18) radioligands. The amount of unchanged radioligand was 86 — 97% and 15 —
69% at 5 and 30 minutes, respectively (Table 6). All metabolites were less lipophilic
than their mother compounds based on the order of elution from the HPLC. The general
pattern of radiometabolism showed by HPLC was one or two hydrophilic metabolites
and the pattern was shared among all eight radioligands.
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Table 6. Radiometabolism measured in cynomolgus monkey plasma using HPLC.

Radioligand e ez Moz Mo 'as (f'ae ez [Mcls
Sampling Time (min) % Unchanged Radioligand
5 94 97 86 90 85 91 nm 89
30 50 38 15 29 69 67 69 72

nm = not measured.

One might consider that the relative washout for the racemate and separated
enantiomers, where the washout of [“C]3 > [“C]4 > [“C]Z, can be due to the relative
speed of metabolism. Faster peripheral metabolism would lead to lower concentration
of the unchanged radioligand in blood, and thus a gradient being created between the
blood and brain compartments with a faster washout from brain as result.

4.5.3 Further characterization of [''C]AZ10419369 (Paper VI)

From the extensive evaluation described in the previous section, [“C]6
([11C]JAZ10419369) was found to be the most promising radioligand for PET imaging
of 5-HTp receptors, and was thus selected for further characterization.

The specificity of [”C]AZlO419369 binding to the 5-HT)p receptor in vivo was
supported by a dose-dependent reduction in brain regional radioactivity by pretreatment
with the reference 5-HTp antagonist AR-A000002 in cynomolgus monkeys (Figure
16). The radioactivity in regions known to contain 5-HT,g receptors was markedly
reduced. This observation confirms that a large portion of [''C1AZ10419369 binding
represents specific binding to the 5-HTp receptor.
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Figure 16. Time curves for regional radioactivity and summation images from 9-93 minutes showing the
distribution of radioactivity in the cynomolgus monkey brain after iv injection of [''C]AZ10419369
during A) Baseline condition, B) Preatreatment with 0.25 mg/kg AR-A000002 and C) Preatreatment with
2.0 mg/kg AR-A000002.

To provide more detailed information on the regional distribution of
AZ10419369 binding, the compound was labeled with tritium for autoradiographic
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studies in the cynomolgus monkey brain. The distribution pattern of ["H]AZ10419369,
characterized by high densities in the ventral striatum and pallidum, globus pallidus,
visual cortex, and substantia nigra, is in close agreement with the regional distribution
seen in the present PET study as well as with previous reports describing the regional
brain distribution of 5-HT 5 receptors”’ s

Preliminary PET-measurements (Figure 17) in human subjects confirmed high
brain exposure of [''C]AZ10419369 and a regional brain distribution consistent with
that seen in monkeys in vivo as well as in vitro. Time curves for specific binding
indicated that equilibrium was reached during the PET measurement for cortical
regions, thalamus and dorsal striatum (Figure 18) but in most cases not for globus
pallidus.

Sagittal

Transaxial

Figure 17. Fused PET-MRI images of [''C]AZ10419369 regional brain uptake in a human subject.
Images were obtained by summation of the frames from 3-93 minutes after intravenous injection.
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Figure 18. PET-measurement of brain radioactivity after intravenous injection of [''C]AZ10419369 to a
healthy volunteer. (A) Total brain radioactivity presented as a percentage of injected dose (ID). (B) Time-
activity curves of regional brain radioactivity. (C) Ratios of radioactivity in each of the target region to
radioactivity in the cerebellum. (D) Time curves for specific [“C]AZ10419369 binding.
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In addition the low rate of radioligand metabolism and no support for formation
of active lipophilic metabolites in plasma is an advantage for planned studies aiming at
quantitative modeling of [''C]AZ10419369 binding in the human brain.

In parallel with this work, another 5-HT;g PET radioligand, [“C]P943, was
developed''”. [''C]AZ10419369 and [''C]P943 has similar brain uptake (3.5% ID vs
4.2% ID) and similar kinetics in globus pallidus where neither radioligand reaches
specific binding equilibrium. One possible difference is that [''C]AZ10419369 reaches
specific binding equilibrium earlier in the cortex than what [''C1P943 does (30 min and
80 min respectively).

[''C]AZ10419369 is the first radioligand available for PET determination of 5-
HT;p binding in vivo. This radioligand may be useful in future studies evaluating drug-
induced receptor occupancy, as well as in analyzing possible differences in brain 5-
HTp receptor levels in psychiatric disorders.
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5 SUMMARY OF FINDINGS

The studies enclosed in this thesis have shown that in-target produced [''C]CH,
makes it possible for the routine ”C—labeling of PET radioligands with high SA without
any tedious pre-production flushing and cleaning methods necessary. This has
especially been demonstrated for radioligands synthesized from [''C]CH3I but also
from [“C]HCN. When in-target produced [“C]CH4 was used we found an increase in
the mean SA of up to 17 times for 11C—methylations and 9 times for “C—cyanations. In
addition, we can assure a sufficiently low mass (high SA) also for high binding affinity
(picomolar) radioligands labeled by ''C-methylations, which is low enough to assure
less than 5% occupancy.

The proposed mGluRS5 radioligand [''C]JAR-P135003, was successfully labeled
using [''CTHCN both with low SA (from [''C]CO2) and higher SA (from [''C]CH,). In
this first preliminary characterization in cynomolgus monkeys the radioligand was
found to enter the brain to a high extent, the binding was saturable and the regional
radioactivity pattern was in accordance with the known distribution of mGIluRS.

Using high SA ["'C]CH;I we prepared the second generation amyloid radioligand
[''C]AZD2184 in a two step radiosynthesis. In non-human primates the radioligand
demonstrated a sufficient brain exposure with a relatively lower white matter binding
compared to other 3-amyloid PET radioligands reported to date.

We also report the development program for a 5-HT ;g PET radioligand in which
we were able to identify [''C]AZ10419369, the first reported PET radioligand suitable
for in vivo visualization of 5-HTp receptors in the primate brain.

In an attempt to draw general conclusions on the relationship between the
physicochemical properties of compounds and the effect this imposes in the in vivo
setting, lipophilicity was found to be an important property showing relation to brain
exposure as well as the non-specific binding of the radioligands.
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6 FUTURE PERSPECTIVES AND CHALLENGES
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In this thesis, the in-target production of [''C]CH, is proposed to be an
efficient route for the “C—labeling of radioligands with high SA. In our
laboratory this method is reliable and meets our needs for routine production
of “C—radioligands. However, challenges still remains:

. The yield from the [''CICH, target is relatively low compared to
[''C]CO, targets. In addition the gas phase reaction to produce
[''CICH5I gives only about 50% conversion using conventional
methods. There is a need for a higher total radiochemical yield of
[”C]CH3I from in-target produced [”C]CH4.

. Not all 11C—radioligands can in a straight-forward way be synthesized
from [''C]CH,. ''C-acylations and ''C-carbonylations are examples of
two important labeling procedures that are routinely prepared from
[”C]COZ. Therefore, there is a need to increase the SA of radioligands
produced in routine also from in-target produced ["'c1co,'™- 13 14,

By the discovery of the human genome we know that there are several
hundred targets in the CNS that are able to bind small molecules with
appropriate properties and would thus be appropriate targets for PET imaging.
The development and validation of new radioligands requires a
multidisciplinary approach and is of major importance for the expansion of
PET. The development of PET radioligands is challenging with respect to
many issues. One important topic in PET radioligand development is the
predictability concerning which compound will make a good PET radioligand.
Further understanding about how the physicochemical and in vitro
pharmacological properties of compounds relate to the in vivo behavior
regarding important characteristics such as brain exposure, non-specific
binding and metabolism would help the selection of candidate compounds in
PET radioligand development programs.

New radioligands specific for different molecular targets are valuable for
basic research, drug development and clinical studies. The collaboration
between academia and pharmaceutical industry during the last decade has
boosted the development of new molecular PET radioligands and this
collaboration is invaluable also for the continuation of successful radioligand
development” "°. In addition, new technologies such as microfluidic chemistry
might have the ability to speed up the development of new probes.

Some specific challenges for the PET radioligands developed in this thesis:

. During the course of this thesis project a new radioligand for PET
imaging for mGluR5, [''C]ABP688™, was reported. A human PET
study'"” indicated suitable characteristics for imaging of the mGIuR5.
However, a comparison with the mGluRS radioligand reported in this
thesis, [“C]AR—P135003, might give additional and complementary
information about the mGIuR5. [''C]JAR-P135003 is especially
interesting since it does not depend on the presence of an alkyne moiety
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and thus belongs to another unrelated structural class than all other
available mGluRS5 PET radioligands reported to date.

. [''C]AZD2184 was shown to be a promising radioligand for early
detection of B-amyloid depositions in Alzheimer’s disease using short
scanning protocols. There is a need for a fluorine-18 labeled derivative
of [“C]AZD2184, as this would increase the availability of this
radioligand to PET centers without an on-site cyclotron.

] We have shown that [“C]AZlO419369 is a useful radioligand for the
in vivo visualization of 5-HT;p receptors in the human brain. We have
recently reported that this radioligand is sensitive to changes in
endogenous serotonin concentration“6, which is a research area that
needs to be further examined. The evaluation of this radioligand in the
research of the pathophysiology of serotonergic diseases is another
important topic for future studies.
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