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SUMMARY
The Endocannabinoid system is a very complex homeostatic signaling system which includes
two main subtypes of G-protein coupled receptors, designated as cannabinoid receptor type 1
(CB1) and cannabinoid receptor type 2 (CB2). Whereas CB1 was subject of intense research
since its discovery in 1990 due to its prominent psychoactive properties, CB2 only gained
more attention in the past few years. As a receptor involved in modulating the immune
system, CB2 is considered a potential therapeutic target in a wide variety of diseases,
including difficult to treat conditions such as Parkinson’s and Alzheimer’s disease, multiple
sclerosis (MS) and amyotrophic lateral sclerosis (ALS), schizophrenia or HIV-induced
encephalitis. A specific and selective CB2 radiotracer for non-invasive in vivo Positron
emission tomography (PET) would help to understand the pathophysiology of such diseases
on a molecular basis and would allow monitoring disease progression and therapeutic
outcome in the clinic.
Chapter one of this thesis provides a brief overview on the endocannabinoid system, which is
perhaps one of the most intriguing control systems in mammals, and recent developments in
the field of PET imaging and PET radiochemistry. The section closes with a discussion on
prerequisites for an ideal CB2 PET ligand and the results of attempts made by research groups
to develop CB2 PET imaging agents.
Chapter two of this thesis describes two highly specific and selective 4-oxo- and 2-oxoquinoline derivatives, designated KD2 and KP23. Both compounds were synthesized in five
steps using a modified literature procedure in comparable chemical yields. In vitro
competitive binding assays revealed a Ki value towards human CB2 (hCB2) of 1.7 nM for
KD2 and 6.8 nM for KP23. Selectivity over hCB1 for both compounds was > 1000. Specific
binding to spleen, an organ with a high physiological expression of CB2, was demonstrated in
vitro and in vivo using the carbon-11 radiolabeled analogs, [11C]KD2 and [11C]KP23.
[11C]KD2 exhibited superior characteristics compared to [11C]KP23, but was found to bind
predominantly to plasma proteins, possibly due to its high lipophilicity resulting from a
logD7.4 value of 3.29. This prompted the design of less lipophilic analogs of KD2 with the aim
to reduce plasma protein binding and at the same time retain the excellent binding affinity and
selectivity of the new derivatives towards CB2. The results of these efforts are presented in
Chapter three.
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The syntheses of the newly designed compounds described in Chapter three were all
accomplished in five to six steps in good overall chemical yields of 23 – 48%. Their binding
affinity (Ki values) towards hCB2 ranged from 0.7 nM to 750 nM. RS-016 (Figure 0-1),
displaying a clogP value of 3.02, a Ki value of 0.7 nM and a selectivity of > 10,000 over
hCB1, was identified as the most promising compound. Due to these excellent in vitro
properties, a reliable and high yielding radiosynthetic procedure was developed for RS-016.
The carbon-11 labeling was accomplished by reacting desmethyl-RS-016 precursor with
[11C]methyl iodide to afford [11C]RS-016 in 15 - 33% decay corrected radiochemical yield
and a specific activity of 545 ± 154 GBq/µmol. The lipophilicity of [11C]RS-016 was
experimentally determined using the shake-flask method to afford a logD7.4 value of 2.78.
Compared to [11C]KD2, [11C]RS-016 showed lower non-specific binding in autoradiographic
studies on spleen slices. PET imaging studies in rats showed high accumulation in the spleen.
Of this high accumulation in vivo in spleen, ~ 78% was attributed to specific binding to CB2.
In a pilot study on human post mortem ALS spinal cord tissue sections, specific binding to
CB2 was also demonstrated, which underlines CB2 as a potential target for imaging in ALS
patients. Due to the low abundance of CB2 in the healthy brain, demonstration of specific
uptake of a CB2 radioligand in the central nervous system (CNS) is challenging. Therefore, a
murine model of neuroinflammation, which induces elevated CB2 levels in the brain after
intraperitoneal administration of lipopolysaccharide (LPS), was selected. With this model, we
were able to show higher accumulation of [11C]RS-016 in the brains of LPS-treated mice
compared to vehicle-treated.
The promising in vitro and in vivo data obtained from [11C]RS-016 encouraged us to prepare
fluorinated derivatives of RS-016 in order to identify potential compounds, which could be
labeled with fluorine-18, a radionuclide with a longer physical half-life of 110 min compared
to 20 min for carbon-11. Chapter four of this thesis describes the syntheses of three novel
fluorinated compounds, which were all accomplished in 6 - 30% overall chemical yields. In
vitro competitive binding assays revealed compound RS-126 as the most potent fluorinated
CB2 ligand. Ki value towards hCB2 was 1.2 nM with greater than 8,000-fold selectivity over
hCB1. Labeling with fluorine-18 was accomplished in a one-step radiosynthesis by reacting
the bromo precursor with [18F]TBAF at 110 °C in DMF for 10 min. The desired product,
[18F]RS-126, was obtained in ≥ 99% radiochemical purity with a specific activity of
98 ± 44 GBq/µmol in moderate radiochemical yields of ~ 6% (decay corrected). The in vitro
data collected with [18F]RS-126 revealed a logD7.4 value of 1.99 and low non-specific binding
in autoradiographic studies using spleen tissues. No degradation was observed when
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[18F]RS-126 was incubated in rat or human plasma for up to 2 h at 37 °C. In rat blood plasma,
55% of intact parent compound was found 15 min post injection. No defluorination was
observed in rats over a time course of 60 min. From the high tracer accumulation in spleen,
79% was attributed to specific binding to CB2.

Figure 0-1. Two novel oxo-quinoline CB2 PET tracers developed in this thesis. SI = selectivity index.

In collaboration with Hoffmann-La Roche (Basel), we also investigated the utility of 2,5,6substituted pyridines as potential CB2 PET imaging agents. In Chapter five of this thesis are
presented a total of 21 novel compounds, which were designed and synthesized. Three
carboxylic acid key intermediates were synthesized in four to six steps in overall chemical
yields of 11 - 19%. These intermediates were coupled to appropriate primary amines in
18 - 85% to obtain the final compounds, which were all characterized by NMR and MS.
Pharmacological evaluation included the determination of EC50 values on human CB1 and
CB2, Ki values towards both human and murine CB2 as well as logD values. The Ki values
obtained ranged from 1.8 nM to 10 µM and logD values were between 1.7 and 3.8. The most
promising compound, denoted RSR-056, exhibited Ki values of 1.8 nM and 2.5 nM towards
murine and human CB2, respectively, with a selectivity over hCB1 of > 1000-fold (Figure
0-2). A one-step radiosynthetic procedure towards the synthesis of [11C]RSR-056 was
successfully established by reacting the sodium salt of a hydroxyl precursor with [11C]MeI.
The desired product was obtained in maximal radiochemical yield of 29% (decay corrected)
with high specific activity of 194 ± 139 GBq/µmol and > 99% radiochemical purity. The
logD7.4 value of [11C]RSR-056 was 1.94. This tracer showed high in vitro specific binding to
spleen slices in autoradiographic studies, which was confirmed in vivo in PET and
biodistribution experiments. The specific binding of [11C]RSR-056 in vivo to CB2 in the
spleen was 79% and similar to the value obtained with [11C]RS-016 or [18F]RS-126. In vivo
stability in rats was moderate and 21% intact parent compound was found in blood plasma
20 min p.i.. Increased accumulation of [11C]RSR-056 was also found in the whole brain in
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mice after LPS treatment compared to vehicle group, which could be reduced by the specific
CB2 ligand GW40833.

Figure 0-2. Novel tri-substituted pyridine CB2 PET tracer developed in this thesis.

In conclusion, three novel promising CB2 radioligands, [11C]RS-016, [18F]RS-126 and
[11C]RSR-056, have been identified as potential CB2 PET imaging agents. Their utility in
imaging neuroinflammatory conditions, however, remains to be validated in further animal
models.

ZUSAMMENFASSUNG
Das

endogene

Cannabinoid-System

ist

ein

komplexer

homöostatischer

Teil

des

Nervensystems von Säugetieren und umfasst zwei G-Protein gekoppelte CannabinoidRezeptortypen (CB1 und CB2) mit ihren dazugehörigen Liganden. Seit der Entdeckung von
CB1 im Jahre 1990 konzentrierte sich die Cannabinoid-Forschung nahezu ausschliesslich auf
diesen Rezeptorsubtypen. Ein Hauptgrund dafür lag in den psychoaktiven Eigenschaften, die
mit diesem Rezeptortypen assoziiert werden. Erst in den letzten Jahren gewann CB2 mehr
Aufmerksamkeit. CB2 ist involviert in der Steuerung des Immunsystems und gilt daher als
potenzielles Target für eine Pharmakotherapie in verschiedenen Erkrankungen, unter anderem
auch in schwierig therapierbaren neurodegenerativen Leiden wie Parkinson, Alzheimer,
multiple Sklerose (MS), amyotrophe Lateralsklerose (ALS), Schizophrenie oder HIVinduzierter Enzephalitis. Ein spezifischer und selektiver CB2 Radioligand für nicht-invasive
in vivo Positron-Emissions-Tomographie (PET) würde dazu beitragen, die Pathophysiologie
solcher Erkrankungen auf molekularer Ebene besser zu verstehen und die Überwachung des
Krankheitsablaufs und Therapieerfolges zu ermöglichen.
Kapitel eins dieser Dissertation bietet einen Überblick über das endogene CannabinoidSystem, wohl eines der faszinierendsten Kontrollsysteme in Säugetieren, und fasst aktuelle
Entwicklungen im Bereich der PET Bildgebung und der PET Radiochemie zusammen. Das
Kapitel schliesst mit einer Diskussion von wünschenswerten Eigenschaften eines CB2 PET
Radioliganden und den Versuchen anderer Forschungsgruppen, ein solches CB2 PET
Radiopharmakon zu entwickeln.
Kapitel zwei beschreibt zwei hochspezifische und selektive 2-Oxo- oder 4-OxoChinolinderivate, KP23 und KD2. Beide Liganden wurden in fünf Schritten synthetisiert,
basierend auf den Beschreibungen aus der Literatur in vergleichbaren chemischen Ausbeuten.
Durchgeführte in vitro kompetitive Bindungsstudien ergaben einen Ki-Wert zum humanen
CB2 (hCB2) von 1.7 nM für KD2 und 6.8 nM für KP23. Die Selektivität über hCB1 war für
beide Liganden > 1000. Die spezifische Bindung in der Milz, ein Organ mit physiologisch
hoher CB2 Expression, konnte in vitro wie auch in vivo mit den Kohlenstoff-11 markierten
Analoga, [11C]KD2 und [11C]KP23, gezeigt werden. [11C]KD2 zeigte zwar das
vielversprechendere Potential verglichen mit [11C]KP23, war aber wahrscheinlich auf Grund
der hohen Lipophilie (logD7.4 von 3.29) stark an Plasmaproteinen gebunden. Dies veranlasste
uns, neue weniger lipophile Derivate von KD2 zu entwickeln, um die Plasma Protein Bindung
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zu reduzieren und zugleich aber die exzellente Bindungsaffinitiät und Selektivität zu CB2 zu
bewahren. Die Resultate dieser Bemühungen werden in Kapitel drei präsentiert.
Alle neuen Derivate in Kapitel drei wurden in guten chemischen Ausbeuten von 23 - 48% in
fünf bis sechs Schritten synthetisiert. Die gemessenen Ki-Werte an hCB2 lagen zwischen
0.7 nM und 750 nM. Hier wurde RS-016 (Abbildung 0-1) als das erfolgversprechendste
Derivat für eine Radiomarkierung ausgewählt, das es mit einem Ki-Wert von 0.7 nM, einem
clogP-Wert von 3.02 und einer hohen Selektivität über CB1 von > 10,000 herausragende
Eigenschaften besass. Eine verlässliche Radiosynthese mit hohen Ausbeuten wurde
entwickelt und etabliert. Zur Kohlenstoff-11 Markierung wurde eine desmethyl-Vorstufe von
RS-016 benutzt und mit [11C]Methyliodid reagiert. Dies ergab den erwünschten
Radioliganden [11C]RS-016 in 15 - 33% zerfallskorrigierten radiochemischen Ausbeuten und
einer spezifischen Radioaktivität von 545 ± 154 GBq/µmol. Die Lipophilie wurde mit der
Schüttelmethode experimentell bestimmt und ein logD7.4-Wert von 2.78 ermittelt. In
autoradiographischen Studien mit Milzschnitten zeigte [11C]RS-016, verglichen mit
[11C]KD2, eine geringere unspezifische Bindung. Eine hohe Akkumulation in der Milz konnte
auch in PET Studien in Ratten gezeigt werden, wobei etwa 78% dieser Akkumulation der
spezifischen Bindung an CB2 angerechnet werden konnte. Auch in einer Pilotstudie mit
humanen post mortem ALS Rückenmarkproben konnte eine spezifische CB2 Bindung
nachgewiesen werden. Dies unterstreicht das Potential von CB2 als PET Target für die
Bildgebung in ALS Patienten. Auf Grund des geringfügigen Expressionslevels von CB2 im
gesunden Hirn ist es besonders schwierig, eine spezifische CB2 Bindung eines Radioliganden
im Hirn nachzuweisen. Folglich wurde ein Mausmodell für Hirnentzündungen ausgewählt,
worin erhöhte CB2 Expression mittels Lipopolysacchariden (LPS) induziert wird. Verglichen
mit den Vehikel-behandelten Mäusen konnte mit diesem Tiermodell eine erhöhte
Akkumulation von [11C]RS-016 in den Hirnen von LPS-behandelten Mäusen gezeigt werden.
Da sich das Radionuklid Fluor-18 gegenüber Kohlenstoff-11 durch eine längere Halbwertszeit
von etwa 110 Minuten auszeichnet und geeignete Zerfallscharakteristika aufweist, sollten
fluorierte Derivate von RS-016 entwickelt werden. Kapitel vier dieser Dissertation beschreibt
die Synthesen von drei neuen fluorierten Liganden, welche alle in chemischen Ausbeuten von
6 - 30% hergestellt werden konnten. In vitro Bindungsstudien haben RS-126 als den
potentesten fluorierten Liganden identifiziert, dessen Ki-Werte an hCB2 zu 1.2 nM bestimmt
wurde und sich durch eine hohe Selektivität über CB1 von > 8,000 auszeichnete. Ausgehend
von einem bromierten Markierungsvorläufer wurde eine Ein-Schritt-Radiosynthese,
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([18F]TBAF, 10 min, DMF, 110 °C) etabliert. Das gewünschte Produkt [18F]RS-126 wurde in
einer radiochemischen Reinheit von ≥ 99% und einer spezifischen Aktivität von
98 ± 44 GBq/µmol in hinreichend hohen radiochemischen Ausbeute von etwa 6%
(zerfallskorrigiert) erhalten. Der logD7.4-Wert wurde zu 1.99 bestimmt. Ferner zeigten
autoradiographische Studien mit Milzschnitten von Ratten eine geringe unspezifische
Bindung. Plasmastabilitätsstudien mit humanem Blutplasma oder Rattenplasma zeigten über
eine Inkubationszeit von zwei Stunden bei 37 °C keine Abbauprodukte von [18F]RS-126. In
vivo PET Experimente zeigten keine defluorierung in Ratten innerhalb von 60 min nach
Injektion. Wiederum konnten 79% der Akkumulation in der Milz der spezifischen Bindung an
CB2 zugeschrieben werden.

Abbildung 0-1. Zwei neue Oxo-Chinolin CB2 PET Radioliganden, die im Rahmen dieser Dissertation
entwickelt wurden. SI = Selektivitätsindex.

Des Weiteren untersuchten wir im Rahmen einer Kollaboration mit der Firma Hoffmann-La
Roche (Basel) 2,5,6-substituierte Pyridine auf ihr Potential als CB2 PET Liganden. In Kapitel
fünf dieser Dissertation werden insgesamt 21 neu entworfene und synthetisierte Derivate
beschrieben. Zu diesem Zwecke wurden drei Carbonsäurederivate als Schlüsselbausteine in
vier bis sechs Schritten in chemischen Ausbeuten von 11 - 19% hergestellt. Diese
Zwischenprodukte wurden mit ausgewählten primären Aminen in 18 – 85% Ausbeute zu
Carbonsäureamiden als Endprodukte umgesetzt, welche alle mittels NMR und MS
charakterisiert wurden. Die pharmakologische Evaluierung beinhaltete die Bestimmung der
EC50-Werte an hCB1 und hCB2, der Ki-Werte an hCB2 und Maus-CB2, wie auch die
Bestimmung der logD-Werte. Die erhaltenen Ki-Werte lagen alle im Bereich zwischen
1.8 nM und 10 µM, wobei die logD-Werte im Bereich von 1.7 - 3.8 lagen. Der
vielversprechendste Ligand RSR-056 (Abbildung 0-2) besass einen Ki-Wert von 1.8 nM zum
Maus-CB2 und 2.5 nM zum hCB2, und eine über 1000-fache Selektivität über hCB1. Eine
Ein-Schritt-Radiosynthese für [11C]RSR-056 wurde erfolgreich etabliert. Ausgehend vom
Natriumsalz der Hydroxyvorstufe und [11C]MeI wurde das gewünschte Produkt in einer
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radiochemischen Ausbeute von max. 29% (zerfallskorrigiert) mit hoher spezifischen Aktivität
von 194 ± 139 GBq/µmol und ≥ 99% radiochemischer Reinheit erhalten. Der logD7.4-Wert
von [11C]RSR-056 lag bei 1.94. Hohe in vitro spezifische Bindung an Milzschnitten wurden
in autoradiographischen Experimenten gezeigt, was mit in vivo PET Studien und
Bioverteilungsexperimenten bestätigt werden konnte. Die spezifische Bindung von
[11C]RSR 056 in vivo an CB2 war 79% und entspricht den Werten von [11C]RS-016 oder
[18F]RS-126. [11C]RSR-056 wurde in vivo in Ratten schnell metabolisiert und nur 21% des
intakten Radioliganden wurden nach 20 min im Blutplasma gefunden. Eine erhöhte
Akkumulation von [11C]RSR-056 konnte in den Hirnen von LPS-behandelten gegenüber
Vehikel-behandelten Mäusen gezeigt werden. Diese Aufnahme konnte mit dem spezifischen
CB2 Blocker GW405833 reduziert werden.

Abbildung 0-2. Neu entwickeltes dreifach substituiertes Pyridin Derivat als CB2 PET Radioligand.

Als Endergebnis dieser Dissertation wurden drei neue, vielversprechende CB2 Radioliganden,
[11C]RS-016, [18F]RS-126 und [11C]RSR-056, als potentielle CB2 PET Radiopharmaka
entwickelt. Die Eignung zur Bildgebung von neurodegenerativen Erkrankungen sollte aber
noch in weiteren Tiermodellen studiert werden.
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ENDOCANNABINOID SYSTEM

The endocannabinoid system (ES) is a rather complex signaling system mainly involved in
stress-recovery. It has pro-homeostatic effects on cannabinoid receptor activation, exerting a
general protective function. Overall silent, endocannabinoids are synthesized on-demand,
which is together with cellular transport and fast degradation a tightly regulated process. This
system has been discovered in the early 90s through investigations on potential targets for
cannabidiol (CBD) and Δ9-tetrahydrocannabinol (THC), the two pharmacologically most
active ingredients of the hemp plant Cannabis sativa L. Matsuda et al. first identified a
cannabinoid receptor in 1990, known as the cannabinoid receptor type 1 (CB1) [1]. Three
years later, a second receptor, known as the cannabinoid receptor type 2 (CB2) was identified
by Munro et al. [2]. Both CB1 and CB2 belong to the class A (rhodopsin family) G proteincoupled receptor family (GPCR). Although CB1 is spread throughout the body, its highest
expression levels are in brain regions such as basal ganglia, hippocampus, cerebellum and
neocortex. CB2 is mainly expressed on cells related to the immune system. In 2005, Van
Sickle et al. first identified CB2 also to be present in brain tissue, albeit in very low
concentrations [3]. The original idea, that CB1 played only a role in the brain and CB2 only in
the immune system, has now evolved into a more complex concept. Both cannabinoid
receptor types presumably control both central and peripheral functions, including neuronal
development, transmission and inflammation, cardiovascular, respiratory and reproductive
functions, hormone release and action, bone formation and energy metabolism, as well as
cellular functions, such as cell architecture, proliferation, motility, adhesion and apoptosis [4].
Accordingly, expression levels of receptors as well as tissue concentrations of
endocannabinoids vary significantly following physiological and pathological stimuli [5-7].
This makes the endocannabinoid system perhaps one of the most intriguing control systems in
mammals and a key player in several physiological and pathological mechanisms, in both
central and peripheral tissues.
1.1.1

Natural Cannabinoid Ligands

As mentioned above, cannabinoid receptors first have been postulated through experiments
using extracts from Cannabis sativa L., in particular with isolated compounds
tetrahydrocannabinol (THC), cannabinol or cannabidiol (CBD) (Figure 1-1). THC is the
major active compound in cannabis, however, the plant contains > 70 known active
derivatives or metabolites of THC, which are summarized as “cannabinoids” and are uniquely
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found in this plant [8]. These structures are typically C21 terpenophenols and are non-selective
cannabinoid receptor ligands, having similar binding affinity to both main receptor subtypes
CB1 and CB2.

Figure 1-1. Selected examples from > 70 known phytocannabinoids uniquely found in C. sativa L.

The Cannabis plant is not the only species producing phytocannabinoids. Some quite wide
spread structures occurring in a variety of plants show moderate to low affinity to the
cannabinoid receptors. (E)-β-Caryophyllene, found in large amounts in the essential oils of
many different spice and food plants, selectively binds to CB2 with a Ki value of 155 nM [9].
Furthermore, several N-alkylamides present mainly in Asteraceae species (e.g. Echinaceae)
but also in some other families have the potential to modulate the ES through CB1 or CB2
[10-12].
In

1992,

Devane

et

al.

first

found

an

endogenous

cannabinoid

ligand,

arachidonylethanolamide, which was later designated as anandamide [13]. Anandamide from old Sanskrit word for “internal bliss” - and other arachidonic acid derivatives are more
potent on CB1 than on CB2 and are therefore CB1 selective endogenous compounds (Figure
1-2). In contrast to other neurotransmitters or neuropeptides, endocannabinoids are not
synthesized in advance and stored in vesicles, but produced “on-demand” by various enzymes
from lipid precursors (for review of biosynthetic pathways see [14]). In fact, all
endocannabinoids are signaling lipids consisting of amides and esters of long-chain
polyunsaturated fatty acids.
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Figure 1-2. Selective CB1 endogenous ligands.

Only two endogenous compounds have good binding affinity towards CB2, being nonselective CB1/CB2 ligands, 2-arachidonoyl glycerol (2-AG) and oleamide (Figure 1-3). There
is no CB2 selective endogenous ligand known to date.

Figure 1-3. Non-selective CB1/CB2 endogenous ligands.

1.1.2

Synthetic Cannabinoid Ligands

Today, a diverse set of synthetic structures exist as selective or non-selective agonists,
antagonists or inverse agonists towards CB1 and CB2. A few examples are listed in Figure
1-4. The list of CB2 specific chemical classes is long and consists of e.g. pyrazoles,
pyrrolidines, thiazoles and isothiazoles, imidazoles, pyridines and pyrazines, pyridazines,
morpholines,

diazepane

derivatives,

imidazopyridines,

indoles

and

azaindoles,

aminoquinazolines, THC derivatives, sulfones and sulfonamides, quinolines and other
miscellaneous scaffolds [15].
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Figure 1-4. Representative CB2-selective partial or full agonists (GW405833 [16], JWH133 [17]) and
inverse agonists / antagonists (SR144528 [18], JTE-907 [19], AM630 [20]) and nonselective CB1/CB2 full
agonist WIN552122 [21].

1.1.3

Modulation of CB2 in Disease

As the endocannabinoid system controls both central and peripheral functions, it is a key
player in several physiological and pathological mechanisms. Up-regulation of CB2 protein
or, as more commonly reported, mRNA expression levels has therefore be found in a wide set
of pathological conditions, such as multiple sclerosis (MS) and amyotrophic lateral sclerosis
(ALS) [22], Alzheimer’s disease [23], HIV-induced encephalitis [24], atherosclerosis [25],
Down’s

syndrome

[26],

brain

hypoxia/ischemia

[27],

experimental

autoimmune

encephalomyelitis [28], lipopolysaccharide (LPS)-induced inflammation [29], gingivitis and
periodontitis [30], osteoarthritis and rheumatoid arthritis [31], endometrial inflammation [32],
neuroma [33], spinal nerve ligation [34], liver cirrhosis [35], hepatic ischemia/reperfusion
[36], colorectal cancer [37], hepatic carcinoma [38], glioblastoma and astrocytoma’s [39] or
neuropathic pain [40].
Consequently, CB2 is suggested as a very attractive target for therapeutic approaches and
diagnostic techniques. Modulation of this receptor should potentially influence the immune
system in a beneficial way and no psychoactive side effects are expected. However, one
should be cautious to jump to conclusions based on single reports on elevated CB2 receptor
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expression levels as such results often are founded on either induced mRNA levels, which do
not necessarily correlate with higher CB2 protein levels, or on immunohistochemistry
findings using non-specific antibodies or insufficient use of negative controls [41]. These are
important limitations for the cannabinoid research community and partly explain
contradictory reports on receptor expression levels. Disease conditions, where CB2 is
hypothesized to play an important role and could serve as modulating target, were
conclusively summarized by Pacher and Mechoulam in 2011 [42].
Several selective CB2 ligands have been investigated with high efforts for the use in pain
management and shown to be effective in preclinical models of pain as reviewed by Anand et
al. [43]. The specific CB2 inverse agonist compound Sch.414319 was extensively studied in
diverse disease models and found to be a potent immune modulator with beneficial effects on
bone damage in antigen-induced mono-articular arthritis in rats, and is uniquely potent at
blocking experimental autoimmune encephalomyelitis [44]. On the other hand, CB2 selective
agonists are demonstrated to slow down neurodegeneration in rat models of Huntington’s
disease [45]. Further beneficial effects for CB2 agonists could be shown in rodent models of
myocardial infarction and other cardiovascular diseases, including atherosclerosis [46]. Here,
CB2 signaling leads to activation of cardio protective mechanisms and limits inflammatory
cell infiltration. For many other diseases, where CB2 could serve as drug target, it is not yet
clear, if and when a CB2 agonist or rather an antagonist would be beneficial [5]. CB2 agonists
may limit inflammatory injuries, but may enhance tissue damage in pathogen-induced
inflammation or accelerate cancer growth in certain types of tumors due to
immunosuppressive effects [42, 47].
1.1.4

Available Structural Information on CB2

Although a few crystallographic structures of GPCRs have been reported, it is still
challenging to obtain high resolution X-ray crystal structures from functional transmembrane
proteins, such as for CB2. Up to date, no crystal structure of CB2 exists. Structural and
functional information on CB2 could be collected e.g. by solid-state NMR spectroscopy by
Kimura et al. [48]. The model of CB2 was based on the available crystal structure of class A
GPCR rhodopsin. The homology based model is a widely used approach for comparative CB2
models based on structural information from other GPCRs combined together [49]. Even
though much effort was directed into CB2 receptor binding modeling in recent years,
computational modeling of binding and rational design of specific CB2 compounds is very
challenging. A powerful option is the pharmacophore modeling technique, based on the
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knowledge of already described classes of CB2 specific compounds, which further enables
three-dimensional structure–selectivity relationships (3D-QSSR) approaches as e.g. from
Brogi et al. [50].
In 2009, Liu et al. discovered the existence of two CB2 isoforms, CB2A and CB2B [51]. In
human testis and brain, only CB2A is found, whereas in spleen isoform CB2B is expressed.
The human CB2A and CB2B isoforms contain different 5′untranslated region (5′UTR) but
their protein coding sequences are the same. In contrast to humans, these two isoforms in
mice and rats were found in these tissues without expression level differences [51]. But the
promoter-specific CB2 isoform distribution may in part explain why CB2 was previously
undetectable in both human and rodent brains.
1.1.5

Other Cannabinoid Receptors

Endocannabinoids can also interact with other GPCRs and ion channels, making the system
even more complex. These receptor-independent actions are very diverse and include
interactions with voltage-gated ion channels including Ca2+ channels, Na+ channels, various
types of K+ channels, and ligand-gated ion channels such as serotonin type 3, nicotinic
acetylcholine, and glycine receptors [52]. In addition, direct modulating effects from
endocannabinoids are reported with other GCPRs and ion transporting membrane proteins.
Examples for GPCRs modulated through endocannabinoids are GPR55 [53], GPR119 [53] or
GPR18 [54]. The best known receptor-independent interactions of endocannabinoids is the
activation of vanilloid receptor type 1 (TRPV1) by anandamide [55]. For instance,
N-arachidonoyl-dopamine (Figure 1-2) can act as an agonist on dorsal root ganglion and
hippocampal TRPV receptors resulting in the release of substance P [56], an important
element in pain perception. Certainly, the endocannabinoid system gained yet further
complexity through demonstrations from Lopez-Moreno et al. in 2008 of endocannabinoid
interactions with GABAergic/glutamatergic, biogenic amine and opioid neurotransmission
[57].
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POSITRON EMISSION TOMOGRAPHY
Principle of Positron Emission Tomography

The density projection in the X-ray or computed tomography (CT) technique and proton
visualization in the magnetic resonance imaging (MRI) are widely used imaging modalities in
the clinics and can provide detailed anatomical information. However, these modalities are
not suitable for signal quantification or to determine molecular information. Positron emission
tomography (PET) is a non-invasive technique, which supplies functional information in a
quantitative way and produces a three-dimensional image of the distribution of radiotracers in
vivo. PET can be used to image receptor distribution, concentration and functions under
normal or pathological conditions. From all imaging modalities, PET has the highest
molecular sensitivity, and probe concentrations as low as 10-11 - 10-12 mol/L can be detected
[58]. Thus, only non-pharmacological nanogram levels of a molecular probe have to be
injected for imaging. Today, CT and PET are routinely combined to link the superior
anatomical information of the CT with the excellent molecular information from PET. As a
more recent combination, simultaneous PET/MRI, which has the capacity to detect two
different imaging probes at the same time, has been introduced [59]. The installation of a PET
detector insert into a MRI scanner is very challenging due to space constraints and mutual
interferences of the strong magnetic field and the PET electronics [60]. However, the first
integrated clinical PET/MRI has been installed in 2008 at the University of Tuebingen,
Germany [61].
PET imaging is based on well characterized radiotracers bearing a proton rich, positron
emitting isotope. Such a radiolabeled compound is injected into a living organism such as
rodents, monkeys or humans, where the tracer finds its target and the radioactive isotope
decays according to its specific half-life. Upon decay, it emits a positively charged particle,
the positron (β+), and a neutrino (νe). The positron annihilates with its counter particle, the
electron (e-), converting the mass of the positron and electron into electromagnetic energy in
the form of two photons with energies of 511 keV each, which linearly travel in opposite
directions (180° apart) through the tissue (Figure 1-5A). Depending on the energy level of the
emitted positron (Eβ+), it travels a short distance through the tissue, known as the positron
range, before it reaches a lower energy level where annihilation can occur. This contributes to
the physical limitation of spatial resolution in PET, since the location of the annihilation is
detected and not the location of the positron emission.
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Figure 1-5. (A): a positron is emitted from a proton rich isotope and annihilates with an electron to produce
two 511 keV photons travelling in opposite directions. (B): photons are recorded in a PET camera
consisting of circular arranged scintillation detectors. Adapted from [62].

The two photons are simultaneously detected with a PET camera via photon sensitive
scintillation crystals as depicted in Figure 1-5B. Such crystals consist most commonly of
sodium iodide doped with thallium NaI(TI) or bismuth germanium oxide BGO. Signals are
read out by a photomultiplier and a signal is recorded whenever two photons hit detectors in a
small time window (usually 6 - 12 ns) in opposite directions to create a coincidence. Such
signal coincidences have a count rate of over 500,000 per second, which requires large
computing power for data acquisition and image reconstruction. Spatial resolution of the PET
depends on several physical and technical factors. Besides the positron range characteristic for
each isotope, detector number and size, accidental coincidences or Compton scattering can
hamper the quality of the attained image [63].
Some of the most widely used radioisotopes for PET are listed in Table 1-1. Carbon, nitrogen
and oxygen are elements which naturally occur in many compounds of biological interest.
Their radioisotopes

11

C,

13

N and

15

O can therefore be incorporated into a wide variety of

useful radiopharmaceuticals without changing chemical or biochemical properties of the
parent biomolecule [64]. In spite of the limited natural occurrence of fluorine, it is often
incorporated in medicinal and biological active substances. Due to its favorable physical
properties, its corresponding radioisotope
PET imaging.

18

F is considered the most favorable isotope for
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Table 1-1. Commonly used positron emitting radionuclides [65].
Isotope

t1/2

Mode of decay

18

F

110 min

β (97%), EC (3%)

11

C

20.3 min

β (99%)

13

N

10 min

β (100%)

15

O

2 min

76

Br

18

0.97

11

+

1.20

13

β (100%)

+

1.74

15

16.2 h

β (57%), EC (43%)

+

4.0

76

I

4.18 d

β (25%), EC (75%)

+

2.14

124

Ga

68 min

β (89%), EC (11%)

+

1.90

68

12.7 h

β (19%), EC (41%), β (40%)

0.66

64

68

64

Cu

+

Decay Product

0.64

124

1.2.2

Max. Eβ+ (MeV)

+

+

-

O
B

C
N

Se
Te

Zn
Ni

Radiochemistry

The chemical properties of a radioisotope are indistinguishable from its corresponding stable
isotope. In consequence, a radiolabeled pharmaceutical compound is chemically and
biologically not different than its non-radioactive counterpart. However, radiosynthetic
chemistry has some unique characteristics if compared to conventional organic synthesis. The
greatest challenge is the low stoichiometric equivalents of the radionuclide. Whereas ≥ 1
equivalents of fluoride can be used in cold chemistry, amounts of precursor for radiolabeling
always is in great excess due to only picomole levels of available radioactive fluoride.
Further, the success of a radiosynthetic procedure is not only measured by yield, purity and
time consumption but also in terms of specific activity of the product. That is the ratio of
radioactivity per amount of product, expressing the ratio of incorporated radioisotope to the
non-radioactive isotope (true specific activity) and is given usually in the units of activity per
substance amount GBq/µmol. In practice what actually is measured in the laboratory is a ratio
known as the apparent specific activity, where the measured mass can include contributions of
chemically different but inseparable species [66].
CARBON-11 RADIOLABELING

Carbon-11 radioisotope is produced in a cyclotron by proton bombardment of a nitrogen gas
target in a

14

N(p, α)11C nuclear reaction. By fortifying the target gas with traces (~ 0.5%) of

either oxygen or hydrogen gas, the cyclotron delivers either [11C]CO2 or [11C]CH4 as primary
precursors, which can directly be used, or - more commonly - further be reacted to secondary

1.2 Positron Emission Tomography

11

precursors. Exploited primary or secondary precursors in use have been extensively reviewed
by Allard et al. [67] and are summarized in Figure 1-6.

Figure 1-6. Modern carbon-11 chemistry, adapted from [67, 68].

The simplest and most widely used method for introducing carbon-11 isotope into a
pharmaceutical compound is via a methylation reaction of an appropriate precursor
compound, e.g. a phenol or an amine. For that, [11C]CH4 can be efficiently converted into
methyl iodide via a gas phase iodination reaction resulting in high specific radioactivity of
[11C]MeI [69]. If a more reactive methylation reagent is needed, [11C]MeI can further be
converted to [11C]CH3OTf using a silver triflate column at elevated temperatures [70]. Other
than methylation reactions, [11C]MeI can for instance be used to form a carbon-carbon bond
via a Suzuki coupling to a boronic acid derivative.
Examples for the direct use of primary precursor [11C]CO2 include DBU-mediated
incorporation into carbamates or radiosynthesis of carboxylic acids and subsequent formation
of esters and amides [71]. Moreover, [11C]CO2 can easily be reduced to [11C]CO for
palladium-/selenium-mediated carbonylation reactions. [11C]HCN, which is obtained by
conversion of [11C]CH4 with NH3 on platinum, is in particular useful for the synthesis of
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radiolabeled amino acids. Further secondary precursors such as [11C]COCl2 as acylation
reagent, [11C]formaldehyde, [11C]lithium methanolate or [11C]Grignard reagent can be
exploited [67].
FLUORINE-18 RADIOLABELING

Fluorine-18 can be generated over several pathways in two different chemical forms: as nocarrier added aqueous fluoride [18F-] or carrier added fluorine gas (18F-19F). Bergman and
Solin established in 1997 a protocol for the production of high specific activity carrier added
18

F-fluorine gas [72]. Still, the maximal achievable SA is only ~ 55 GB/µmol, which is

100-fold lower than the SA of non-carrier added aq.

18

F-fluoride (~5500 GB/µmol).

Therefore, fluorine-18 is more common produced as an aqueous solution by proton
bombardment of heavy oxygen-18 enriched H2O target in a
However, aq.

18

18

O(p, n)18F nuclear reaction.

F-ion is highly hydrated and a poor nucleophile. Therefore, water is usually

first removed through trapping the fluoride on an anion exchange cartridge and subsequent
elution using appropriate anions which do not compete with fluoride in the actual reaction.
Widely used as an elution mixture is potassium carbonate (K2CO3), which contains carbonate
as the exchange anion and potassium as a counterion to increase solubilization of the fluoride.
To further increase the nucleophilic character of the fluoride ion, a potassium complexing
agent such as the aminopolyether kryptofix is often added to the elution mixture. A good and
widely

exploited

alternative

is

the

use

of

tetraalkylammonium

salts

(e.g.

tetramethylammonium hydroxide), which do not need an additional complexing agent due to
their solubility in a wide variety of organic solvents. Residual water can be removed by
distillation, e.g. as an azeotropic mixture with acetonitrile. The resulting naked fluoride is a
powerful nucleophile in aprotic solvents and can be used in many reaction types as depicted in
Figure 1-7. Very remarkably, tertiary alcohols as protic solvents, which should reduce
reactivity of the fluoride through interactions with the partial positive charge, actually
enhances the nucleophilicity sometimes dramatically and reduces formation of typical
byproducts [73].
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Figure 1-7. Conventional fluorine-18 radiochemistry scheme.

In the recent past, several new approaches for fluorine-18 radiochemistry have been
developed, which significantly expand the synthetic accessibility and flexibility of
18

F-radiotracers. Radiolabeling of electron-rich substrates have been facilitated by the use of

18

F-labeled reagent Selectfluor [74], a widely used fluorinating agent in organofluorine

chemistry. Drawback of this reagent is the low achievable specific activity through the use of
[18F]F2 as precursor. Progress in electrophilic fluorination using non-carrier added aq.

18

F-

fluoride was provided by palladium(II) aryl complexes, which can be converted to [18F]PdIVF
complexes from [18F]F− [75]. A simplified method was reported by Tredwell et al. in 2014
with a commercially available copper complex Cu(OTf)2(py)4, which overcomes the difficult
synthetic accessibility of the organometallic Pd- or Ni-based precursors [76].
Nucleophilic aromatic substitution using no-carrier-added [18F]F- requires typically harsh
conditions and activating electron-withdrawing substituents. Therefore the use of
diaryliodonium salts of target precursors, which facilitates the synthesis of electron-rich
[18F]fluroarenes, gained broad interests in past years and has been recently review [77]. Based
on such iodonium ylides, spirocyclic hypervalent iodine(III) complexes have only just been
successfully employed for the radiofluorination of non-activated arenes without undesired
radioactive byproducts [78].
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The widely used trifluoromethyl moiety CF3 is of great importance in medicinal chemistry. It
can improve binding selectivity, lipophilicity and metabolic stability of pharmaceutical
compounds. Fluorine-18 radiolabeling of such compounds has significantly been improved in
applicability, yield and specific activity by the use of [18F]trifluoromethane reacting with aryl
iodides and aryl boronic acids as precursors [79]. The achievable tracer SA of ~ 30 GBq/µmol
is starting to get interesting for the field of PET imaging.
The radiosynthesis of peptides typically requires a prosthetic group as a bifunctional labeling
agent and usually a two or three step synthetic procedure [80]. Simplified radiofluorination
via boronic esters, silicon Si-[18F]F or aluminum-fluoride [18F]AlF have been established in
recent years [81-83]. A concept known as “click chemistry” has been introduced in 2001 [84].
As it provides regioselective reactions under mild physiological conditions, it ever since was
extensively used in bioorthogonal radiolabeling efforts, comprehensively reviewed in [85,
86].
1.2.3

Requirements for a CB2 Brain PET Tracer

The central nervous system is a unique body compartment which requires distinct attributes
for successful PET candidates. A key factor for the success of a brain tracer is its ability to
cross the blood-brain barrier, which hinders foreign molecules or proteins to enter the brain.
In addition, CB2 as a selected target requires further distinct properties. Therefore, several
important criteria have to be met for a successful CB2 brain radiotracer.
A small molecule can enter the brain through either active transport or passive diffusion.
Whereas active transport is a tightly restricted process for facile uptake of e.g. glucose and
amino acids, passive distribution can be maximized according to certain rule of thumbs. If the
molecular weight is < 500 g/mol, the polar surface area is < 90 Å2 and the lipophilicity
(logD7.4) is in a moderate range of 1 - 3, the passive diffusion into the brain is considered to
be optimal [87]. Uptake into the brain can be hampered by active drug efflux transporters of
the ATP-binding cassette gene family, such as P-gp and multi-drug resistance-associated
proteins (MRP). Consequently, a brain PET candidate must not be a substrate for such
proteins.
Furthermore, a PET tracer should display sufficient in vivo metabolic stability, as it is not
possible for the image analysis to distinguish between a signal from intact parent compound
and a signal from a radioactive metabolite. Radiometabolites in the peripheral blood pool or in
the liver do not obviate brain imaging, whereas radiometabolites from the brain, or
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radiometabolites able to cross the blood-brain barrier, can greatly diminish the quality of the
image.
The maximal specific binding that can be expected from a PET tracer is often expressed as its
binding potential (BP), which is described through the expression density of the target
receptor (Bmax) and the binding affinity (Kd) of the tracer.

𝐵𝐵𝐵𝐵 =

𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑑𝑑

Equation 1

Thus, for a low concentration of receptor - as is expected from CB2 in the brain - a PET tracer
needs a higher binding affinity to achieve an adequate level of binding potential for a good
image contrast. In our goals, we have defined a binding affinity of < 5 nM (expressed as the
Ki value) as sufficient. As a further consequence of the low target abundance, high specific
activity of the PET tracer will be crucial (not to saturate the receptor with cold ligand). CB1
on the other hand is one of the most abundant GPCR in the central nervous system, and
therefore, high selectivity over CB1 is necessary to avoid target interferences.
Reversible binding (allows for quantification and kinetic modeling), fast plasma clearance and
fast brain washout (reduce background noise) are important as well. In addition to such
pharmacokinetic or pharmacodynamic properties, a suitable candidate compound should be
amenable to radiolabeling with either carbon-11 or fluorine-18 radioisotope.

Chapter 1

1.3

16

CB2 RESEARCH TOOLS – FOCUS ON PET

To date, several tools are available for imaging CB2. A number of non-selective tritiated
radioligands with affinity for human CB1 and CB2 such as [3H]CP55940 or [3H]WIN55212
can be used for in vitro research. No selective CB2 tritiated ligand is commercially available
up to date. Gold standard for investigations of protein expression levels is the use of
antibodies, which is a key limiting factor in the CB2 research society. Although many
commercially available antibodies for CB2 exist, most lack specificity to CB2 [88, 89]. Due
to inadequate positive and negative controls in such experiments, controversial results are
reported in literature as reviewed by Atwood and Mackie 2010 [41]. More reliable results can
be obtained by real-time PCR, which specifically detects expression levels on CB2 mRNA,
which, however, does not necessarily reflect correlated protein levels. Further, a near-infrared
dye-labeled NIRmbc94 targeting selectively CB2 for optical imaging was reported in 2008
[90]. The major disadvantage of such fluorescent probes is the limited blood-brain barrier
penetration of large molecular weight dyes and the limited tissue penetration of light for in
vivo imaging.
For the non-invasive selective in vivo imaging of CB2, several CB2 PET radioligands have
been developed in different groups in the last couple of years with wide structural diversity as
illustrated in Figure 1-8. The quantitative imaging of this target requires PET radioligands
with high affinity and selectivity towards the low-abundance cerebral CB2. Evens et al.
reported the first radiolabeled CB2 compound [11C]Sch225336 (1) in 2008 [91].
Unfortunately, it showed low brain uptake in mice, partly due to P-gp efflux protein affinity,
limiting the potential usefulness of this tracer for brain PET imaging. The same authors
proposed 2-oxo quinolines as potential PET tracers. The radioligand [11C]NE40 (2), together
with its fluorine-18 labeled analog showed good to rather low binding affinity (Ki value of
9.6 nM and 35.8 nM for 11C- and for 18F-variant, respectively) [92]. Both tracers are rapidly
and extensively metabolized, which however does not seem to preclude specific receptor
binding in vivo as demonstrated in spleen tissue. [11C]NE40 was further evaluated in mice,
rats and a rhesus monkey [93]. A human safety study in healthy volunteers followed in 2013,
where expected uptake in lymphoid tissue and appropriate brain kinetics were observed [94].
No further results have been published to date. In 2010, Gao et al. reported with [11C]6b (3) a
structurally very similar carbon-11 labeled compound [95]. It exhibits good affinity to CB2
(Ki = 9.4 nM) with high selectivity over CB1 (Ki > 10 µM), but no further evaluation has been
published yet on this tracer. But Turkman et al. followed up on this type of compound and
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synthesized the fluorine-18 analog [18F]-14 (4), which exhibited a Ki value of 2.8 nM and
> 10 µM towards hCB2 and hCB1, respectively [96, 97]. However, poor solubility limited its
use in vitro and precludes in vivo experiments, as the product had to be dissolved in a 50%
DMSO solution, which is inapplicable for injection.
A thiazole derivative [11C]A-836339 (5) as novel type of structure was radiolabeled and
evaluated by Horti et al. in 2010. A-836339 exhibits high binding affinity of 0.7 nM to hCB2,
but rather low selectivity over CB1 of 425-fold for human and 190-fold for rats [98]. In this
work, the LPS mouse model of neuroinflammation was first used to determine CB2 specific
binding in vivo in brain tissue.
GW405833 exhibits a desirable logD7.4 of 2.5 and readily crosses the blood–brain barrier and
is probably the most used CB2 selective tool compound used for in vitro and in vivo studies in
research. It was radiolabeled by Vandeputte and co-workers in 2011 as [11C]GW405833 (6)
[99] and by Evens et al. as a fluorinated analog [18F]FE-GW405833 [100]. GW405833
exhibits an excellent Ki value of 3.9 nM and a ~ 1200-fold selectivity towards CB1 [101]. The
fluoroethyl derivative displays a lower affinity of 27 nM and slightly higher lipophilicity with
a logD7.4 of 2.8. Both derivatives show slow brain washout, rapid metabolism and brain
radiometabolites, which diminish their usefulness as CB2 PET brain tracers.
Structural optimization of an oxadiazole series by Rühl et al. 2012 and subsequent
radiolabeling of the most promising compound led to the discovery of the radiotracer
[18F]-6e (7) with a Ki value of 4.3 nM and > 10 µM for CB2 and CB1, respectively [102,
103]. A rather high logD value of 4.4 and brain-penetrating metabolites unfortunately hamper
its use as an imaging agent in the CNS.
Researchers at Sanofi R&D reported in 2014 the radiolabeling of a dideuterated (to avoid in
vivo defluorination) fluoromethoxy triazine derivative [18F]-d2-3 (8), which exhibits an IC50
value of 1.4 nM to hCB2 and 180 nM to CB1 [104]. Although a good brain penetration was
measured in mice, low selectivity over CB1, inconvenient 3-step radiofluorination procedure
and moderate radiochemical purity of only ~ 90% weakens this radiotracer for clinical use.
Most recently, Gao and co-workers reported a radiolabeled triaryl sulfonamide [11C]3c (9)
[105], which exhibits high binding affinity to CB2 (Ki = 0.5 nM) and selectivity over CB1
(Ki = 1297 nM) as described by Yang et al. [106]. Unfortunately, no further in vitro or in vivo
evaluations have been published to date.
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AIM OF THIS THESIS

CB2 plays an important - yet not fully understood - role in neuroinflammatory diseases and is
considered a very promising target for novel therapeutic strategies as well as for imaging in
ALS, MS, Parkinson’s or Alzheimer`s disease. ALS is a progressive neurodegenerative
disease affecting the motor neurons in corticospinal tract, brain stem and spinal cord [107],
which was first described by Jean-Martin Charcot in 1874 [108]. Despite great efforts in the
last years, the pathobiology remains unclear and no distinct therapy for this rapidly
progressing and devastating disease exists. It is believed that CB2-regulated microglial cells
are crucial in disease pathophysiology. CB2 counteracts neuronal damage, but it also has
detrimental effects. As disease progresses, the blood-brain barrier permeability is modulated
[109], and B-lymphocytes and natural killer cells intrude the brain. These cells again express
CB2, mediating gliosis, exaggerating microglial activity and neuronal death. It has been
demonstrated that CB2 selective agonist AM1241 could have a beneficial effect on disease
progression in ALS [110, 111].
Non-invasive PET imaging of CB2 expression in the CNS can be used to determine the level
of CB2 expression not only in ALS patients but also in other neurodegenerative and
neuroinflammatory diseases such as Huntington`s disease and multiple sclerosis, where CB2
receptors are hypothesized to be up-regulated. PET is currently the most sensitive clinical
imaging tool and the field of CB2 imaging using PET remains largely unexplored. None of
the PET radiopharmaceuticals reported to date has shown a proven utility in the clinic. Only a
single human safety study was conducted in healthy volunteers in 2013 with the radiotracer
[11C]NE40, which was developed at the K.U. Leuven in Belgium, however, no further study
with this tracer has been reported.
The primary aim of this thesis was to develop a CB2-selective PET radiopharmaceutical for
imaging CB2 expression levels using PET as an imaging modality. Such an imaging agent
should fulfill several important criteria including:
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•

high affinity to CB2

•

high selectivity over CB1

•

amenability to labeling with carbon-11 or fluorine-18

•

optimal lipophilicity for passage through the blood-brain barrier

•

in vivo metabolic stability

•

low non-specific binding

•

no affinity for efflux proteins

It should be mentioned that these criteria do not necessarily guarantee a successful PET tracer
as most of the in vivo properties cannot be accurately predicted.
Specific objectives of the thesis were:

I.

Design and syntheses of appropriate compounds, in vitro affinity determination
and carbon-11 and/or fluorine-18 labeling of appropriate precursors of the
most promising compounds

II.

In vitro autoradiography to determine in vitro specificity and selectivity of the
radiolabeled compounds using rodent spleen (positive control)

III.

Full in vivo (PET imaging and biodistribution) characterization of most
promising candidate radioligands in healthy and an animal model of
neuroinflammation

IV.

In vitro autoradiography with post-mortem human spinal cord tissues to
confirm specific binding to CB2 in the spinal cord of ALS patients

The accomplishment of the primary goal of this thesis will substantially contribute to our
understanding of the implication of CB2 and the endocannabinoid system in ALS
pathogenesis and other neuroinflammatory CNS diseases such as Huntington`s disease and
multiple sclerosis.
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DEVELOPMENT

AND

EVALUATION

OF

NOVEL

PET

TRACERS FOR IMAGING CANNABINOID RECEPTOR TYPE
2 IN BRAIN
This chapter is adapted from the original manuscript published within a special laureates issue
in CHIMIA.

Roger Slavik1, Daniel Bieri1, Stjepko Čermak1, Adrienne Müller1, Stefanie D. Krämer1,
Markus Weber2, Roger Schibli1, Simon M. Ametamey1, Linjing Mu1,3

1

Center for Radiopharmaceutical Sciences ETH, PSI and USZ, Department of Chemistry and

Applied Biosciences of ETH Zurich, Vladimir-Prelog-Weg 4, CH-8093 Zurich, Switzerland
2

Muskelzentrum/ALS clinic, Kantonsspital St. Gallen, CH-9007 St. Gallen

3

Department of Nuclear Medicine, University Hospital Zurich, CH-8091 Zurich

Author contributions:
R. Slavik analyzed chemical compounds, prepared the tissue sections, carried out the
autoradiographic studies, evaluated data and wrote the manuscript. D. Bieri carried out cell
assay and protein binding study. S. Čermak was involved in planning in vitro experiments and
data evaluation. A. Müller planned and conducted in vivo experiments. S. D. Krämer, M.
Weber, R. Schibli and S. M. Ametamey supervised the experiments and helped with
manuscript preparation. L. Mu planned and discussed experiments and developed and
supervised the radiosyntheses.

Chapter 2

2.1

22

ABSTRACT

The cannabinoid receptor type 2 (CB2) has a very low expression level in brain tissue under
basal conditions, but it is up regulated in diverse pathological conditions. Two promising lead
structures from the literature, N-((3s,5s,7s)-adamantan-1-yl)-8-methoxy-4-oxo-1-pentyl-1,4dihydroquinoline-3-carboxamide and 8-butoxy-N-(2-fluoro-2-phenylethyl)-7-methoxy-2-oxo1,2-dihydroquinoline-3-carboxamide - designated KD2 and KP23, respectively - were
evaluated as potential PET ligands for imaging CB2. Both KD2 and KP23 were synthesized
and labeled with carbon-11. In vitro autoradiographic studies on rodent spleen tissues showed
that [11C]KD2 exhibits superior properties. A pilot study using [11C]KD2 on human post
mortem ALS spinal cord slices indicated high CB2 expression level, a very exciting finding if
considering the future diagnostic application of CB2 ligands and their utility in therapy
monitoring. In vivo blocking studies in rats with [11C]KD2 showed also high specific uptake
in spleen tissue. Although the protein bound fraction is relatively high, KD2 or KD2
derivatives could be very useful tools for the non-invasive investigation of CB2 levels under
various neuroinflammatory conditions.
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INTRODUCTION

Cannabinoid receptor types 1 (CB1) and 2 (CB2) were discovered about 30 year ago as
G protein-coupled receptors containing seven transmembrane spanning domains. CB1 is
expressed throughout the body, but mainly in brain regions (cerebellum, basal ganglia,
hippocampus, and neocortex). CB2 is predominantly expressed on cells related to the immune
system (spleen, lymphocytes) and also on keratinocytes. The presence of CB2 in the central
nervous system has been controversially discussed in literature since 1996 [112]. Today, CB2
is generally accepted to be present in brain tissues, although in very low concentrations.
However, under neuroinflammatory conditions, a CB2 level increase is observed. For instance
in the brain of Alzheimer patients, where activated microglia cluster at β-amyloid plaques
[113-116]. CB2 increase is also reported for rat chronic lesion model of Huntington’s disease,
especially in the striatum [117]. Furthermore, both hypoxia-ischemia and middle cerebral
artery occlusion induced the expression of CB2 in proliferating microglia in rat brain [118].
Increased CB2 levels were also reported in post mortem spinal cord of human patients of
amyotrophic lateral sclerosis (ALS) and corresponding mouse models and multiple sclerosis
[111, 115].
A large number of structurally diverse CB2 ligands have been synthesized and characterized
in the past decade [119]. Among all these classes of CB2 ligands, 2-oxoquinoline and
4-quinolone-3-carboxamide derivatives appear to be the most efficient inverse agonists, with
high binding affinity and selectivity towards CB2. Currently, there are no PET (positron
emission tomography) ligands for imaging CB2 expression in humans. A suitable PET
radioligand for imaging CB2 would be an invaluable research tool to explore the role of CB2
receptor expression in peripheral and/or central inflammatory disorders.
Herein, we report the in vitro / in vivo evaluation of two oxo-quinoline derivatives, designated
[11C]KD2 and [11C]KP23, as potential radiotracers for imaging CB2 receptor by PET.
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SYNTHESIS AND RADIOLABELING
Synthesis of KD2

The synthesis of the reference compound, KD2, followed synthetic pathways already
described elsewhere [120]. In brief, the quinoline structure 2 was prepared via the Gould–
Jacobs reaction as outlined in Scheme 2-1 by reacting anisidine with diethyl
2-(ethoxymethylene)malonate and subsequent benzannulation at high temperature. Nalkylation with 1-bromopentane followed by hydrolysis of the ethyl ester gave the free
quinoline acid 4, which was coupled to aminoadamantane using HBTU as the coupling
reagent to yield KD2. Phenolic precursor compound 5 for radiolabeling was synthesized from
the reference compound by demethylation using boron tribromide.

Scheme 2-1. Synthesis of KD2: (i) 110 °C, 1 h, 88%; (ii) diphenylether, 259 °C, 1 h, 70%; (iii) K2CO3,
DMF, 90 °C, 4 h, 95%; (iv) 10% NaOH, reflux, 3.5 h, 94 %; (v) DIPEA, HBTU, DMF, rt, 4 h, quant.; (vi)
BBr3, CH2Cl2, rt, 18 h, 87%.
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2.3.2 Synthesis of KP23
The synthesis of the non-radioactive reference compound, KP23, was accomplished based on
the modified procedure described by Turkman et al. [97] as outlined in Scheme 2-2. Briefly,
compound 7 was obtained by aromatic nitration of 3-hydroxy-4-methoxybenzaldehyde (6)
with nitric acid. O-alkylation with 1-bromobutane afforded intermediate 8. Reduction using
iron powder followed by reaction in situ with dimethyl malonate yielded compound 9.
Hydrolysis under basic conditions to the free acid 10 and amide bond formation using
2-fluoro-2-phenylethanamine free base led to the final reference compound KP23. The
phenolic precursor 11 for radiolabeling was directly synthesized from KP23 by demethylation
using lithium chloride.

Scheme 2-2. Synthesis of KP23: (i) HNO3, EtOAc, 2 °C, 2 h, 30%; (ii) K2CO3, DMF, 80 °C, 16 h, 89%,
(iii) (a) piperidine, AcOH, Toluol, reflux, 4 h, (b) AcOH, Fe, 100 °C, 2 h, 34%; (iv) 2 M KOH, EtOH, rt,
6 h, 96%; (v) DIPEA, HBTU, DMF, rt, 8 h, 46%; (vi) LiCl, DMF, reflux, 4 h, 72%.
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2.3.3 Radiolabeling Procedure
The phenolic precursor 5 or 11, was reacted with [11C]methyl iodide to afford [11C]KD2 or
[11C]KP23, respectively (Scheme 2-3). Both tracers were obtained in 99% radiochemical
purity after semi-HPLC purification in yields of 2 - 5 GBq. The total radiolabeling time was
around 40 min after [11C]CO2 delivery from the cyclotron. Specific activity was high and
ranged from 80 to 350 GBq/µmol at the end of synthesis.

Scheme 2-3. Radiosynthetic scheme towards [11C]KD2 and [11C]KP23.
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IN VITRO / IN VIVO EVALUATION

2.4.1 Autoradiography experiments
To confirm specificity of binding of the radiotracers, rat and mouse spleens known to have a
high physiological expression of CB2 were investigated in autoradiography experiments
(Figure 2-1). Specific binding of [11C]KD2 and [11C]KP23 was determined in blocking
experiments (B1, B2) using CB2 specific agonist GW405833 in 5,000-fold excess.

Figure 2-1. (A) 0.6 nM [11C]KD2 or [11C]KP23 on rat (A1) and mouse (A2) spleen; (B) blocking with
GW405833 (5 µM) on rat (B1) and mouse (B2).

Although high in vitro specific binding was observed for both radiotracers, [11C]KD2 showed
superior properties and has greater potential to become a successful PET tracer.
Consequently, we selected [11C]KD2 for further evaluation in vitro and in vivo.
In a preliminary autoradiographic study, we investigated whether [11C]KD2 binds to human
post mortem ALS spinal cord slices, as literature reports suggest CB2 overexpression in the
spinal cord of ALS patients [3, 121, 122]. Figure 2-3 confirms not only the presence of CB2
but also specific binding of [11C]KD2. These are encouraging results towards non-invasive
imaging of CB2 in ALS patients.
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Figure 2-2. In vitro autoradiography with slices from cervical spinal cord from two ALS patients.
Incubation with 0.2 nM [11C]KD2 in the absence (a) and presence of GW405833 (1 μM) (b).

To exclude KD2 as a substrate for efflux transporter P-gp within the blood brain barrier, the
permeation of [11C]KD2 across MDCK cells transfected with human P-gp was investigated.
The respective ratio for [11C]KD2 of the transport basal to apical and apical to basal,
respectively, was 0.5, indicating no net efflux transport by P-gp.
Lipophilicity (logD) as an important physicochemical attribute for a CNS penetrating
compound was determined by the shake-flask method in octanol/buffer at pH 7.4 [123]. The
LogD7.4 value of [11C]KD2 was found to be 3.29 ± 0.04 (n = 6), and suggested that [11C]KD2
would be a good blood-brain barrier penetrant.
The free fraction of [11C]KD2 in human plasma was determined in a protein binding assay
displaying a free fraction fu of 0.001 and in 4% BSA 0.017. These findings were confirmed in
an equilibrium dialysis experiment. The low free fraction is probably a consequence of the
relatively high lipophilicity of [11C]KD2. Increase of free fraction could be subject of future
optimization.
2.4.2

In Vivo PET Studies

PET scans with Wistar rats showed high accumulation of [11C]KD2 in liver, spleen and
intestine. The accumulation in spleen was displaced by injection of CB2 specific partial
agonist GW405833 (1.5 mg/kg), indicating in vivo specific binding (Figure 2-3). As expected,
radioactivity in the brain was significantly lower than in the periphery (data not shown).
Uptake in pons and cerebellum was higher than in hippocampus and caudate/putamen, in
agreement with the expression pattern of CB2 in the rat brain [124-126].
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Figure 2-3. Time-activity curves of [11C]KD2 from an in vivo displacement PET study. CB2-selective
GW4058233 was injected iv from 15 to 16 min (dashed lines) after injection of 20 MBq [11C]KD2.

We are currently investigating the utility of [11C]KD2 in mouse models of neuroinflammation
where CB2 receptors are upregulated e.g. the lipopolysaccharide LPS mouse model as
described by Qin et al. [98, 127].
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CONCLUSION

In the process of developing a suitable CNS radiotracer for imaging CB2 receptors we
evaluated the potential of two lead compounds KD2 and KP23. We have established the
syntheses of non-radioactive reference compounds using modified synthetic routes based on
literature procedures. A robust and reliable radiosynthetic procedure for both novel CB2
radiotracers, [11C]KD2 and [11C]KP23, was established and afforded products with high
specific activity, high radiochemical yields and excellent radiochemical purity of ≥ 99%. In
vitro autoradiography of both radiotracers on rodent spleen tissues and post mortem ALS
spinal cord slices indicated specific binding to CB2. The results from the pilot study using
human post mortem ALS spinal cord tissue sections showing high CB2 expression level are
very exciting if one considers the future diagnostic application of CB2 ligands and their utility
in therapy monitoring. Specific uptake into spleen tissue was also observed in dynamic PET
studies using Wistar rats. [11C]KD2 is a very promising radiotracer for CB2, but with good
potential for improvement towards reduced protein binding. The syntheses of KD2 derivatives
with improved physicochemical properties are currently ongoing in our laboratory.
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ABSTRACT

Our goal is to develop a highly specific and selective PET brain tracer for imaging CB2
expression in patients with neuroinflammatory diseases. Based on our previous findings on a
carbon-11 labeled 4-oxo-quinoline structure, designated KD2, further structural optimizations
were performed, which led to the discovery of N-(1-adamantyl)-1-(2-ethoxyethyl)-8-methoxy4-oxo-1,4-dihydroquinoline-3-carboxamide (RS-016). Compared to KD2, RS-016 exhibits a
higher binding affintiy towards CB2 (Ki = 0.7 nM) with a selectivity over CB1 of > 10,000
and lower lipophilicity (logD7.4 = 2.78). [11C]RS-016 was obtained in ≥ 99% radiochemical
purity and up to 850 GBq/µmol specific radioactivity at the end of synthesis. In vitro
autoradiography on rodent spleen tissue showed high specific binding to CB2. [11C]RS-016
was stable in vitro in rodent and human plasma over 40 min, whereas 47% intact compound
was found in vivo in rat blood 20 min post injection (p.i.). In vivo specificity of [11C]RS-016
could be shown in brain by PET imaging using a murine neuroinflammation model, which has
higher CB2 receptor expression level in the brain induced by lipopolysaccharide (LPS)
application.
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INTRODUCTION

The endocannabinoid system is activated on demand to preserve cell homoeostasis both in
periphery and brain. Its receptors, cannabinoid receptor 1 and 2 (CB1 and CB2), were first
identified in 1990 [1] and 1993 [2], respectively. Both are Gi/o-protein coupled receptors with
seven transmembrane helices. CB1 is mainly expressed on neurons in cortex, hippocampus,
amygdale, basal ganglia and cerebellum, but also to a less extend in peripheral tissues such as
adipocytes, liver, pancreas and skeletal muscle [128]. CB2 receptors are abundant on immune
cells such as B-lymphocytes, natural killer cells or monocytes [2], and it is also found in brain
tissue, although in very low levels [3, 129, 130]. Under pathological conditions, however,
CB2 has been reported to be upregulated such as in multiple sclerosis, traumatic brain injury,
HIV-induced encephalitis, Alzheimer’s disease, Parkinson’s disease and Huntington’s disease
[125, 131]. Upregulation of CB2 in spinal cord was detected in a mouse model of
Amyotrophic lateral sclerosis (ALS) as well as in human spinal cord tissues from ALS
patients [22, 111]. ALS is a progressive neurodegenerative disorder affecting both upper and
lower motor neurons in spinal cord, brain stem and motor cortex. Of all ALS cases, 90 - 95%
occur in a sporadic form, whereas 5 - 10% are inheritable familial cases, partly due to
mutations in superoxide dismutase 1 gene (SOD1) [132]. Patients suffer from high symptom
burdens including pain, fatigue, dyspnea, and sialorrhea and the average life span after
diagnosis is about three years. There is no effective treatment available today, although a lot
of progress has been made in this direction over the past few years (for review article see
[133]).
Non-invasive imaging of CB2 upregulation via Positron emission tomography (PET) could
help to understand pathology that involves CB2 and explore the role and importance of CB2
in (neuro)inflammation and to evaluate the therapeutic value of new CB2-related drugs [134,
135].
Several CB2 PET radioligands have been reported by different groups (Figure 3-1). Among
these, [11C]NE40 is the only CB2 radioligand which has been evaluated in healthy volunteers
[94]. Expected uptake in lymphoid tissue and appropriate brain kinetics were observed.
Recently, we evaluated [11C]KD2 as an imaging agent for CB2 receptor [136], and it is not
optimal yet for in vivo imaging due to its high plasma protein binding. This prompted us to
search for suitable candidate compounds which retain the high affinity and selectivity profile
of KD2 for CB2 but show reduced lipophilicity. We report herein the design and synthesis of
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a series of novel 4-oxo-quinoline derivatives based on the lead structure of KD2. Structure
activity relationship studies revealed compound RS-016 (Table 3-1) as a very promising
ligand, therefore, RS-016 was selected for radiolabeling with carbon-11 and its utility as an
imaging agent was examined in vitro / in vivo studies.

Figure 3-1. Representative CB2 PET ligands NE-40 [92], [11C]A-836339 [98], GW405833 [93, 99],
[18F]6e [102], [18F]d2-3 [104] and [11C]KD2 [136].

3.3 Results
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RESULTS
Chemistry

Novel derivatives based on the structure of KD2 were synthesized starting from commercially
available anisidine and diethyl 2-(ethoxymethylene)malonate as depicted in Scheme 3-1.
Compound 2 was prepared via the Gould–Jacobs reaction and subsequent benzannulation at
high temperatures as previously described [136, 137]. N-alkylation of quinolone ester 2
afforded compounds 3a-c under basic conditions in 83 - 96% yields. Free quinoline acids 4a-c
were obtained by saponification of their corresponding ethyl esters with 10% sodium
hydroxide. Reacting of 4a-c with different amines using HBTU as the coupling reagent
afforded to the eight final compounds RS-005, RS-006, RS-007, RS008, RS-011, RS-016,
RS-022 and RS-028 in 69 - 92% yield after the purification by flash column chromatography.

Scheme 3-1. Synthesis towards novel KD2 derivatives. Reagents and Conditions: (i) 110 °C, 1 h, (ii)
diphenylether, 250 °C, 1 h, (iii) K2CO3, DMF, 90 °C, 4 h, (iv) 10% NaOH, reflux, 3.5 h, (v) DIPEA,
HBTU, DMF, rt, 4 h.

3-Hydroxy-1-aminoadamantane (5), which was used for the synthesis of compound RS-028,
was obtained by nitration of 1-aminoadamantane using 65% nitric acid in conc. sulfuric acid
followed by hydrolysis using KOH (Scheme 3-2) [138].
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Scheme 3-2. Synthesis of 3-hydroxyaminoadamantane.

3.3.2

Structure Activity Relationship (SAR) Study

Eight novel compounds were submitted to the SAR studies for their binding affinities towards
CB2 and selectivities over CB1. In vitro competitive radioligand binding assays were
performed with human cannabinoid receptor type 1 (CB1) and human cannabinoid receptor
type 2 (CB2) membranes using [3H]-CP-55940, a non-specific CB agonist. All compounds
exhibited excellent selectivity over CB1 and Ki values towards the CB2 receptor ranged from
0.7 - 750 nM (Figure 3-2, Table 3-1). Pasquini et al. [137] reported a class of 4-quinolone-3carboxamides with pentyl group in the R1 position, which showed high binding affinities
towards CB2. We found that replacing pentyl to butyl group in the R1 position as showed in
RS-005 had no significant impact on its binding affinity towards CB2, and with a positive
influence on its lipophilicity. A Ki value of 3.3 nM was obtained for the butyl derivative
RS-005 whereas for the pentyl derivative KD2 a value of 1.7 nM was obtained. Keeping the
shorter butyl side chain and introducing less bulky groups such as tert-butyl, cyclopentyl,
methylcyclopropyl in R2 position gave rise to three novel compounds RS-006, RS-007 and
RS-008. Replacement of the adamantyl moiety with a smaller but still bulky tert-butyl moiety
resulted in an approximately 26 times less lipophilic compound RS-006 based on the
calculated clogP values of 2.87 compared to RS-005 (clogP 4.29), while the Ki value was still
at the level of single digit nanomolar range. In general, variation of the substituents in the R2
position could influence both the lipophilicity of clogP values and their binding affinities. As
introduction of a fluorine atom is of high interest for imaging agent, therefore, RS-011 was
synthesized with a fluoropropyl side chain in the R1 position and keeping the tert-butyl group
in R2 position, however, it showed the weakest binding affinity among all the tested
compounds. Further structural modifications in R1 with a small PEG group and adamantyl
substituent in the R2 position as shown in RS-016 clearly improved the binding affinity to
CB2 with a Ki value of 0.7 nM and clogP value of 3.0. Therefore, RS-016 was selected for
radiolabeling and further in vitro/in vivo evaluation. There is no direct correlation between the
compounds’ lipophilicity and their binding affinities towards CB2 based on our current
results.
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Figure 3-2. Novel 4-oxo-quinoline structures as potential CB2 brain PET tracers.
Table 3-1. Binding affinities for novel KD2 derivatives. The data are expressed as the mean ± SEM of
n = 3 independent experiments. ClogP was calculated by ChemDraw (CambridgeSoft).
Compd

3.3.3

R

1

R

2

clogP

Ki CB2 [nM]

Ki CB1 [nM]

KD2

4.82

1.7 ± 2.0

>10,000

RS-005

4.29

3.3 ± 0.2

>10,000

RS-006

2.87

8.2 ± 5.5

>10,000

RS-007

3.10

19.7 ± 8.8

>10,000

RS-008

2.60

78.8 ± 33.1

>10,000

RS-011

1.76

750 ± 780

>10,000

RS-016

3.0

0.7 ± 0.6

>10,000

RS-022

2.46

360 ± 240

>10,000

RS-028

1.62

0.8 ± 0.8

>10,000

Radiosynthesis

Compound 6, which served as the precursor for the radiosynthesis, was obtained by treatment
of reference compound RS-016 with lithium chloride (Scheme 3-3) in 20% yield after HPLC
purification. The radiosynthesis of [11C]RS-016 was accomplished in a one-step procedure by
O-methylation of the cesium salt of 6 using [11C]CH3I in up to 33% radiochemical yield
(decay corrected). The crude product was purified by semi-preparative HPLC and obtained in
≥ 99% radiochemical and chemical purity. [11C]RS-016 was formulated in 5% ethanol in
water for all in vitro / in vivo experiments. The specific activity was in the range of 545 ± 154
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GBq/µmol with a total activity of 4.42 ± 1.05 GBq at the end of synthesis (n = 39). The total
synthesis time from end of bombardment was approximately 35 min.

Scheme 3-3. Synthesis of precursor 6 and radiosynthesis of [11C]RS-016.

3.3.4

In Vitro Characterization of [ 11 C]RS-016

The in vitro stability of [11C]RS-016 in rodent and human plasma was assessed over a time
course of 40 min. No radioactive degradation products of [11C]RS-016 were observed. The
LogD value at physiological pH was 2.78 ± 0.04 (n = 5), which is within the optimal
lipophilicity range for brain-penetrating compounds [139, 140]. Autoradiography experiments
on rodent spleen tissues indicated that [11C]RS-016 exhibits high specific binding to CB2
using the CB2 selective ligand GW405833 (Ki towards hCB2 3.9 nM; hCB1 4772 nM [101])
as a blocker (Figure 3-3). To evaluate the potential of [11C]RS-016 for imaging ALS, post
mortem spinal cord sections from ALS patients were used in autoradiography experiments.
High accumulation of [11C]RS-016 was observed in both cervical and lumbar spinal cord
sections similar to our previous studies with [11C]KD2 [16].
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Figure 3-3. In vitro autoradiography with 0.4 nM [11C]RS-016 and 5 µM GW405833 as blocking agent
showing specific binding in rodent spleen tissue and human post mortem cervical (top) and lumbar
(bottom) spinal cord tissue from two different ALS patients.

3.3.5

In Vivo Characterization of [ 11 C]RS-016 in Rats

To study the metabolic stability of [11C]RS-016 in vivo, the radiotracer was injected
intravenously into Wistar rats and the blood samples were collected at different time points
after tracer injection. The animals were sacrificed by decapitation at 20 min p.i. and urine and
spleen tissue were collected. In all blood samples, only one radiometabolite, which was more
hydrophilic than [11C]RS-016, was detected. The percentage of parent tracer radioactivity
decreased to 72% at 5 min p.i., 55% at 10 min p.i. and 47% at 20 min p.i. No parent
compound could be detected in urine sample after 20 min p.i., while in spleen sample, 81%
radioactivity was intact parent compound.
The results of the biodistribution study in rats are shown in Table 3-2. The highest
concentration of [11C]RS-016 were found in small intestine, liver and spleen, followed by
adrenal gland, kidneys and pancreas at 15 min after injection. Radioactivity uptake in the
intestine and liver was much higher than in the kidneys, suggesting a preponderance of
hepatobiliary elimination over renal excretion. Concentrations in brain tissue were very low as
expected from low CB2 expression levels under healthy conditions. The spleen uptake was
0.284 ± 0.029 norm. %ID/g at 15 min p.i., which was reduced by 78% under blocking
conditions with 1.5 mg/kg GW405833. This is in line with the high physiological expression
level of CB2 in spleen tissue [141], indicating binding specificity of [11C]RS-016 to CB2.
Table 3-2. Biodistribution in rats. Animals were sacrificed 15 min after injection of [11C]RS-016;
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5 - 10 MBq (0.01 - 0.02 nmol, n = 3) for baseline and (6 - 8 MBq, n = 3) for blocking conditions.
Tissue

Baseline [norm. %ID/g]

Blocked [norm. %ID/g]

Spleen

0.284 ± 0.029

0.062 ± 0.011

Liver

0.505 ± 0.033

0.380 ± 0.058

Kidneys

0.122 ± 0.010

0.134 ± 0.026

Adrenal gland

0.216 ± 0.013

0.262 ± 0.017

Lung

0.088 ± 0.007

0.075 ± 0.011

Bone

0.046 ± 0.004

0.039 ± 0.003

Heart

0.080 ± 0.004

0.091 ± 0.014

Fat

0.050 ± 0.014

0.053 ± 0.013

Small intestine

0.924 ± 0.260

0.425 ± 0.295

Testis

0.033 ± 0.005

0.034 ± 0.003

Blood

0.044 ± 0.004

0.030 ± 0.007

Thyroid gland

0.077 ± 0.007

0.064 ± 0.016

Urine

0.060 ± 0.028

0.080 ± 0.015

Muscle

0.065 ± 0.005

0.071 ± 0.003

Pancreas

0.110 ± 0.005

0.113 ± 0.005

Skin

0.050 ± 0.008

0.057 ± 0.010

Brain

0.025 ± 0.004

0.028 ± 0.001

3.3.6 CB2 Gene Expression Levels after LPS Treatment in Mice
The suitability of [11C]RS-016 as imaging agent in neuroinflammatory and neurodegenerative
diseases was evaluated in a LPS mouse model of neuroinflammation [127]. To address the
question to which extent CB2 gene expression is altered after LPS application, we measured
CB2 mRNA levels in the brain and spleen of mice (Figure 3-4). In the brain, significant
upregulation of CB2 was found at 5 days after injection of 10 mg/kg LPS. Gene expression of
CB2 was 9.5-fold higher in LPS-treated mice than in vehicle-treated mice (0 mg/kg LPS).
After 3 days, a two-fold increased CB2 expression was found after injection of 10 mg/kg LPS.
Applications of 5 mg/kg LPS did not change CB2 expression levels in the brain. In spleen
tissue, CB2 levels were increased at 3 and 5 days after 10 mg/kg LPS injection, but not at
5 mg/kg LPS, compared to vehicle.
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Figure 3-4. Gene expression levels of murine CB2 in whole brain and spleen at 0, 3 and 5 day post ip
injection of 0, 5 or 10 mg/kg LPS. * P < 0.05; ** P < 0.01; *** P < 0.001; ns, not significant relative to
0 mg/kg LPS of the respective day.

3.3.7 Imaging of CB2 Upregulation in Mouse Brain after LPS Treatment
The upregulated CB2 receptor expression 5 days after 10 mg/kg LPS application was verified
by in vitro autoradiography (Figure 3-5) using [11C]RS-016. A higher radioactivity
accumulation of [11C]RS-016 was observed in the brain tissue of LPS-treated mice compared
to vehicle-treated mice. Co-incubation of the brain sections with excess amount of
GW405833 (5 µM) and 0.2 nM [11C]RS-016 led to a significant reduction of radioactivity
binding, indicating specificity of [11C]RS-016 for CB2.

Vehicle

10 mg LPS

Baseline
Blocked

Figure 3-5. In vitro autoradiography on brain tissue 5 days after treatment with vehicle (0 mg/kg LPS) or
10 mg/kg LPS, 0.2 nM [11C]RS-016 and 5 µM GW405833 as blocking agent.
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To investigate performance of [11C]RS-016 in vivo, dynamic brain PET scans were performed
with this mouse model. Time-activity curves (TACs) of mouse whole brain, cortex,
hippocampus and cerebellum are shown in Figure 3-6. Increased [11C]RS-016 accumulation
was found for all brain regions after LPS treatment compared to vehicle group (0 mg/kg LPS).
This accumulation was reduced to levels of the vehicle group in all brain regions after
blockade with 2 mg/kg GW405833.

Figure 3-6. Averaged time-activity curves of [11C]RS-016 in whole brain, cortex, hippocampus, and
cerebellum 5 days after application of 0 or 10 mg/kg LPS (solid lines, standard deviations < 17%) and
under blocking conditions with 2 mg/kg GW405833 30 min prior injection of [11C]RS-016 (dashed line,
standard deviations < 6%). n = 2 - 3. Values within 5 to 40 min p.i. of LPS-treated group and blockade
group are significantly different (P < 0.05) for the depicted brain regions.

3.4 Discussion
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DISCUSSION

CB2 plays an important – yet not fully understood – role in neuroinflammatory conditions. A
specific CB2 PET tracer would help to gain deeper insight into the pathophysiology of
different diseases on a molecular basis and will allow the monitoring of disease progression
and therapeutic outcome in the clinic. Our group recently reported a specific CB2 PET tracer
[11C]KD2, which shows overall good properties, but exhibits high non-specific binding and
very low free fraction fu in plasma, in agreement with its high lipophilicity. Therefore, an
optimization was necessary based on the structural motif of KD2. N-alkylation of the
quinolone moiety allowed the introduction of different alkyl moieties which provide the
possibility to change its lipophilicity. Further structural variations were made via the amide
bond formation with various amines. In general, the syntheses of all compounds were
straightforward with good yields. HPLC purification was necessary for obtaining pure product
precursor compound 6. All of the novel KD2 derivatives presented in this paper showed high
selectivity against CB1 and lower calculated clogP values than reference compound KD2.
Their lipophilicities were reduced successfully by introduction of smaller alkyl side chains or
substitution with an ether group in R1 position, whereas binding affinities towards CB2 were
maintained in single digital nanomolar range. Decreasing the length of the amine substituents
had similar favorable effects. Compound RS-016 displayed highest binding affinity towards
CB2 (Ki = 0.7 nM) and was therefore selected for further evaluation as potential CB2 PET
tracer.
The utility of the tracer for monitoring inflammation conditions was evaluated in a LPS
mouse model according to published procedures from Horti et al. [98], using 10 mg/kg LPS
instead of 5 mg/kg. Higher brain uptake was demonstrated in LPS-treated mice compared to
vehicle-treated mice and its specificity towards CB2 was demonstrated in blockade studies
both in vitro and in vivo.
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CONCLUSION

We have successfully designed and synthesized a series of 4-oxo-quinoline derivatives with
nanomolar affinity towards the CB2 and excellent selectivity over CB1.
A robust and reliable radiosynthetic procedure was established for the most promising
compound RS-016 and afforded the desired product [11C]RS-016 in high specific activity up
to 850 GBq/µmol, high yields of 3 - 6 GBq and excellent radiochemical purity of ≥ 99% at
the end of synthesis. The logD7.4 value of 2.74 is within the range of an optimal lipophilicity
for brain penetrating compounds. Furthermore, it outperforms the previously reported lead
compound [11C]KD2 in binding affinity towards CB2 and lower non-specific binding. High
specific binding to CB2 was observed in murine spleen tissue and postmortem ALS patient
spinal cord tissues. In line with the in vitro autoradiography results, biodistribution data
confirmed the high and specific uptake of [11C]RS-016 in spleen region in rats.
The preclinical data on [11C]RS-016 indicate that this new radioligand is a promising
radiotracer for imaging CB2 in humans. Further work is currently ongoing to evaluate the
usefulness of [11C]RS-016 in other animal models of neuroinflammation.

3.6 Experimental Section
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EXPERIMENTAL SECTION
General

All reagents and solvents were purchased from Sigma-Aldrich Chemie GmbH (Germany),
Merck (Germany), Acros Organics (Belgium), ABCR GmbH (Germany) or Fluka
(Switzerland). All chemicals were used as supplied without further purification. Synthesized
compounds were > 95% in purity determined by analytical HPLC method on an Agilent
HPLC system. 1H and

13

C NMR spectra were obtained on a Bruker Avance FT-NMR

spectrometer (400 MHz). Chemical shifts are given in delta (δ) units, in ppm relative to
tetramethylsilane (TMS, 0 ppm). Multiplicities in the 1H-NMR spectra are described as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad peak. Coupling constants
(J) are reported in Hz. High resolution mass spectrometry (HRMS) was performed on a
Bruker's maXis (ESI-Qq-TOF-MS) spectrometer (Bruker Daltonik GmbH, Germany) and are
given in m/z. ClogP values were calculated using the CambridgeSoft Software ChemDraw
13.0 (PerkinElmer, Massachusetts). Preparative HPLC was performed with a Merck-Hitachi
L7150 pump system and an Ultimate XB-C18 column (150 x 21.2 mm, 5 µm). For
purification of radiolabeled product, a semi-preparative Merck-Hitachi L2130 HPLC system
equipped with a radiation detector VRM 202 (Veenstra Instrument, Joure, Netherlands) was
used with a Waters Symmetry C8 Prep Column (50 x 7.8 mm, 100 Å, 5 µm,) and an isocratic
solvent system 0.1% H3PO4 in H2O (30%) and CH3CN (70%) at a flow rate of 4 mL/min. For
product analysis, an analytical Agilent 1100 series HPLC system, equipped with UV
multiwavelength detector and a GabiStar radiodetector (Raytest) was used with an ACE C18AR column (50 x 4.6 mm, 3 µm) with the following conditions: 0.1% TFA in H2O (solvent
A), CH3CN (solvent B); 0.0 - 3.0 min, 30% B; 3.1 - 13.0 min, 30 - 95% B; 13.1 - 15 min,
95% B at a flow rate of 1 mL/min.
ANIMALS

Animal care and experiments were conducted in accordance with Swiss Animal Welfare
legislation and were approved by the Veterinary Office of Canton Zurich, Switzerland. Fiveweek-old male Wistar rats and five-week old male CD-1 mice were supplied by Charles River
(Sulzberg, Germany). As a model of neuroinflammation, which is described in the literature
[127], six CD1 male mice were injected ip (100-150 μl) with 10 mg/kg lipopolysaccharide
(LPS), Escherichia coli strain O111:B4, or vehicle (saline) 5 days prior to PET.
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3.6.2 Chemistry
Synthesis of diethyl 2-(((2-methoxyphenyl)amino)methylene)malonate (1). A mixture of
2-anisidine (6.36 g, 51.6 mmol) and diethyl 2-(ethoxymethylene)malonate (11.17 g, 51.6
mmol) was heated at 110 °C for 1 h. After cooling to rt, the crude mixture was then
recrystallized from hexane (50 mL) to give 1 in 88% yield. 1H NMR (400 MHz, CDCl3): δ
11.12 (d, J = 14.0 Hz, 1H), 8.57 (d, J = 14.0 Hz, 1H), 7.25 (dd, J1 = 1.4 Hz, J2 = 8.0 Hz, 1H),
7.12-7.08 (m, 1H), 7.01-6.93 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 4.25 (q, J = 7.1 Hz, 2H), 3.94
(s, 3H), 1.38 (t, J = 7.1 Hz, 3H), 1.33 (t, J = 7.1 Hz, 3H).

13

C NMR (100 MHz, CDCl3): δ

168.5, 166.0, 150.4, 148.9, 128.8, 124.8, 121.2, 119.1, 114.3, 111.2, 93.8, 60.3, 60.0, 55.9,
14.4. HRMS calcd for C15H19NNaO5 316.1155, found 316.1164.
Synthesis of ethyl 8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (2). Compound 1
(13.00 g, 44.3 mmol) was dissolved in diphenylether (70 mL) and heated to 250 °C for 1 h.
After cooling to rt, the mixture was filtered and the precipitates were washed with
diphenylether (10 mL) and hexane (3 x 10 mL). The crude product was recrystallized from
ethanol (150 mL), the solid was filtered and dried under reduced pressure to give 2 in a yield
of 70 %. 1H NMR (400 MHz, DMSO-d6): δ 11.92 (d, J = 3.8 Hz, 1H), 8.34 (d, J = 6.0 Hz,
1H), 7.70 (dd, J1 = 1.9 Hz, J2 = 7.5 Hz, 1H), 7.36-7.30 (m, 2H), 4.21 (q, J = 7.1 Hz, 2H), 4.00
(s, 3H), 1.27 (t, J = 7.1, 3H). 13C NMR (100 MHz, DMSO-d6): δ 173.2, 164.2, 148.7, 144.0,
129.3, 128.1, 124.6, 116.7, 112.2, 110.0, 59.6, 56.3, 14.3. HRMS calcd for C13H13NNaO4
270.0737, found 270.0743.
Representative procedure for N-alkylation. Synthesis of ethyl 1-butyl-8-methoxy-4-oxo1,4-dihydroquinoline-3-carboxylate (3a). To a solution of 2 (0.28 g, 1.132 mmol) in DMF
(5 mL) was added potassium carbonate (0.438 g, 3.17 mmol) and 1-bromobutane (0.340 ml,
3.17 mmol). The mixture was heated at 90 °C for 4 h, then cooled to rt and aq. HCl (0.2 M,
50 mL) was added. The mixture was extracted with CH2Cl2 (3 x 5 mL) and the combined
organic layers were dried over MgSO4. Solvents were removed under reduced pressure and
the residue was purified by silica gel chromatography using hexane/EtOAc (2:1) as eluent to
give 3a (0.33 g, 91% yield). 1H NMR (400 MHz, CDCl3): δ 9.14 (s, 1H), 7.83 (dd, J1 = 1.1
Hz, J2 = 8.5 Hz, 1H), 7.49 (t, J = 8.1 Hz, 1H), 7.13 (dd, J1 = 0.8 Hz, J2 = 7.8 Hz, 1H), 4.46
(q, J = 7.1 Hz, 2H), 4.23 (t, J = 6.6 Hz, 2H), 4.08 (s, 3H), 1.92-1.85 (m, 2H), 1.59-1.50 (m,
2H), 1.44 (t, J = 7.1 Hz, 3H), 0.99 (t, 7.4 Hz, 3H).

13

C NMR (100 MHz, CDCl3): δ 165.5,

164.0, 155.5, 150.8, 126.9, 124.9, 114.8, 114.7, 109.7, 76.1, 61.5, 56.1, 32.4, 19.2, 14.3, 13.9.
HRMS calcd for C17H22NO4 304.1543, found 304.1541.
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Ethyl 1-(2-ethoxyethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (3b). 3b
was synthesized following the similar procedure as 3a in 75% yield. 1H NMR (400 MHz,
CDCl3): δ 9.19 (s, 1H), 7.96 (dd, J1 = 1.0 Hz, J2 = 8.5 Hz, 1H), 7.49 (t, J = 8.1 Hz, 1H), 7.13
(dd, J1 = 0.7 Hz, J2 = 7.6 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 4.40-4.38 (m, 2H), 4.08 (s, 3H),
3.85-3.83 (m, 2H), 3.57 (q, J = 7.0 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.20 (t, J = 7.0 Hz, 3H).
13

C NMR (100 MHz, CDCl3): δ 165.1, 164.1, 155.4, 150.8, 142.8, 126.9, 125.1, 115.2, 115.1,

109.8, 75.3, 69.6, 66.7, 61.5, 56.1, 15.1, 14.3. HRMS calcd for C17H22NO5 320.1492, found
320.1488.
Ethyl 1-(3-fluoropropyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (3c). 3c
was synthesized analogously as 3a at 90 °C in 83% yield. 1H NMR (400 MHz, CDCl3): δ 9.20
(s, 1H), 7.80 (dd, J1 = 1.1 Hz, J2 = 8.5 Hz, 1H), 7.52 (t, J = 8.1 Hz, 1H), 7.15 (dd, J1 = 0.8 Hz,
J2 = 7.8 Hz, 1H), 4.82 (t, J = 5.7 Hz, 1H), 4.70 (t, J = 5.7 Hz, 1H), 4.67 (q, J = 7.1 Hz, 2H),
4.37 (t, J = 6.1 Hz, 2H), 4.09 (s, 3H), 2.38-2.32 (m, 1H), 2.31-2.25 (m, 1H), 1.45 (t, J = 7.1
Hz, 3H).

13

C NMR (100 MHz, CDCl3): δ 150.8, 127.3, 114.5, 109.9, 81.3, 79.9, 71.8, 71.7,

61.7, 56.2, 31.4, 31.2, 14.2. HRMS calcd for C16H19FNO4 308.1293, found 308.1290.
Representative procedure for saponification. Synthesis of 1-butyl-8-methoxy-4-oxo-1,4dihydroquinoline-3-carboxylic acid (4a). Aq. NaOH (10%, 30 mL) was added to 3a (0.33 g,
1.088 mmol) and the mixture was heated to reflux for 2 h. After the mixture was cooled to rt,
the pH was adjusted to 2 using conc. HCl and the precipitates were collected and washed with
water and diethylether. Recrystallization of the crude product from EtOH (50 mL) gave 4a
(0.278 g, 1.01 mmol, 93% yield). 1H NMR (400 MHz, CDCl3): δ 15.04 (s, 1H), 8.60 (s, 1H),
8.12 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.50 (t, J = 8.0 Hz, 1H), 7.30 (dd, J1 = 1.3 Hz, J2 = 8.0
Hz, 1H), 4.62 (t, J = 7.6 Hz, 2H), 4.02 (s, 3H), 1.87-1.79 (m, 2H), 1.39 (t, J = 7.5 Hz, 2H),
0.97 (t, J = 7.4 Hz).

13

C NMR (100 MHz, CDCl3): δ 177.9, 167.2, 150.49, 150.3, 129.05,

126.6, 119.1, 115.5, 108.3, 60.5, 56.5, 33.5, 19.7, 13.7. HRMS calcd for C15H17NNaO4
298.1050, found 298.1047.
1-(2-Ethoxyethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (4b). 4b was
synthesized in an analog way to 4a in a yield of 85%. 1H NMR (400 MHz, CDCl3): δ 14.95
(s, 1H), 8.18 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.49 (t, J = 8.1 Hz, 1H), 7.29 (dd, J1 = 1.3 Hz,
J2 = 8.0 Hz, 1H), 4.82 (t, J = 4.9 Hz, 2H), 4.00 (s, 3H), 3.76 (t, J = 4.9 Hz, 2H), 3.40 (q, J =
7.0 Hz, 2H), 1.09 (t, J = 7.0 Hz, 3H).

13

C NMR (100 MHz, CDCl3): δ 152.0, 126.5, 119.3,

115.5, 69.0, 66.8, 59.9, 56.5, 15.0. HRMS calcd for C15H18NO5 292.1179, found 292.1175.
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1-(3-Fluoropropyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (4c). 4c was
obtained in the same way as 4a in a yield of 55%. 1H NMR (400 MHz, DMSO-d6): δ 15.12 (s,
1H), 9.26 (s, 1H), 8.23 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.50 (t, J = 8.1 Hz, 1H), 7.20 (dd, J1
= 1.0 Hz, J2 = 8.0 Hz, 1H), 4.76 (t, J = 5.5 Hz, 1H), 4.65 (t, J = 5.7 Hz, 1H), 4.72 (t, J = 7.4
Hz, 2H), 4.52 (t, J = 7.0 Hz, 2H), 4.09 (s, 3H), 2.30-2.18 (m, 2H).

13

C NMR (100 MHz,

DMSO-d6): δ 178.2, 154.1, 126.5, 119.5, 115.3, 108.3, 81.3, 79.9, 72.0, 56.5, 52.9, 32.5.
HRMS calcd for C14H15FNO4 280.0985, found 280.0982.
Synthesis of 3-hydroxy-1-aminoadamantane (5). To an ice-cooled mixture of sulfuric acid
(96%, 12.33 mL, 231 mmol) and nitric acid (65%, 1.2 mL, 26.5 mmol) was added
1-aminoadamantane hydrochloride (1 g, 6.61 mmol) portionwise. The mixture was stirred at rt
for 2 days, ice-water (6 mL) was added to the reaction mixture. The solution was stirred in an
ice-water bath for 30 minutes; KOH (35 g, 0.62 mol) was added in small portions over 1 h at
such a rate to keep the temperature below 80 °C. The resulting white paste was mixed with
CH2Cl2 (300 mL) and vigorously stirred for 1 h. The solid was filtered off, and the mother
liquor was evaporated to dryness under reduced pressure to provide 5 (527 mg, 3.15 mmol) in
48% yield as a white solid. 1H NMR (400 MHz, DMSO-d6): δ 4.33 (s, 1H), 2.08 (s, 2H), 1.491.42 (m, 5H), 1.38-1.35 (m, 9H).

13

C NMR (100 MHz, DMSO-d6): δ 67.7, 54.0, 44.8, 44.1,

34.8, 30.5. HRMS calcd for C10H18NO 168.1383, found 168.1380.
Representative procedure for amide formation. Synthesis of N-(1-adamantyl)-1-butyl-8methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide (RS-005). To a suspension of 3a (206
mg, 0.748 mmol) in DMF (10 mL) was added DIPEA (0.392 ml, 2.245 mmol) and the
solution was stirred at rt for 30 min. HBTU (568 mg, 1.497 mmol) was added portion wise,
followed by the addition of 1-aminoadamantane (0.136 g, 0.898 mmol). The mixture was
stirred for 4 h at rt diluted with EtOAc (60 mL), washed with water (3 x 10 mL) and diluted
HCl (0.5M, 10 mL) and then with water (10 mL) and brine (15 mL). Solvents were removed
under reduced pressure and the residue was purified with flash chromatography using
hexane/EtOAc (10:1 to 2:1) to give RS-005 (263 mg, 0.644 mmol, 86% yield). 1H NMR (400
MHz, CDCl3): δ 9.95 (s, 1H), 8.63 (s, 1H), 8.16 (dd, J1 = 1.4 Hz, J2 = 8.2 Hz, 1H), 7.38 (t, J =
8.0 Hz, 1H), 7.18 (dd, J1 = 1.3 Hz, J2 = 8.0 Hz, 1H), 4.54 (t, J = 7.6 Hz, 2H), 3.98 (s, 3H),
2.19-2.11 (m, 9H), 1.83-1.68 (m, 8H), 1.37 (m, J = 7.5 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H). 13C
NMR (100 MHz, CDCl3): δ 149.8, 125.1, 119.3, 114.1, 59.7, 56.3, 51.6, 41.8, 36.6, 33.5,
29.6, 19.8, 13.7. HRMS calcd for C25H33N2O3 409.2486, found 409.2492.
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(RS-006).

RS-006 was prepared in the same way as RS-005 in a yield of 92%. 1H NMR (400 MHz,
CDCl3): δ 10.05 (s, 1H), 8.64 (s, 1H), 8.14 (dd, J1 = 1.4 Hz, J2 = 8.2 Hz, 1H), 7.37 (t, J = 7.9
Hz, 1H), 7.18-7.17 (m, 1H), 4.53 (t, J = 6.3 Hz, 2H), 3.96 (s, 3H), 1.79 (m, 2H), 1.48 (s, 9H),
1.36 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 149.8, 125.2, 119.2,
114.2, 59.7, 56.3, 33.5, 29.0, 19.8, 13.7. HRMS calcd for C19H27N2O3 331.2016, found
331.2018.
1-Butyl-N-cyclopentyl-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide (RS-007).
RS-007 was obtained in the same way as RS-005 in a yield of 90%. 1H NMR (400 MHz,
CDCl3): δ 10.00 (s, 1H), 8.67 (s, 1H), 8.13 (dd, J1 = 1.4 Hz, J2 = 8.2 Hz, 1H), 7.39 (t, J = 8.0
Hz, 1H), 7.20-7.18 (m, 1H), 4.56 (t, J = 7.5 Hz, 2H), 4.40 (m, J = 6.8 Hz, 1H), 3.96 (s, 3H),
2.07-1.98 (m, 2H), 1.81-1.73 (m, 4H), 1.64-1.57 (m, 4H), 1.36 (m, J = 7.5 Hz, 2H), 0.93 (t, J
= 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 150.1, 149.8, 130.3, 125.4, 119.1, 114.4, 59.8,
56.3, 50.9, 33.5, 33.2, 23.9, 19.7, 13.7. HRMS calcd for C20H27N2O3 343.2016, found
343.2016.
1-Butyl-N-(cyclopropylmethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide
(RS-008). RS-008 was obtained in a similar way to RS-005 in a yield of 89%. 1H NMR (400
MHz, CDCl3): δ 10.11 (s, 1H), 8.67 (s, 1H), 8.18 (dd, J1 = 1.4 Hz, J2 = 8.2 Hz, 1H), 7.40 (t, J
= 8.0 Hz, 1H), 7.21-7.19 (m, 1H), 4.57 (t, J = 7.3 Hz, 2H), 3.98 (s, 3H), 3.35-3.32 (m, 2H),
1.83-1.76 (m, 2H), 1.37 (m, J = 7.5 Hz, 2H), 1.15-1.05 (m, 1H), 0.95 (s, J = 7.4, 3H), 0.570.52 (m, 2H), 0.31-0.27 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 150.0, 125.3, 119.3, 114.3,
59.7, 56.3, 44.0, 33.5, 19.8.13.7, 10.9, 3.5. HRMS calcd for C19H25N2O3 329.1860, found
329.1859.
N-(tert-butyl)-1-(3-fluoropropyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide
(RS-011). RS-011 was synthesized as an analog of RS-005 in a yield of 81%. 1H NMR (400
MHz, CDCl3): δ 10.00 (s, 1H), 8.67 (s, 1H), 8.16 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.40 (t, J
= 8.0 Hz, 1H), 7.20 (dd, J1 = 1.3 Hz, J2 = 8.0 Hz, 1H), 4.72 (t, J = 7.4 Hz, 2H), 4.57 (t, J = 5.5
Hz, 1H), 4.46 (t, J = 5.5 Hz, 1H), 3.98 (s, 3H), 2.30-2.17 (m, 2H), 1.49 (s, 9H).

13

(CDCl3): δ = 149.8, 130.6, 125.4, 119.3, 114.2, 81.5, 79.9, 56.2, 50.9, 32.5, 29.0.

19

C NMR
F NMR

(CDCl3): δ = -222.04 (m). HRMS calcd for C18H24FN2O3 335.1765, found 335.1763.
N-(1-adamantyl)-1-(2-ethoxyethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3carboxamide (RS-016). RS-016 was prepared in the same way as RS-005 in a yield of 75%.
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H NMR (400 MHz, CHCl3): δ 9.91 (s, 1H), 8.66 (s, 1H), 8.17 (dd, J1 = 1.4 Hz, J2 = 8.2 Hz,

1H), 7.38 (t, J1 = 8.0 Hz), 7.18 (t, J1 = 1.2 Hz, J2 = 8.0 Hz, 1H), 4.73 (t, J = 5.5 Hz, 2H), 3.96
(s, 3H), 3.75 (t, J = 5.5 Hz, 2H), 3.41 (q, J = 7.0 Hz, 2H), 2.18 (s, 6H), 2.11 (s, 3H), 1.77-1.68
(m, 6H), 1.11 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 151.1, 125.2, 119.6, 114.4,
69.7, 66.9, 59.0, 56.5, 42.0, 36.8, 29.7. HRMS calcd for C25H34N2O4 425.2436, found
425.2436.
1-(2-Ethoxyethyl)-8-methoxy-4-oxo-N-phenethyl-1,4-dihydroquinoline-3-carboxamide
(RS-022). RS-022 was obtained in a similar way as RS-005 in a yield of 69%. 1H NMR (400
MHz, DMSO-d6): δ 9.96 (t, J = 5.7 Hz, 1H), 8.61 (s, 1H), 7.98-7.93 (m, 1H), 7.49-7.44 (m,
2H), 7.32-7.26 8m, 4H), 7.23-7.18 (m, 1H), 4.82 (t, J = 4.8 Hz, 2H), 3.95 (s, 3H), 3.69 (t, J =
4.8 Hz, 2H), 3.60-3.55 (m, 2H), 3.35 (q, J = 7.0 Hz, 2H), 2.85 (t, J = 7.2 Hz, 2H), 0.97 (t, J =
7.0 Hz, 3H).

13

C NMR (100 MHz, DMSO-d6): δ 151.2, 128.6, 128.3, 126.1, 125.5, 118.1,

115.4, 68.7, 65.5, 58.3, 56.7, 35.4, 14.9. HRMS calcd for C23H27N2O4 395.1965, found
395.1964.
1-(2-Ethoxyethyl)-N-(3-hydroxyadamantan-1-yl)-8-methoxy-4-oxo-1,4dihydroquinoline-3-carboxamide (RS-028). RS-028 was prepared in a similar way as RS005 in a yield of 84%. 1H NMR (400 MHz, CDCl3): δ 10.04 (s, 1H), 8.64 (s, 1H), 8.16 (dd, J1
= 1.4 Hz, J2 = 8.1 Hz, 1H), 7.39 (t, J = 8.0 Hz, 1H), 7.19 (dd, J1 = 1.2 Hz, J2 = 8.0 Hz, 1H),
4.74 (t, J = 5.4 Hz, 2H), 3.97 (s, 3H), 3.75 (t, J = 5.4 Hz, 2H), 3.42 (q, J = 7.0 Hz, 2H), 2.312.04 (m, 9H), 1.78-1.62 (m, 5H), 1.42 (s, 1H), 1.11 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz,
CDCl3): δ 150.9, 114.3, 69.5, 59.0, 56.3, 49.3, 44.2, 40.5, 35.1, 30.7. HRMS calcd for
C25H33N2O5 441.2384, found 441.2382.
Synthesis of N-(1-adamantyl)-1-(2-ethoxyethyl)-8-hydroxy-4-oxo-1,4-dihydroquinoline3-carboxamide (6). To a solution of RS-016 (202mg, 0.476 mmol) in DMF (5 mL) was
added lithium chloride (303 mg, 7.14 mmol). The mixture was heated to reflux and stirred
overnight, cooled to rt. Ethyl acetate (EtOAc, 60 mL) was added and the mixture was washed
with 0.2M HCl (3 x 10 mL) and brine (15 mL). The organic layer was dried over MgSO4 and
solvent was removed under reduced pressure. The residue was purified by HPLC with a C18
column using 0.1% TFA in water/CH3CN (30:70) as eluent to afford the desired product 6 (37
mg, 0.090 mmol, 20% yield). 1H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H), 8.65 (s,1H), 8.33
(br s, 1H), 8.14 (dd, J1 = 2.5Hz, J2 = 7.1 Hz, 1H), 7.35-7.29 (m, 2H), 4.75 (t, J = 4.9 Hz, 2H),
4.00 (t, J = 4.9 Hz, 2H), 3.61 (q, J = 7.0 Hz, 2H), 2.14-2.09 (m, 3H), 1.78-1.67 (m, 12H), 1.18
(t, J = 7.0 Hz, 3H).

13

C NMR (100 MHz, CDCl3): δ 149.11, 125.62, 123.36, 119.80, 69.37,
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67.81, 55.34, 41.76, 36.53, 31.93, 29.70, 29.53, 29.36, 14.62. HRMS calcd for C24H31N2O4
(M+H) 411.2278, found 411.2281.
3.6.3

In Vitro Binding Assay

Competitive binding reactions were initiated by the addition of a membrane preparation
obtained from CHO-K1 cells stably transfected with human CB1 and CB2, respectively, from
PerkinElmer (0.5 μg/tube for hCB1 and hCB2) into incubation tubes. [3H]CP-55,940 (1.4 nM)
was used as the radioligand. Six to 10 concentrations (ranging from 1 pM to 10 μM) of
displacing ligand (compound to be tested) in assay buffer (50 mM TRIS, 1 mM EDTA, 3 mM
MgCl2 and 0.05% bovine serum albumin, pH adjusted to 7.4) were added. Non-specific
binding was defined by the presence of hCB1/hCB2 agonist 5 μM WIN-55212-2 (Ki 1.89 and
0.28 nM, respectively) [142]. After incubation at 30 °C for 90 min, reactions were terminated
by the addition of 3 mL ice cold assay buffer followed by rapid vacuum filtration through a
Whatman GF/C filter (pre-soaked for 2 h in 0.05% polyethylenimine in water) and washed
twice with 3 mL ice cold assay buffer. The bound activity was counted in a Beckman LS 6500
Liquid Scintillation Counter after adding 3 mL scintillation cocktail (Ultima Gold, Perkin
Elmer) and thorough shaking. For each mean value three experiments, each in triplicates,
were performed. Inhibition constants (Ki) were determined from the IC50 values using the
Cheng-Prusoff equation [143]. For calculations, KD values of 0.14 and 0.11 nM from
PerkinElmer were used for [3H]CP-55,940 binding to hCB1 and hCB2 receptors, respectively.
3.6.4

Radiochemistry

[11C]CO2 was produced via the 14N(p,α)11C nuclear reaction by bombardment of nitrogen gas
fortified with 0.5% oxygen using a Cyclone 18/9 cyclotron (18-MeV; IBA, Belgium). After
reduction over a supported nickel catalyst to [11C]CH4 and subsequent gas phase iodination,
[11C]CH3I was bubbled through a mixture of precursor 6 (1 mg) and cesium carbonate (5 mg)
in DMF (0.6 mL). The mixture was heated to 90 °C for 3 min. After dilution with water
(1.4 mL), the crude product was purified using the semi-preparative HPLC system (product
peak at 9.1 min). The collected product was diluted with water (10 mL), trapped on a C18
cartridge (Waters, preconditioned with 5 mL EtOH and 10 mL water), washed with water
(5 mL) and eluted with EtOH (0.5 mL). For formulation of the final product [11C]RS-016,
water for injection (9.5 mL) was added to give an ethanol concentration of 5%. For quality
control, an aliquot of the formulated solution was injected into the analytical HPLC system.
The identity of the 11C-labeled product was confirmed by comparison with the retention time
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of its nonradioactive reference compound RS-016 (10.64 min) and by co-injection. Specific
activity of [11C]RS-016 was calculated by comparison of UV peak intensity with a calibration
curve of the cold reference compound.
3.6.5

In Vitro Autoradiography

Rodent spleen or brain and human spinal cord tissue were embedded in TissueTek and cut
into 20 µm-thick sections on a Cryostat HM 505 N (Microm) at -15 °C (blade and block). The
slices were absorbed on SuperFrost Plus slides (Menzel) and stored at −80° until use. For the
experiment, the slices were thawed on ice for 10 min before conditioning in incubation buffer
(50 mM TRIS/HCl, 5% BSA, pH 7.4) on ice for 10 min. Excess solution was carefully
removed and the tissue slices were dried in a ventilated hood for 10 min. The slices were
incubated with 600 μL of the radioligand (0.2 nM in incubation buffer) for 15 min at rt in a
humid chamber. For blockade conditions, the slices were dripped with 600 μL of a mixture of
radioligand and GW405833 (5 µM). After incubation, the slices were washed with washing
buffer (50 mM TRIS/HCl, 1% BSA, 5% EtOH, pH 7.4) for 2 min (2 x) and with distilled
water for 5 sec (2 ×) on ice. After drying for 10 min at rt, the slices were exposed (30 min) to
appropriate phosphor imager plates (Fuji) and the films were scanned in a BAS5000 reader
(Fuji).
3.6.6 In Vitro Stability
The tracer stability was examined in vitro in rodent plasma (mouse and rat) and human
plasma at time points 5, 10, 15 and 20 min. Plasma (400 µL) was incubated with 10 µL of
[11C]RS-016 solution at 37 °C under shaking. At each time point, an aliquot (100 µL) of the
mixture was collected and the reaction stopped with 100 µL ice-cooled CH3CN. The samples
were centrifuged (3 min, 5000 rpm) and the supernatant collected. Each sample was analyzed
by radio-TLC Instant Imager (Packard, Canberra Company) using hexane/EtOAc (1:1).
3.6.7

Determination of logD 7.4

The partition coefficient D was determined by the shake-flask method as reported in [123]. In
brief, n-octanol saturated with phosphate buffer pH 7.4 (0.5 mL) and phosphate buffer
saturated with n-octanol (0.5 mL) were mixed with [11C]RS-016 (20 µL). The samples were
shaken for 15 min and then centrifuged at 5000g for 5 min. Radioactivity in each phase was
measured in a gamma counter (Wizard, PerkinElmer). LogD is expressed as the logarithm of
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the ratio between the radioactivity concentrations (Bq/mL) of the octanol and the buffer
phase.
3.6.8

In Vivo Metabolite Studies

In vivo stability and metabolite studies were performed in healthy Wistar rats. Radiotracer
solution (115 - 163 MBq, 0.24 - 0.34 nmol) was injected via tail vein and blood was collected
at three different time points (5, 10 and 20 min). After 20 min the rats were sacrificed, urine
was collected and spleen was removed. Plasma was separated from the blood cells by
centrifugation at 5000 g for 5 min at 4 °C. Proteins of plasma and urine were precipitated by
centrifugation with ice-cold CH3CN. The spleen tissue was homogenated in PBS (2 mL),
extracted with cold CH3CN and centrifuged. Supernatants were analyzed by radio-TLC using
hexane/EtOAc (1:1). Results are expressed as percentage of total activity.
3.6.9

Biodistribution Studies

For biodistribution studies in male Wistar rats, 5 - 10 MBq (0.01 - 0.02 nmol) of [11C]RS-016
were administered via tail vein injection into Wistar rats (n = 3). For blocking conditions,
GW405833 (1.5 mg/kg) was injected sc 30 min before the experiment (n = 3). Animals were
sacrificed under anesthesia with isoflurane by decapitation at 15 min p.i.. Organs were
collected, weighed and radioactivity measured in a gamma-counter. The accumulated
radioactivity in the organs was expressed as percent normalized injected dose per gram of
tissue (normalized %ID/g tissue).
3.6.10 Tissue Preparation, RNA Isolation and Quantitative Real-time PCR
Mice were sacrificed 0, 3 and 5 days after ip injection of 10 mg/kg lipopolysaccharide or
vehicle (saline). Whole brain and spleen were dissected and immediately frozen in liquid
nitrogen and stored at −80 °C until use. Total RNA was extracted as previously reported
[144]. Quantification of the RNA was done by spectrophotometric analysis. QuantiTect®
Reverse Transcription Kit (Qiagen, Hilden, Germany) was used to generate cDNA.
Quantitative polymerase chain reaction (qPCR) was performed with the following primers
(Microsynth,

Balgach,

Switzerland),

mouse

CNR2:

forward

5’-

CTACAAAGCTCTAGTCACCCGT-3’, reverse 5’-CCATGAGCGGCAGGTAAGAAA-3’;
mouse beta-actin (ACTB): forward 5’-AGACCTCTATGCCAACACAGT-3’, reverse 5’TGCTAGGAGCCAGAGCAGTAA-3’ and with the DyNAmoTM Flash SYBR® Green
qPCR Kit (Thermo Scientific) using a 7900 HT Fast Real-Time PCR System (Applied
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Biosystems, Carlsbad, CA, USA). All reactions were performed in duplicates and in three
independent runs. Quantitative analysis was calculated as previously reported [144].
3.6.11 In Vivo PET
For small animal PET brain scans, animals were anesthetized with isoflurane and
10 - 18 MBq (0.02 - 0.04 nmol) [11C]RS-016 were injected via the tail vein. For blocking
conditions, 2.0 mg/kg GW405833 was injected sc 30 min before tracer application. Depth of
anesthesia was monitored by measuring respiratory frequency (SA Instruments, Inc., Stony
Brook, USA). Body temperature was controlled by a rectal probe and kept at 37 °C by a
thermocoupler and a heated air stream. Data were reconstructed in user-defined time frames
with a voxel size of 0.3875 x 0.3875 x 0.775 mm3 by 2-dimensional-ordered subsets
expectation maximization (2D-OSEM). Random and single but no attenuation correction was
applied. PET acquisitions were followed by a CT for anatomical orientation. Image files were
analyzed with PMOD 3.5 software (PMOD Technologies Ltd., Zurich, Switzerland). Timeactivity curves (TACs) based on the regions of interest (ROI) defined on the mouse MRI T2
template were calculated. Tissue radioactivity of brain ROI were expressed as standardized
uptake values (SUV), that is, the decay-corrected radioactivity per cm3 divided by the injected
radioactivity dose per gram of body weight.
3.6.12 Statistics
Quantitative PCR data are given as mean values with standard deviations and analyzed by one
way analysis of variance (ANOVA) tests, followed by corrections for multiple post-hoc tests
(Holm-Sidak, Bonferroni). Time-activity curves were compared by two-tailed homoscedastic
Student’s t-test.
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ABSTRACT

The cannabinoid receptor type 2 (CB2) is part of the endocannabinoid system and has gained
growing

attention

in

recent

years

due

to

its

important

role

in

neuroinflammatory/neurodegenerative diseases. The PET imaging of CB2 has so far been
unsuccessful. Recently, we reported on a carbon-11 labeled 4-oxo-quinoline derivative,
designated RS-016, as a promising radiotracer for imaging CB2. In this study, three
fluorinated RS-016 analogues were designed for introducing a fluorine atom to enable
fluorine-18 radiolabeling. The results of our efforts led to the identification of
N-(1-adamantyl)-1-(2-(2-fluoroethoxy)ethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3carboxamide (RS-126) as the most potent candidate for evaluation as a CB2 PET ligand.
Compared to RS-016, RS-126 exhibits similar high binding affintiy (Ki value of 1.2 nM)
towards CB2 and neglegible binding to CB1 (Ki value > 10 µM). [18F]RS-126 was obtained in
≥ 99% radiochemical purity with a specific radioactivity of 98 ± 44 GBq/µmol (n = 15) at the
end of synthesis. The logD7.4 value was 1.99 and in vitro autoradiographic studies with CB2positive rat spleen tissue revealed high binding. [18F]RS-126 was stable in vitro in rat and
human plasma over 120 min, whereas 55% intact parent compound was found in vivo in rat
blood plasma at 15 min p.i.. Biodistribution studies confirmed accumulation of [18F]RS-126
in rat spleen with a reduction of 79% under blocking conditions.
In summary, the fluorinated CB2 radioligand, [18F]RS-126, demonstrated its specificity
towards CB2 receptor in vitro and in vivo and is a potential useful ligand for imaging CB2
receptor expression.

4.2 Introduction
4.2
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INTRODUCTION

Two subtypes of cannabinoid receptors, CB1 and CB2, have been cloned in the 1990s [1, 2].
The CB1 receptors are abundantly expressed in the central nervous system (CNS) and their
function has been thoroughly investigated. The CB2 receptors are found predominantly in
cells of the immune system, e.g. in the spleen, thymus or peripheral blood mononuclear cells
and have very low to undetectable expression levels in the CNS under basal conditions [141].
Cannabinoid receptors have gained attention as potential therapeutic targets for the treatment
of neurodegenerative diseases, cancer, obesity, inflammatory bowel disease and pain [145].
CB1 agonists and antagonists are medically used to enhance or reduce appetite, relief pain,
avoid vomiting and muscle spasticity, but with detrimental side effects such as addiction,
depression, schizophrenia [146]. Due to these undesirable effects, growing attention is being
paid to the second cannabinoid receptor CB2. The high expression of CB2 receptor in cells
and tissue of the immune system, as well as the enhancement of its expression following
inflammatory insults [29, 147], suggests that CB2 receptor selective ligands might be
effective in modulating inflammation. Initial studies revealed that activation of CB2 receptor
reduced the production of proinflammatory molecules in a number of murine and human cell
types in vitro [148]. Selective CB2 ligands have the potential to be used to treat pain,
inflammation, osteoporosis, CB2-expressing malignant gliomas, tumors of immune origin,
and various immunological disorders. CB2 activation may also produce analgesic effects
without the CNS-mediated side effects encountered with CB1 receptor agonists/antagonists.
Positron emission tomography (PET) is a non-invasive biomedical imaging technique that
uses negligible (trace) amounts of radioligands for performing receptor binding studies
without disturbing the dynamic receptor equilibrium significantly. PET imaging can provide
information about receptor localization and density and has proven to be a powerful technique
in neurological research [65]. The expression profiles of CB2 receptor under healthy and
pathological conditions render this protein an interesting target for monitoring disease
progression and therapeutic outcome in the clinic. A number of PET radioligands have been
evaluated but most of the ligands have been plagued with either high non-specific binding,
low affinity and selectivity, rapid metabolism or inappropriate pharmacokinetics [91-93, 95,
96, 98, 99, 102, 105]. Recently, we reported a novel carbon-11 radiolabeled tracer
[11C]RS-016 for imaging CB2 (Chapter 3). High binding to CB2 was observed in CB2positive tissues (spleen) in rodents and postmortem ALS patient spinal cord tissues in in vitro
autoradiography experiments. Biodistribution data confirmed the high and specific uptake of
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[11C]RS-016 in rat spleen. Drawback of this tracer is the short physical half-life (20 min) of
carbon-11 that limits its application to only centers with an on-site cyclotron/radiochemistry
facility. Compared to

11

C, the longer physical half-life of

18

F (110 min) allows for multiple

PET scanning of several individuals from a single preparation, and permits also the
distribution of the radiopharmaceutical to other PET imaging centers that lack a
radiochemistry facility. The high percentage (96.7%) and relatively low energy (635 keV) of
positron β+ emission result in a low radiation dose to patients and high resolution images.
Herein, we present the synthesis of three fluorinated analogues of RS-016 namely RS-030,
RS-122 and RS-126, and their binding affinities towards CB2. The most potent candidate,
RS-126, was radiolabeled with fluorine-18 and its potential as a CB2 PET ligand was
evaluated both in vitro and in vivo.

4.3 Results
4.3
4.3.1
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RESULTS
Chemistry

RS-016, which was previously prepared in our laboratory, exhibits high binding affinity
towards CB2 (Ki = 0.7 nM), good selectivity over CB1 (Ki > 10 µM) and an appropriate
lipophilicity (logD7.4 = 2.78) for brain penetration. Unfortunately, its structure only allows for
radiolabeling with carbon-11, an isotope with a relatively short physical half-life of 20.3 min.
In this study, three novel fluorinated analogues of RS-016 were designed (Figure 4-1) and
synthesized, and the most potent analogue fulfilling most of the desired in vitro prerequisites
was labeled with fluorine-18.

Figure 4-1. Three novel fluorinated analogs of lead compound RS-016 for synthesis and evaluation.

Compound RS-030 was synthesized by following a similar synthetic procedure described for
RS-016 (Chapter 3) starting from commercially available anisidine and diethyl
2-(ethoxymethylene)malonate as shown in Scheme 4-1. Compound 2 was prepared via the
Gould–Jacobs reaction and subsequent benzannulation at high temperatures. N-alkylation
under basic conditions afforded compound 3 in 75% yield. Quinoline acid 4 was obtained by
saponification of the ethyl ester 3 with 10% sodium hydroxide. Amide bond formation using
HBTU as the coupling reagent provided compound RS-028 in a good yield (84%). The
alcohol was subsequently reacted with DAST according to a previously reported patent [149]
to afford the desired fluorinated analogue RS-030 in an overall yield of 30%.
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Scheme 4-1. Synthesis of 3-fluoroadamantyl derivative RS-030. DAST = N,N-Diethylaminosulfur
trifluoride; HBTU = O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate.

Compound 5 in Scheme 4-2 was used as the precursor for the radiosynthesis of [11C]RS-016.
It was obtained after demethylation of RS-016 using lithium chloride. The introduction of the
fluoroethyl side chain was achieved by O-alkylation of compound 5 with fluoroethyl tosylate
to yield the desired fluoroethoxy derivative RS-122 in 79% yield.

Scheme 4-2. Synthesis of fluoroethoxy derivative RS-122.

Saponification of compound 2 with 10% NaOH (Scheme 4-3) yielded carboxylic acid 6,
which was subsequently coupled with 1-aminoadamantane to afford compound 7.
N-alkylation of compound 7 using bis(2-bromoethyl)ether gave compound 8 in 46% yield,
which was then fluorinated with KF-Kryptofix to yield the fluoroethyl ether derivative
RS-126 in an overall yield of 6%.
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Scheme 4-3. Synthesis of fluoroethyl ether derivative RS-126.

4.3.2

In Vitro Binding Affinity Studies

The three novel fluorinated analogues of RS-016 were investigated for their binding affinities
toward CB2 and selectivity over CB1. Competitive binding experiments were carried out with
each candidate compound using [3H]CP55940, a well characterized CB1/CB2 agonist, and
employing membranes prepared from cells expressing human CB1 or CB2 receptors. Nonradioactive WIN-55212-2 was used for the determination of non-specific binding. The
displacement curves showing the averaged values of three IC50 measurements are depicted in
Figure 4-2. The inhibition constants (Ki) of all the tested compounds RS-030, RS-122 and RS-
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126 were estimated using the Cheng-Prusoff equation (see the experimental section).
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Figure 4-2. Displacement curves for compounds RS-030, RS-122 and RS-126 and compared with RS-016
using membranes expressing human CB2 receptors. For each compound, three experiments were
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performed in triplicates and the average values with standard deviations are depicted. Solid curves
represent fitted values assuming one binding site.

The replacement of the adamantyl group with the fluorinated adamantyl moiety yielded
RS-030 with a favorable Ki value of 2.1 nM towards CB2. Substitution of the methoxy group
in RS-016 with fluoroethyl resulted in RS-122, which showed a 100-fold loss in affinity
towards CB2 (Ki 72 nM). The 2-fluoroethyl derivative RS-126 (Ki 1.2 nM) represents the
most potent CB2 ligand of all the three ligands investigated, indicating that the bioisosteric
replacement of a proton with a fluorine atom in the ethyl side chain does not affect CB2
affinity. This potent CB2 ligand exhibited > 8,000-fold (Ki CB1 > 10 µM) selectivity over
CB1. In a further experiment using membranes expressing mouse CB2, a Ki value of 4.5 nM
was obtained for RS-126. This result is comparable to the human CB2 Ki value of 1.2 nM,
indicating no significant species differences.
4.3.3

Radiosynthesis

[18F]RS-126 was prepared via nucleophilic substitution of the bromo precursor 8 with
[18F]TBAF in DMF at 110 °C for 10 min (Scheme 4-4). The fluorinated crude product was
purified by semi-HPLC purification (retention time: 14.5 min). The product was trapped on a
C-18 light Sep-Pak cartridge and eluted with EtOH (0.5 mL), followed by evaporation until
the volume of EtOH was reduced to approximately 0.1 mL. For the final formulation, the
residue was dissolved in water (2 mL) and filtered through a sterile filter. In a typical
experiment, a moderate radiochemical yield of ~ 6% (decay corrected) was achieved with a
radiochemical purity > 99% in a total synthesis and formulation time of approximately
60 min. The specific activities for [18F]RS-126 ranged from 41 - 163 GBq/μmol at the end of
synthesis. The identity of the radiolabeled compound was confirmed by co-injection with the
non-radioactive reference compound RS-126.

Scheme 4-4. Radiosynthetic scheme for the preparation of [18F]RS-126. TBAF = tetra-n-butylammonium
fluoride.
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4.3.4 In Vitro Characterization of [ 18 F]RS-126
The radiotracer was chemically stable for up to 2 h in formulated solution (5% EtOH, data not
shown).
The shake-flask method was applied to measure the distribution of [18F]RS-126 in
n-octanol/phosphate buffer (pH 7.4). The obtained logD7.4 value of 1.99 ± 0.02 (n = 5)
suggests that [18F]RS-126 is sufficiently lipophilic for free diffusion across the blood-brain
barrier [150].
Autoradiography images showed high radioactivity accumulation of [18F]RS-126 to rat spleen
tissue, an organ with high basal levels of CB2 receptors, under baseline conditions (Figure
4-3). Blocking experiments using rat spleen slices that were co-incubated with [18F]RS-126
and the CB2 agonist GW405833 (5 µM, Ki towards CB2 = 3.9 nM, Ki towards CB1 = 4772
nM [101]) displayed a substantially reduced accumulation of radioactivity. Selectivity of
[18F]RS-126 for CB2 over CB1 was confirmed by co-incubation with an excess amount of the
CB1 inverse agonist, AM251 (5 µM, Ki towards CB2 = 2.3 µM [151]).

Figure 4-3. Representative in vitro autoradiogramms of rat spleen tissues after incubation with [18F]RS-126
under baseline and blocking conditions (5 μM CB1 agonist AM251 or 5 μM CB2 agonist GW405833).

Plasma stability tests were carried out in rat and human plasma over a period of 120 min at
37 °C. No radioactive degradation or biotransformation products of [18F]RS-126 were
detected in human or rat plasma after 120 min incubation time.
Organ homogenates from rat and murine brain, spleen and liver were utilized to estimate the
in vitro stability of the tracer. After 15 min incubation of [18F]RS-126 (15 µL, 7 MBq) in
organ homogenates (400 µL) at 37 °C under light shaking, 100% intact compound was
detected in all samples by radio-TLC and HPLC. In mouse and rat spleen, no degradation
products were detected over the total incubation time of 120 min. In the brain samples, 97%
and 98% of the total radioactivity after 60 min was assigned to the intact parent compound in
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the rat and mouse sample, respectively. In both liver samples, only more hydrophilic
degradation products were observed and > 96% of total activity were assigned to intact
[18F]RS-126 after 2 hours.
4.3.5

In Vivo Characterization of [ 18 F]RS-126

The in vivo metabolic fate of [18F]RS-126 was studied using healthy rat blood plasma, spleen
and brain. In spleen samples, 81% and 75% of the total radioactivity were assigned to the
intact parent compound at 15 min and 60 min p.i., respectively. In blood plasma samples, only
one radiometabolite, which was more hydrophilic than [18F]RS-126 was detected. The
percentage of intact compound decreased to 82% at 5 min p.i., 55% at 10 min p.i., 33% at
30 min p.i., 31% at 45 min p.i. and 23% at 60 min p.i.. In brain samples, negligible
radioactivity was detected, which did not permit data evaluation. The rather low level of
radioactivity results from the low expression level of CB2 in healthy brains.
Figure 4-4 shows the biodistribution data of [18F]RS-126 in rats (n = 3) at 10 min p.i.. The
highest accumulation of radioactivity was found in liver, spleen and small intestine, followed
by adrenal gland, kidneys and pancreas. The low uptake of radioactivity in the bone suggests
that no significant defluorination has occurred during the experiment. To assess the specificity
of [18F]RS-126 uptake in CB2–positive organs such as the spleen, the CB2 receptor specific
ligand GW405833 was utilized as a blocking agent. As shown in Figure 4-4, a significant
reduction of radioactivity uptake by 79% was observed for [18F]RS-126 in the spleen tissue,
indicating high specific binding of [18F]RS-126 to CB2.
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Figure 4-4. Radioactivity accumulation of [18F]RS-126 in selected rat tissue at 10 min p.i. under baseline
(green bars) and blocking (red bars; pre-administration of GW405833, 1.5 mg/kg) conditions. Data are
presented as the mean of the percentage of injected dose per gram tissue normalized to the body weight of
the animals ± standard deviation (norm. %ID/g tissue, means ± S.D. (n = 3)).
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DISCUSSION

Based on the core structure of RS-016, which was previously labeled in our group with
carbon-11, three novel fluorinated analogues of RS-016 were designed and synthesized. The
3-fluoroadamantyl derivative RS-030 was synthesized from the 3-hydroxyadamantyl
intermediate RS-028 using DAST as the fluorinating agent. RS-122 was obtained in 79%
yields by O-alkylation of the phenolic precursor 5 with fluoroethyl tosylate in the presence of
cesium carbonate. The fluoroethyl ether derivative RS-126 was obtained by treatment of the
bromo precursor 8 with potassium fluoride and kryptofix. The yield of this reaction was
relatively low (23%), and this is probably due to a competing elimination reaction. Since
sufficient amount of RS-126 could be obtained for in vitro evaluation, no efforts were
undertaken to optimize the yield. From all the fluorinated analogues of RS-016 synthesized,
compound RS-126 exhibited the highest binding affinity (Ki = 1.2 nM) to CB2 and was
therefore selected for further evaluation as a potential PET tracer candidate.
For the radiolabeling of RS-126 with fluorine-18 starting from alkyl bromo precursor
compound 8, we initially used K2.2.2/K[18F]F complex as the fluorinating reagent, but very low
radiochemical yields (< 2%) were obtained under various reaction temperatures and reaction
times using solvents such as acetonitrile or 50% tert-butanol in acetonitrile. Using [18F]TBAF
as the fluorinating reagent in the presence of TBAOH as the base, afforded target compound
[18F]RS-126 in 6% radiochemical yield. Changing basic TBAOH to neutral TBAHCO3 for
generating [18F]TBAF, less elimination side product might be expected, but still a lower
radiochemical yield was obtained.
The lipophilicity of [18F]RS-126 was determined using the shake-flask method and gave a
logD7.4 value of 1.99, which is lower than the logD7.4 value of [11C]RS-016 (2.78, Chapter 3).
This value is still within the optimal lipophilicity range of 1 – 3 for brain-penetrating
compounds. No degradation product was observed when [18F]RS-126 was incubated in rat or
human plasma for up to 2 h at 37 °C. [18F]RS-126 was stable in both rat and mouse brain
homogenates at 37 °C for 120 min. Autoradiographic studies with CB2-positive rat spleen
tissue sections proofed high binding to CB2. Biodistribution studies with rats revealed 79%
specific binding of [18F]RS-126 to spleen tissue. Metabolite studies confirmed high amount
of intact parent compound in spleen samples (81% and 75% at 15 min and 60 min p.i.,
respectively).
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CONCLUSION

[18F]RS-126 was successfully produced in a one-step nucleophilic substitution procedure
using [18F]TBAF as the fluorination reagent. Binding to CB2-positive tissue was
demonstrated in autoradiographic studies in vitro using rat spleen sections. In vivo specificity
towards CB2 was shown in biodistribution experiments. The preclinical data on [18F]RS-126
indicate that this new radioligand might be a promising radiotracer for imaging CB2
receptors. Further work is currently ongoing to evaluate the usefulness of [18F]RS-126 in
animal models of neuroinflammation.
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EXPERIMENTAL SECTION
General

Animal care and experiments were conducted in accordance with Swiss Animal Welfare
legislation and were approved by the Veterinary Office of Canton Zurich, Switzerland. Fiveweek-old male Wistar rats and five-week old male CD-1 mice were supplied by Charles River
(Germany). All reagents and solvents were purchased from Sigma-Aldrich Chemie GmbH
(Germany), Merck (Germany), Acros Organics (Belgium), ABCR GmbH (Germany) or Fluka
(Switzerland). All chemicals were used as supplied without further purification. 1H and

13

C

NMR spectra were obtained on a Bruker Avance FT-NMR spectrometer (400 MHz).
Chemical shifts are given in delta (δ) units, in ppm relative to tetramethylsilane TMS (0 ppm).
Multiplicities in the 1H-NMR spectra are described as: s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet. Coupling constants (J) are reported in Hz. High resolution mass
spectrometry (HRMS) was performed on a Bruker's maXis (ESI-Qq-TOF-MS) spectrometer
(Bruker Daltonik GmbH, Germany) and are given in m/z. ClogP values were calculated using
the CambridgeSoft Software ChemDraw 13.0 (PerkinElmer, Massachusetts). For purification
of radiolabeled product, a semi-preparative Knauer Smartline 1050 HPLC system was used
with an ACE C18-300 column (250 x 10 mm, 5 µm) with an isocratic solvent system 0.1%
H3PO4 in H2O (40%) and MeCN (60%) at a flow rate of 4 mL/min. For product analysis, an

analytical Agilent 1100 series HPLC system, equipped with UV multiwavelength detector and
a GabiStar radiodetector (Raytest) was used with an ACE C18-AR column (50 x 4.6 mm,
3 µm) with the following conditions: 0.1% TFA in H2O (solvent A), CH3CN (solvent B);
0.0 - 3.0 min, 30% B; 3.1 - 13.0 min, 30 - 95% B; 13.1 - 15 min, 95% B at a flow rate of
1 mL/min.
4.6.2 Chemistry
Synthesis of diethyl 2-(((2-methoxyphenyl)amino)methylene)malonate (1). A mixture of
2-anisidine (6.36 g, 51.6 mmol) and diethyl 2-(ethoxymethylene)malonate (11.17 g,
51.6 mmol) was stirred and heated in an oil bath at 110 °C for 1 h. After cooling to ambient
temperature, the crude mixture was recrystallized from hexane (50 mL) to give 1 (13.36 g,
88%) as a yellowish solid. 1H NMR (400 MHz, CDCl3): δ 11.12 (d, J = 14.0 Hz, 1H), 8.57 (d,
J = 14.0 Hz, 1H), 7.25 (m, 1H), 7.12-7.08 (m, 1H), 7.00-6.97 (m, 1H), 6.95-6.92 (m, 1H),
4.33 (q, J = 7.1 Hz, 2H), 4.25 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 1.38 (t, J = 7.1 Hz, 3H), 1.33
(t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 168.5, 166.0, 150.4, 148.9, 128.8, 124.8,
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121.2, 120.9, 119.1, 114.3, 111.2, 93.8, 60.3, 60.0, 55.9, 14.4, 14.3. HRMS calcd for
C15H19NNaO5 316.1155, found 316.1164.
Synthesis of ethyl 8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (2). Compound 1
(13.00 g, 44.3 mmol) was dissolved in diphenylether (70 mL). The reaction mixture was
heated at 250 °C for 1 h. After cooling to ambient temperature, the mixture was filtered and
the precipitates washed with diphenylether (10 mL) and hexane (3 x 10 mL). After
recrystallization from ethanol (150 mL), the precipitates were collected by filtration and dried
under reduced pressure to give 2 (7.68 g, 70%) as a grey powder. 1H NMR (400 MHz,
DMSO): δ 11.92 (d, J = 4.2 Hz, 1H), 8.34 (d, J = 6.0 Hz, 1H), 7.70 (dd, J1 = 1.9 Hz, J2 = 7.5
Hz, 1H), 7.36-7.30 (m, 2H), 4.21 (q, J = 7.1 Hz, 2H), 4.00 (s, 3H), 1.27 (t, J = 7.1, 3H). 13C
NMR (100 MHz, DMSO): δ 173.2, 164.2, 148.7, 144.0, 129.3, 128.1, 124.6, 116.7, 112.2,
110.0, 59.6, 56.3, 14.3. HRMS calcd for C13H13NNaO4 (M+Na) 270.0737, found 270.0743.
Synthesis

of

ethyl

1-(2-ethoxyethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-

carboxylate (3). To a solution of 2 (1.2 g, 4.85 mmol) in DMF (15 mL), potassium carbonate
(1.34 g, 9.71 mmol) and 1-bromo-2-ethoxyethane (1.095 ml, 9.71 mmol) were added. The
reaction mixture was heated at 90 °C for 4 h, cooled to rt and then aq. HCl (0.2 M, 50 mL)
was added. The mixture was extracted with CH2Cl2 (3 x 5 mL) and the combined organic
layers dried over MgSO4. Solvents were removed under reduced pressure and the residue was
purified over silica gel using hexane/EtOAc (1:1) to give 3 (1.16 g, 75%) as a yellowish oil.
1

H NMR (400 MHz, CDCl3): δ 9.19 (s, 1H), 7.96 (dd, J1 = 1.0 Hz, J2 = 8.3 Hz, 1H), 7.49 (t, J

= 8.3 Hz, 1H), 7.13 (dd, J1 = 0.7 Hz, J2 = 8.3 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H), 4.40-4.38 (m,
2H), 4.08 (s, 3H), 3.85-3.83 (m, 2H), 3.57 (q, J = 7.0 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.20
(t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 165.1, 164.1, 155.4, 150.8, 142.8, 126.9,
125.1, 115.2, 115.1, 109.8, 75.3, 69.6, 66.7, 61.5, 56.1, 15.1, 14.3. HRMS calcd for
C17H22NO5 320.1492 (M+H), found 320.1488.
Synthesis of 1-(2-ethoxyethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid
(4). Aq. NaOH (10%, 100 mL) was added to 3 (1.5g, 4.7 mmol). The reaction mixture was
refluxed for 3h. After cooling to ambient temperature, pH was adjusted to 2 using conc. HCl
and the precipitates were filtered and washed with water (10 mL) and diethylether (10 mL).
Recrystallization from EtOH (80 mL) gave 4 (1.16 g, 85%) as a yellowish solid. 1H NMR
(400 MHz, CDCl3): δ 14.95 (s, 1H), 8.18 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.49 (t, J = 8.1
Hz, 1H), 7.29 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 4.82 (t, J = 4.9 Hz, 2H), 4.00 (s, 3H), 3.76 (t,
J = 4.9 Hz, 2H), 3.40 (q, J = 7.0 Hz, 2H), 1.09 (t, J = 7.0 Hz, 3H).

13

C NMR (100 MHz,
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CDCl3): δ 152.0, 126.5, 119.3, 115.5, 69.0, 66.8, 59.9, 56.5, 15.0. HRMS calcd for
C15H18NO5 (M+H) 292.1179, found 292.1175.
1-(2-ethoxyethyl)-N-(3-hydroxyadamantan-1-yl)-8-methoxy-4-oxo-1,4-dihydroquinoline3-carboxamide (RS-028). To a solution of 4 (63 mg, 0.216 mmol) in DMF (1.5 mL) was
added DIPEA (0.09 ml, 0.515 mmol). HBTU (164 mg, 0.433 mmol) was added portion wise
and the reaction mixture is stirred at rt for 30 min, then RS-025 (36.2 mg, 0.216 mmol) was
added. The reaction mixture was stirred at rt for 3 h. The mixture was diluted with EtOAc
(50 mL) and washed with water (3 x 15 mL), followed by diluted HCl (0.5M, 15 mL), water
(15 mL) and then brine (20 mL). The organic solvent was evaporated under reduced pressure
and the residue was purified with flash chromatography using CH2Cl2/MeOH (50:1 to 20:1) to
give RS-028 (80 mg, 84%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 10.04 (s, 1H),
8.64 (s, 1H), 8.16 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.39 (t, J = 8.0 Hz, 1H), 7.19 (dd, J1 =
1.2 Hz, J2 = 8.1 Hz, 1H), 4.74 (t, J = 5.4 Hz, 2H), 3.97 (s, 3H), 3.75 (t, J = 5.4 Hz, 2H), 3.42
(q, J = 7.0 Hz, 2H), 2.31-2.04 (m, 9H), 1.78-1.62 (m, 5H), 1.42 (s, 1H), 1.11 (t, J = 7.0 Hz,
3H).

13

C NMR (100 MHz, CDCl3): δ 150.9, 114.3, 69.5, 59.0, 56.3, 49.3, 44.2, 40.5, 35.1,

30.7. HRMS calcd for C25H33N2O5 441.2384 (M+H), found 441.2382.
Synthesis

of

1-(2-ethoxyethyl)-N-(3-fluoroadamantyl)-8-methoxy-4-oxo-1,4-

dihydroquinoline-3-carboxamide (RS-030). To a -78 °C cold solution of 1-(2-ethoxyethyl)N-(3-hydroxyadamantyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide

(RS-028)

(11 mg, 0.023 mmol) in CH2Cl2 (0.25 mL) was added DAST (6 µl, 0.045 mmol). The mixture
was allowed to warm to RT and stirred for 1 hour. Ice water (5 mL) was added and the
reaction was extracted with CH2Cl2 (3 x 2mL), washed with brine, dried over MgSO4 and
solvents were removed under reduced pressure. Crude was purified over silica gel using
CH2Cl2/MeOH (50:1) to give RS-030 (10 mg, 91 %) as a white solid. 1H NMR (400 MHz,
CDCl3): δ 10.09 (s, 1H), 8.64 (s, 1H), 8.16 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 7.39 (t, J = 8.1,
1H), 7.19 (dd, J1 = 1.2 Hz, J2 = 8.1 Hz, 1H), 4.74 (t, J = 5.3 Hz, 2H), 3.97 (s, 3H), 3.75 (t, J =
5.3 Hz, 2H), 3.41 (q, J = 7.0 Hz, 2H), 2.37 (d, J = 5.3 Hz, 4H), 2.17-1.85 (m, 8H), 1.65-1.55
(m, 2H), 1.12 (t, J = 7.0 Hz, 3H). HRMS calcd for C25H32FN2O4 (M+H) 443.2341, found
443.2340.
Synthesis of N-(1-adamantyl)-1-(2-ethoxyethyl)-8-hydroxy-4-oxo-1,4-dihydroquinoline3-carboxamide (5). To a solution of RS-016 (202 mg, 0.476 mmol) in DMF (5 mL) was
added lithium chloride (303 mg, 7.14 mmol). The reaction mixture was heated to reflux and
stirred overnight. After cooling to ambient temperature, ethyl acetate (EtOAc, 60 mL) was
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added and the mixture was washed with HCl (0.2 M, 3 x 10 mL) and brine (15 mL). The
organic layer was dried over MgSO4 and solvents were removed under reduced pressure.
HPLC purification over a C18 column using 0.1% TFA in water and acetonitrile (30:70, v:v)
gave the desired product 5 (37 mg, 20%) as a yellowish powder. 1H NMR (400 MHz, CDCl3):
δ 10.00 (s, 1H), 8.65 (s, 1H), 8.33 (br s, 1H), 8.14 (dd, J1 = 2.5Hz, J2 = 7.1 Hz, 1H), 7.35-7.29
(m, 2H), 4.75 (t, J = 4.9 Hz, 2H), 4.00 (t, J = 4.9 Hz, 2H), 3.61 (q, J = 7.0 Hz, 2H), 2.14-2.09
(m, 3H), 1.78-1.67 (m, 12H), 1.18 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 149.11,
125.62, 123.36, 119.80, 69.37, 67.81, 55.34, 41.76, 36.53, 31.93, 29.70, 29.53, 29.36, 14.62.
HRMS calcd for C24H31N2O4 (M+H) 411.2278, found 411.2281.
Synthesis

of

N-(1-adamantanyl)-1-(2-ethoxyethyl)-8-(2-fluoroethoxy)-4-oxo-1,4-

dihydroquinoline-3-carboxamide (RS-122). To a solution of 5 (20 mg, 0.05 mmol) and
cesium carbonate (24 mg, 0.075 mmol) in DMF (1 mL) was added 2-fluoroethyl
4-methylbenzenesulfonate (13 µL, 0.075 mmol). The reaction mixture was stirred at RT for
24 h. The mixture was diluted with aq. HCl (0.2 M, 30 mL) and extracted with CH2Cl2 (3 x 5
mL). The combined organic layers were washed with brine (20 mL) and dried over MgSO4.
Solvents were removed under reduced pressure and the residue was purified over silica gel
using CH2Cl2/MeOH (100:1) to give RS-122 (18 mg, 79%) as a white solid. 1H NMR (400
MHz, CDCl3): δ 9.88 (s, 1H), 8.68 (s, 1H), 8.21 (dd, J1 = 1.4 Hz, J2 = 8.0 Hz, 1H), 7.37 (t, J =
8.0 Hz, 1H), 7.15 (dd, J1 = 1.2 Hz, J2 = 8.0 Hz, 1H), 4.90-4.88 (m, 1H), 4.78-4.76 (m, 3H),
4.40-4.38 (m, 1H), 4.33-4.31 (m, 1H), 3.78 (t, J = 5.3 Hz, 2H), 3.41 (q, J = 7.0 Hz, 2H), 2.192.11 (m, 9H), 1.77-1.68 (m, 6H), 1.10 (t, J = 7.0 Hz, 3H).

13

C NMR (100 MHz, CDCl3): δ

151.2, 124.9, 120.1, 114.9, 82.0, 80.3, 69.5, 68.7, 68.5, 66.7, 58.9, 51.6, 41.8, 36.6, 29.6, 15.0.
HRMS calcd for C26H34FN2O4 (M+H) 457.2497, found 457.2495.
Synthesis of 8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (6). To 2 (2.00 g,
8.09 mmol) was added aq. NaOH (10%, 140 mL). The reaction mixture was heated to reflux
and stirred for 3 h. The pH was adjusted to 2 using conc. HCl and the precipitates were
filtered and washed with water (15 mL) and petrolether 60/90 (20 mL). The residue was
dissolved in EtOH (150 mL) and heated to reflux and stirred for 30 min. The mixture was
cooled down slowly; the precipitates were filtered and dried in vacuum to give 6 (1.67 g,
94%) as a slight grey powder. 1H NMR (400 MHz, DMSO): δ 15.32 (s, 1H), 12.99 (s, 1H),
8.57 (s, 1H), 7.83 (dd, J1 = 1.4 Hz, J2 = 8.0 Hz), 7.55 (t, J = 8.0 Hz, 1H), 7.49 (dd, J1 = 1.2
Hz, J2 = 8.0 Hz, 1H), 4.06 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 178.2, 166.2, 149.0, 143.9,
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126.4, 125.3, 116.0, 113.5, 107.9, 56.6. HRMS calcd for C11H10NO4 (M+H) 220.0604, found
220.0600.
Synthesis of N-(1-adamantyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide (7).
To a solution of 6 (220 mg, 1 mmol) in DMF (8 mL) was added DIPEA (524 µL, 3.00 mmol)
and the reaction mixture was stirred at rt for 30 min. HBTU (758 mg, 2.00 mmol) was added
portion wise, followed by the addition of 1-aminoadamantane (180 mg, 1.20 mmol). The
mixture was stirred at rt for 3 h, diluted with EtOAc (50 mL) and washed with water (3 x
15 mL), aq. HCl (0.5M, 15 mL), water (15 mL) and then brine (20 mL). EtOAc was
evaporated under reduced pressure and the residue was purified with flash chromatography
using hexane/EtOAc (2:1 to 1:4) to give 7 (330 mg, 94%) as a yellowish powder. 1H NMR
(400 MHz, DMSO): δ 12.28 (d, J = 4.3 Hz, 1H), 10.02 (s, 1H), 8.58 (d, J = 4.3, 1H), 7.82 (dd,
J1 = 1.4 Hz, J2 = 7.9, 1H), 7.43 (t, J = 7.9 Hz, 1H), 7.39 (dd, J1 = 1.4 Hz, J2 = 7.9 Hz, 1H),
4.06 (s, 3H), 2.10 (s, 9H), 1.71 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 142.5, 124.7, 116.5,
112.0, 56.3, 50.4, 41.4, 36.0, 28.8. HRMS calcd for C21H25N2O3 353.1860 (M+H), found
353.1854.
Synthesis

of

N-(1-adamantyl)-1-(2-(2-bromoethoxy)ethyl)-8-methoxy-4-oxo-1,4-

dihydroquinoline-3-carboxamide (8). To a stirred solution of 7 (100 mg, 0.284 mmol) in
DMF

(2

mL),

cesium

carbonate

(137

mg,

0.422

mmol)

and

1-bromo-2-(2-

bromoethoxy)ethane (53 µL, 0.422 mmol) were added. The reaction mixture was heated at
90 °C under nitrogen for 3 h. After cooling to ambient temperature, the mixture was poured
into ice-water (50 mL) and extracted with CH2Cl2 (3 x 10 mL), washed with brine (15 mL)
and dried over MgSO4. Solvents were removed under reduced pressure and the residue was
purified over silica gel using hexane/EtOAc (1:1) to give 8 (66 mg, 46%) as a white powder.
1

H NMR (400 MHz, CDCl3): δ 9.88 (s, 1H), 8.64 (s, 1H), 8.16 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz,

1H), 7.39 (t, J = 8.1 Hz, 1H), 7.19 (dd, J1 = 1.4 Hz, J2 = 8.1 Hz, 1H), 4.76 (t, J = 5.3 Hz, 2H),
3.97 (s, 3H), 3.85 (t, J = 5.3 Hz, 2H), 3.68 (t, J = 6.2 Hz, 2H), 3.35 (t, J = 6.2 Hz, 2H), 2.182.08 (m, 9H), 1.78-1.67 (m, 6H). HRMS calcd for C25H32BrN2O4 (M+H) 503.1540, found
503.1539.
Synthesis

of

N-(1-adamantyl)-1-(2-(2-fluoroethoxy)ethyl)-8-methoxy-4-oxo-1,4-

dihydroquinoline-3-carboxamide (RS-126). To a stirred solution of acetonitrile (1 mL),
potassium fluoride (9.23 mg, 0.159 mmol) and Kryptofix (59.8 mg, 0.159 mmol) were added.
The reaction mixture was heated to 90 °C, then compound 8 (20 mg, 0.040 mmol) was added
and the mixture was stirred for 3 h. After cooling to ambient temperature, water (25 mL) was
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added and the mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers
were dried over MgSO4 and solvents were removed under reduced pressure. The residue was
purified over silica gel using hexane/EtOAc (3:2 to 1:2) to give RS-126 (4 mg, 23%) as a
yellowish powder. 1H NMR (400 MHz, CDCl3): δ 9.90 (s, 1H), 8.66 (s, 1H), 8.17 (dd, J1 =
1.4 Hz, J2 = 8.1 Hz, 1H), 7.39 (t, J = 8.1 Hz, 1H), 7.19 (d, J = 7.7 Hz, 1H), 4.77 (t, J = 4.9 Hz,
2H), 4.54-4.40 (m, 2H), 3.97 (s, 3H), 3.88 (t, J = 4.9 Hz, 2H), 3.68-3.59 (m, 2H), 2.22-2.08
(m, 9H), 1.78-1.67 (m, 6H). HRMS calcd for C25H32FN2O4 (M+H) 443.2341, found
443.2340.
4.6.3

Radiochemistry

[18F]-fluoride was produced via the
enriched

18

18

O(p,n)18F nuclear reaction by bombardment of 98 %

O-water using a Cyclone 18/9 cyclotron (18-MeV; IBA, Belgium). Aqueous

18 -

F

was trapped on a hydrophilic anion exchange cartridge (Waters SepPak Accell QMA
cartridge carbonate) and eluted with a tetrabutylammoniumhydroxide solution (0.2 M in
MeOH, 1 mL) into a reaction vessel. The solvents were evaporated at 90 °C under reduced
pressure with a gentle inflow of nitrogen gas. After addition of acetonitrile (1 mL), azeotropic
drying was carried out. This procedure was repeated twice to afford dry [18F]TBAF complex.
A solution of precursor compound 8 (1 mg) in DMF (0.3 mL) was added and the reaction
mixture was stirred at 110°C for 10 min. After dilution with water (2.7 mL), the crude product
was purified by semi-preparative HPLC system. The collected product fraction was diluted
with water (10 mL), trapped on a C18 cartridge (Waters, preconditioned with 5 mL EtOH and
10 mL water), washed with water (5 mL) and eluted with EtOH (0.5 mL) through a sterile
filter (0.2 µm). The volume of EtOH was decreased under reduced pressure until ca. 0.1 mL
and water (2 mL) was added to give a final EtOH concentration of 5%. For quality control, an
aliquot of the formulated solution was analyzed using the analytical HPLC system. The
identity of the

18

F-labeled product was confirmed by comparison with the HPLC retention

time of its non-radioactive reference compound RS-126 and by co-injection. Specific
radioactivity of the product was calculated by comparison of UV peak intensity with a
calibration curve of the non-radioactive reference compound.
4.6.4 In Vitro Binding Assay
Membrane preparations obtained from CHO-K1 cells stably transfected with human CB1 or
CB2 (PerkinElmer, 0.5 μg/tube for hCB1 and hCB2) were incubated at 30 °C for 90 min with
increasing concentrations of test compounds (1 pM to 10 μM). [3H]CP-55,940 (1.4 nM,
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PerkinElmer) was used as radioligand, an agonist with Ki values of 0.58 nM and 0.68 nM
towards hCB1 and hCB2, respectively. Non-specific binding was defined by the presence of 5
μM WIN-55212-2 (Ki hCB1 = 1.89, Ki hCB2 = 0.28 nM [142]). Inhibition constants Ki
values were calculated using the Cheng-Prusoff equation [143]. KD values of 0.14 and
0.11 nM from PerkinElmer were used for calculations for [3H]CP-55,940 binding to hCB1
and hCB2 receptors, respectively.
For the murine CB2 binding affinity, an adapted protocol using membrane preparations from
CHO cells expressing murine CB2 receptors in conjunction with [3H]CP-55,940 was used.
Binding was performed in 0.2 mL buffer pH 7.4 containing 50 mM Tris, 5 mM MgCl2, 2.5
mM EGTA and 0.1% fatty acid free BSA for 1 h at 30 °C under light shaking. The reaction
was terminated by rapid filtration through microfiltration plates coated with 0.5%
polyethylenimine (UniFilter GF/B filter plate; Packard). Bound radioactivity was analyzed for
Ki using nonlinear regression analysis (Activity Base, ID Business Solution, Limited).
4.6.5

In Vitro Stability Studies

The stability of the radiolabeled compound [18F]RS-126 was investigated in rat and human
plasma and in rat and murine organ homogenates (brain, spleen and liver) at 37 °C at various
incubation times (0 – 120 min). PBS (0.15 M, pH 7.4) was used as a control.
For the plasma, [18F]RS-126 formulated solution (10 µL, 3 MBq) was added to PBS (300 µL),
rat (300 µL) and human plasma (300 µL), respectively. The mixtures were vortexed and
incubated at 37 °C under shaking. An aliquot of 100 µL from each sample was taken at
different time points (30, 60 and 120 min) and mixed with 100 µL ice-cooled acetonitrile and
centrifuged (3 min, 5000 rpm). The supernatants were analyzed by radio-TLC Instant Imager
(Packard, Canberra Company) using hexane/EtOAc (1:4) as the eluent.
The whole brain, liver and spleen of a rat and mouse were removed after decapitation and
stored at -80 °C until use. The organs were thawed and homogenized in PBS (GIBCO, 1 3 mL) with a polytron on ice. The homogenates (400 µL) were incubated with [18F]RS-126
(15 µL, 7 MBq) at 37 °C under light shaking. An aliquot (100 µL) was taken at 15, 30, 60 and
120 min and mixed with ice-cooled acetonitrile (100 µL). The samples were vortexed,
centrifuged (5 min, 5000 rpm) and analyzed by radio-HPLC and radio-TLC using
hexane/EtOAc (1:4) as the eluent.
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4.6.6 In Vitro Autoradiography
Rat spleen tissue embedded in TissueTek was cut into 20 µm thick sections on a cryostat
(Cryo-Star HM 560 MV; Microm). The slices were absorbed on SuperFrost Plus slides
(Menzel) and stored at -80 °C until use. For the experiment, the slices were thawed on ice and
preconditioned at 0 °C in buffer (pH 7.4) containing 50 mM TRIS/HCl and 5% BSA
(incubation buffer). The tissue slices were dried in a ventilated hood for 10 min, then
incubated with 600 μL incubation buffer containing [18F]RS-126 (0.6 nM) for 15 min at rt in a
humid chamber. Under blockade conditions, AM251 (5 µM, CB1 inverse agonist, low CB2
binding affinity, Ki = 2.3 µM) or GW405833 (5 µM, CB2 inverse agonist, high CB2 binding
affinity, Ki = 3.9 nM) was added to the incubation buffer containing the radioligand. The
slices were washed with washing buffer (50 mM TRIS/HCl, 1% BSA, 5% EtOH, pH 7.4) for
2 min (2 x) and with distilled water for 5 sec (2 ×) on ice. After drying, the slices were
exposed (30 min) to appropriate phosphor imager plates (Fuji) and the films were scanned in a
BAS5000 reader (Fuji).
4.6.7 Determination of LogD7.4
The partition coefficient D was determined by the shake flask method as reported in [123]. In
brief, n-octanol saturated with phosphate buffer pH 7.4 (0.5 mL) and phosphate buffer
saturated with n-octanol (0.5 mL) were mixed with [18F]RS-126 (20 µL). The samples were
shaken for 15 min and centrifuged at 5000 g for 5 min at room temperature. Layers were
separated and radioactivity in each layer was measured in a gamma counter (Wizard,
PerkinElmer). LogD is expressed as the logarithm of the ratio between the radioactivity
concentrations (Bq/mL) of the octanol and the buffer phase.
4.6.8

Biodistribution Studies

For biodistribution studies, a formulated solution of [18F]RS-126 (6 - 15 MBq, 0.06 - 0.16
nmol) was administered via tail vein injection into Wistar rats (n = 3; 316-355 g). For
blocking conditions, GW405833 (1.5 mg/kg) was injected iv shortly before tracer injection
(n = 3, 330 - 356 g). Animals were sacrificed under anesthesia with isoflurane by decapitation
at 10 min p.i.. Blood and tissues were collected, weighed and radioactivity measured in a
gamma-counter (Wizard, PerkinElmer). The accumulated radioactivity in the tissues was
expressed as percentage of injected dose per g wet tissue normalized to the body weight of the
animals (norm. %ID/g tissue).
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4.6.9 In Vivo Metabolic Stability
The radiotracer was administered intravenously to Wistar rats (n = 2, 251 g and 330 g, 100
and 124 MBq, respectively) by tail vein injection. From the first rat (251 g), blood samples
were withdrawn from the tail artery at 15, 30 and 45 min p.i.. The rat was sacrificed by
decapitation at 60 min p.i. to collect blood, spleen and brain. Blood from the second rat
(330 g) was collected from the tail artery at 5 min p.i.. The rat was sacrificed 15 min p.i. to
collect blood, spleen and brain. All the blood samples were collected in heparin-coated tubes
(BD Vacutainers) and centrifuged at 5000 g for 5 min at 4 °C. The proteins of plasma were
precipitated by addition of an equal volume of ice-cold acetonitrile and centrifuged at 5000 g
for 5 min. The spleen and brain tissues were homogenated in PBS (2 mL) for 2 min with a
polytron. Ice-cold acetonitrile (2 mL) was added to precipitate proteins followed by
centrifugation at 4800 g for 5 min. Supernatants were analyzed by radio-TLC using
hexane/EtOAc (1:4). Results are expressed as percentage of the radioactivity of intact parent
compound from total radioactivity.
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ABSTRACT

As part of our efforts to develop CB2 PET imaging agents, we investigated 2,5,6-substituted
pyridines as a novel class of potential CB2 PET ligands. A total of 21 novel compounds were
designed, synthesized and evaluated for their efficacy and binding properties towards human
and rodent CB1 and CB2. The most promising ligand 6a exhibted a Ki value of 2.5 nM and
1.8 nM towards hCB2 and mCB2, respectively. The corresponding hydroxy precursor 15 was
radiolabeled with carbon-11 to yield [11C]RSR-056 with high specific activity of
194 ± 139 GBq/µmol at the end of synthesis. The lipophilicity of [11C]RSR-056 was
determined using the shake-flask method to afford a logD7.4 value of 1.94. Specific binding of
[11C]RSR-056 to CB2-positive spleen tissue of rats and mice was demonstrated by in vitro
autogadiography and verified in vivo in PET and biodistribution experiments. An in vivo
specific binding of 79% was accomplished in rat spleen. Furthermore, [11C]RSR-056 was
evaluated in a murine model of neuroinflammation, which induces elevated CB2 levels in the
brain after ip administration of lipopolysaccharid (LPS). Brain radioactivity was strikingly
higher in the LPS-treated mice than the control mice.
In conclusion, [11C]RSR-056 is a promising radiotracer for imaging CB2 in rodents. It might
serve as a tool for the investigation of CB2 receptor expression levels in healthy tissues and
different neuroinflammatory disorders in humans.
5.1.1

Introduction

The Endocannabinoid System (ES) is a rather complex and tightly regulated signaling system
mainly involved in stress-recovery [152]. This system was discovered in the early 90s through
investigations on potential targets for cannabidiol (CBD) and Δ9-tetrahydrocannabinol
(THC), the two pharmacologically most active ingredients of Cannabis sativa L. [1, 2].
Beside several putative cannabinoid receptors such as GPR55 [153], GPR119 [154], GPR18
[54] or TRPV1 [55], two main subtypes of cannabinoid receptors are known, designated as
CB1 and CB2. Both belong to the class A G-protein-coupled receptor family (GPCR)
containing seven transmembrane spanning domains. CB1 is highly expressed in the central
nervous system (CNS) with highest density in cerebellum, hippocampus and cortex [155].
CB2 on the other hand is mainly expressed on cells related to the immune system [156], but
also present in the CNS, however its expression level is very low [3, 129, 130]. It plays an
important – yet not fully understood – role in neuroinflammatory diseases and is therefore a
very promising target for therapeutic approaches as well as for PET imaging in Parkinson’s
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and Alzheimer disease, multiple sclerosis (MS) or amyotrophic lateral sclerosis (ALS) [22,
111, 125, 131].
Several CB2 PET ligands from a diverse class of compounds including quinolines [92, 157],
thiazoles [98], indoles [99, 100], oxadiazoles [102], triazines [104] or bis-sulfones [91] have
been reported, but to date no optimal ligand exists for the imaging of CB2 in human subjects.
As part of our efforts to develop a PET radioligand targeting CB2, we have prepared and
evaluated the in vitro binding profiles of a series of 2,5,6-substituted pyridines. The most
promising compound 6a, was labeled with carbon-11 to obtain [11C]RSR056 and evaluated in
rats and in a murine model of neuroinflammation.
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RESULTS
Chemistry

Commercially available methyl-5-bromopicolinate 1 was treated with m-chloroperoxybenzoic
acid to afford N-oxide 2 in 75% yield (Scheme 5-1). Reaction of the N-oxide with POCl3
yielded chlorinated compound 3 in 59% yield via an addition-elimination reaction. Treatment
with the sodium salt of cyclopropylmethanol and subsequent hydrolysis in a one pot
procedure afforded 5-bromo-6-(cyclopropylmethoxy)picolinic acid 4 in 92% excellent yield.
Compound 4 was converted in a Buchwald-Hartwig amination with 3-methoxyazetidine to
yield the desired key intermediate 5, which was coupled to appropriate amine building blocks
using DMTMM to produce the target compounds 6a - 6k (Table 5-1) in 18 - 85% yield.

Scheme 5-1. Synthesis of 5-methoxyazetidine pyridine derivatives 6a - 6k. Reagents and conditions: (a)
m-CPBA, CH2Cl2, reflux, 20 h. (b) POCl3, 95 °C, 1 h. (c) (1) cyclopropylmethanol, NaH, 95 °C, 3 h; (2)
H2O, rt, 10 min. (d) methoxyazetidine, Cs2CO3, [Pd2(dba)3], BINAP, 110 °C, toluene, 16 h. (e) DIPEA,
DMTMM, H2NR1, rt, CH2Cl2, 16 h.

As part of our systematic structure activity relationship investigation, we replaced the
3-methoxyazetidine substituent in position 5 of the pyridine with difluoroazetidine applying
the reaction sequence described in Scheme 5-1. Scheme 5-2 illustrates the synthetic pathway
leading to 5-difluoroazetidinyl pyridine derivatives 10a - 10f starting from picolinic acid 4.
Esterification of the carboxylic functionality was accomplished by reacting the sodium salt of
picolinic acid 4 with methyl iodide at room temperature. Methyl ester 7 was reacted with
difluoroazetidine using Buchwald-Hartwig reaction conditions to give compound 8, which
was hydrolyzed under basic conditions to provide carboxylic acid 9. Coupling with the
appropriate amines afforded target compounds 10a - 10f (Table 5-2) in chemical yields
ranging from 22 - 85%.
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Scheme 5-2. Synthesis of 5-difluoroazetidine pyridine derivatives 10a - 10f. Reagents and conditions: (a)
Na2CO3, CH3I, DMF, rt, 16 h. (b) difluoroazetidine HCl, Cs2CO3, [Pd2(dba)3], BINAP, 70 °C, dioxane,
16 h. (c) LiOH, THF/H2O, rt, 3 h. (d) DIPEA, DMTMM, H2NR2, rt, CH2CL2, 16 h.

In a further effort, we replaced the azetidine moiety with a cyclopentyl group as outlined in
Scheme 5-3. A palladium catalyzed Suzuki cross-coupling of compound 4 afforded the
cyclopentenyl intermediate 11, which underwent reduction with hydrogen using 10%
palladium on carbon to afford cyclopentyl analog 12. Coupling of 12 using similar conditions
as described in Scheme 5-1 or Scheme 5-2 gave the target compounds 13a - 13e (Table 5-3)
in 25 - 68% yield.

Scheme 5-3. Synthesis of 5-cyclopentyl pyridine derivatives 13a - 13e. Reagents and conditions: (a)
[Pd(dppf)Cl2], Na2CO3, DMF, 100 °C, 16 h. (b) Pd/C, H2, EtOH, rt, 4 h. (c) DIPEA, DMTMM, H2NR3,
CH2Cl2, rt, 16 h.

5.2.2 In Vitro Pharmacology
The selectivity and functional activity of the synthesized compounds towards human CB1 and
CB2 were determined in a cAMP assay according to Ullmer et al. [158]. Binding affinity was
determined in a competitive binding assay with membranes prepared from cells expressing
human or mouse CB2 receptors (Perkin Elmer). EC50 or Ki values were calculated from a
single experiment using triplicates of 10 different concentrations of compound.
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The 5-methoxyazetidine substituted derivatives 6a - 6k exhibited EC50 values in the range of
4 nM - 4 µM (Table 5-1). The most potent compounds in this series were 6a and 6e, which
both displayed 4.4 nM potency towards hCB2. The selectivity profile of hCB2 over hCB1 for
these compounds was high and greater than 1000. The binding affinities (Ki values) of
compound 6a to mouse and human CB2 were also high and comparable to the EC50 value
obtained using hCB2. The replacement of the ethyl ester group in 6a with the N-methyl group
as in compound 6b or N-fluoroalkyl as in compounds 6c and 6d led to a several-fold decrease
in potency. A fluoroazetidine moiety as in derivative 6e exhibited nanomolar activity, but was
also shown to be a substrate for P-glycoprotein (data not shown). Introducing an oxetane
moiety to reduce lipophilicity as in compound 6f showed a promising effect in the cAMP
assay with an EC50 value of 67 nM, but this value did not correlate with high binding affinity.
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Table 5-1. Lipophilicity (logD), binding affinity (Ki) and efficacy (EC50) values of compounds 6a - 6k.
ClogP and polar surface area (PSA) are calculated values. If not stated otherwise, values represent data
from a single experiment in triplicates. a n = 6; b n = 8; c n = 3; d n = 2; e n = 4; f nd = not determined.
2

R

1

logD

Ki [µM]
hCB2
mCB2

EC50 [µM]
hCB2
hCB1

Compd

clogP

PSA [Å ]

6a

4.59

74.37

nd

0.0025

a

0.0018

0.0044

>10

6b

3.21

76.84

3.18

0.1698

0.0604

0.047

>10

6c

3.46

76.24

3.43

0.9023

c

0.4211

0.2809

>10

6d

3.69

76.31

3.67

2.0648

d

5.261

d

0.4443

>10

6e

3.73

69.04

3.25

0.0183

e

0.0069

e

0.0044

>10

6f

1.71

101.33

1.7

1.0173

3.1135

0.0668

>10

6g

2.91

98.25

nd

>10

2.2779

0.1548

>10

6h

3.68

88.65

nd

0.4659

c

0.5040

d

1.8054

d

>10

6i

3.85

72.44

nd

2.8674

2.226

1.2914

>10

6k

2.68

89.01

3.37

nd

nd

4.0075

>10

f

b

c

Compounds of the 5-difluoroazetidine series shown in Table 5-2 exhibited EC50 values of
4 nM - 2.9 µM. Two compounds, 10e and 10f, from this series of compounds were nonbinders. The N-methylamide analogue 10a exhibited the highest potency with an EC50 value
of 4.3 nM, which, however, did not translate in high binding affinity to human or mouse CB2.
Compared to the 5-methoxyazetidine series, the N-fluoroethyl side chain as in compound 10b
resulted in a more than ten-fold increase in efficacy (EC50 = 27 nM). Oxadiazole compounds
10c - 10e were amongst the weakest CB2 ligands tested in this work.
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Table 5-2. Lipophilicity (logD), binding affinity (Ki) and efficacy (EC50) values of compounds 10a – 10f.
logD

Ki [µM]
hCB2
mCB2

EC50 [µM]
hCB2
hCB1

68.63

3.76

0.1794

0.2447

0.0043

>10

4.42

67.54

nd

0.7739

c

0.4026

0.027

>10

10c

3.28

90.94

nd

>10

>10

0.3961

>10

10d

4.65

79.92

nd

3.0341

1.0472

2.8897

>10

10e

4.58

80.03

nd

3.9583

>10

>10

>10

10f

3.19

80.03

nd

>10

>10

>10

>10

2

Compd

clogP

PSA [Å ]

10a

4.17

10b

R

2

c

Table 5-3 summarizes the results obtained for the 5-substituted cyclopentyl pyridine
derivatives. The efficacy of compounds 13a - 13e on hCB2 was in the range of
2.9 nM - 2.8 µM with compound 13a as the most potent derivative. The carboxylate ester 13b
was highly active on hCB2 exhibiting an EC50 value of 9.6 nM, but showed insufficient
selectivity of ~ 100-fold over CB1. Introducing small PEG chains as in isoxazol derivatives
13c and 13d resulted in rather low efficacy with EC50 values of 175 nM and 176 nM,
respectively.
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Table 5-3. Lipophilicity (logD), binding affinity (Ki) and efficacy (EC50) values of compounds 13a – 13e.
Ki [µM]
hCB2
mCB2

EC50 [µM]
hCB2
hCB1

nd

0.0162

0.0385

0.0029

>10

82.52

nd

0.3519

0.0697

0.0096

0.9482

3.86

78.21

nd

0.2936

d

0.0127

d

0.1746

>10

13d

4.25

77.91

nd

0.2639

d

0.0117

d

0.1756

>10

13e

4.85

73.12

nd

0.4161

0.4034

2.7579

>10

Compd

2

clogP

PSA [Å ]

13a

5.76

58.91

13b

4.06

13c

R

3

logD

From the series of compounds tested in vitro, compound 6a from the group of
5-methoxyazetidine substituted pyridine derivatives emerged as the most promising candidate
and was therefore selected for further evaluation. Important properties that prompted our
decision included high binding affinity towards mouse and human CB2 receptor, high
selectivity, low polar surface area, stability in buffer, optimal membrane permeability, nonPgp substrate and finally amenability to radiolabeling with carbon-11.
5.2.3

Synthesis of Precursor and Radiolabeling

In Scheme 5-4 are depicted the synthesis of the desmethyl precursor 15 using BuchwaldHartwig amination reaction and the radiosynthesis of [11C]RSR-056. [11C]RSR-056 was
successfully obtained by reacting the sodium salt of 15 with [11C]MeI in > 99% radiochemical
purity after HPLC purification. Total synthesis time was ~ 35 min from end of bombardment
and decay corrected yield was 17 - 29% (4.1 ± 0.7 GBq (n = 22)). Specific activity was
194 ± 139 GBq/µmol.
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Scheme 5-4. Synthesis of precursor 15 and carbon-11 labeling of [11C]RSR-056. Reagents and conditions:
(a) DIPEA, HBTU, DMF, rt, 16 h. (b) 3-methoxyazetidine, Cs2CO3, [Pd2(OAc)2], toluene, 110 °C, 16 h. (c)
[11C]CH3I, NaH, DMF, 90 °C, 3 min.

5.2.4

In Vitro Characterization of [ 11 C]RSR-056

Lipophilicity (LogD) of [11C]RSR-056 was measured in n-octanol/phosphate buffer at pH 7.4
using the shake-flask method. The logD7.4 value obtained was 1.94 ± 0.08 (n =5 ), which is
within the optimal range of brain penetrating compounds of 1 - 3 [140]. The stability of
[11C]RSR-056 in mouse, rat and human plasma was measured at 37 °C over a time course of
40 min. In rat and mouse plasma, 86% and 84%, respectively, of intact compound was found.
No radioactive degradation products of [11C]RSR-056 were observed in human plasma after
40 min. Sections of rat and mouse spleen, an organ with high basal CB2 levels [141], were
used for the in vitro autoradiography experiments (Figure 5-1). [11C]RSR-056 markedly
bound to spleen tissue, and the binding was reduced by co-incubation with 5 µM CB2selective compound GW405833, indicating specific binding of [11C]RSR-056 to CB2.
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Rat Spleen

Blocked

Mouse spleen

Blocked

Figure 5-1. Rat and mouse spleen autoradiograms after incubation with [11C]RSR-056 (0.2 nM) under
baseline and blocking (5 µM GW405833) conditions.

5.2.5 In Vivo Characterization of [ 11 C]RSR-056 in Healthy Rats
Baseline dynamic PET acquisitions were performed with [11C]RSR-056 in rats for 60 min.
For displacement studies, GW405833 (1.5 mg/kg) was injected iv 10 min after injection of the
radiotracer. Figure 5-2A shows coronal PET images of the spleen (white arrow) under
baseline and displacement conditions. The spleen could be clearly detected during the first
10 min after injection of [11C]RSR-056. Radioactivity cleared after 10 min under baseline
conditions and more rapidly after displacement with GW405833. Figure 5-2B shows the
corresponding time-activity curves (TACs) comparing tracer uptake in spleen and background
(muscle) under baseline and displacement conditions. Spleen-TACs reached background
levels 15 min after injection of displacer. Tracer clearance from spleen was considerably
enhanced after injection of GW405833, indicating competitive displacement of [11C]RSR-056
from CB2 binding sites.
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Figure 5-2. In vivo uptake of [11C]RSR-056 in rat spleen under baseline and displacement (1.5 mg/kg
GW405833 injected 10 min after radiotracer) conditions. A) Coronal [11C]RSR-056-PET/CT images. PET
images were averaged to three 10 min sequences. White arrow indicates spleen. Color bar: standardized
uptake value (detected kBq/cm3 normalized by injected kBq/g body weight, SUV). B) [11C]RSR-056-TACs
of spleen and background tissue (muscle) from baseline and displacement experiments.

To confirm the PET data, biodistribution of [11C]RSR-056 was studied in rats 15 min after iv
injection of 6 - 10 MBq (0.03 - 0.05 nmol) of the tracer under baseline and blocking
conditions (Figure 5-3). ). For blocking conditions, 1.5 mg/kg GW405833 was injected iv
1 min prior to tracer (9 - 10 MBq, 0.04 – 0.05 nmol, n = 3) administration. High uptake of
[11C]RSR-056 was observed in the spleen, which was reduced by 79% upon blockade.
Radioactivity uptake in the brain was rather low, which is in line with low CB2 levels under
normal conditions. Highest activity was detected in the small intestine and liver as is expected
of a rather lipophilic xenobiotic.
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Figure 5-3. Biodistribution study in rats. Animals were sacrificed 15 min after injection of [11C]RSR-056;
6 - 10 MBq (0.03 – 0.05 nmol, n = 2) for baseline and 9 - 10 MBq (0.04 – 0.05 nmol, n = 3) for blocking
conditions.
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The metabolic stability of [11C]RSR-056 was studied in a male Wistar rat (n = 1). Blood
samples were collected at different time points and after 20 min, brain and urine were
collected and analyzed by radio-TLC. In brain tissue, no activity was detected after 20 min.
The percentage of intact parent tracer in plasma decreased with time to 51% after 5 min, 37%
after 10 min and 21% after 20 min. Radioactivity in urine was fully attributed to hydrophilic
radiometabolites.
5.2.6

In Vivo Characterization of [ 11 C]RSR-056 in a Neuroinflammatory
Mouse Model

To prove uptake of [11C]RSR-056 in brain with elevated CB2 levels, we used a
lipopolysaccharide (LPS) mouse model of neuroinflammation described by Qin et al. [127],
but with a dose of 10 mg/kg LPS based on mRNA and autoradiographic studies performed in
our laboratories (Chapter 3). Mice were injected with 10 mg/kg LPS five days prior to brain
PET scan. Increased accumulation of [11C]RSR-056 was found in the whole brain after LPS
treatment compared to vehicle group (0 mg/kg LPS) (Figure 5-4A-D). Additionally, 2 mg/kg
GW405833 was subcutaneously injected 30 min prior PET acquisition. Accumulation of
[11C]RSR-056 in the brain was significantly reduced under these blockade conditions but did
not reach baseline levels.

Chapter 5

90

Figure 5-4. Brain uptake of [11C]RSR-056 in LPS mouse model of neuroinflammation. A-C) Coronal brain
PET slices (colored, averaged 0.5 - 60 min p.i.) superimposed on an MRI T2 template (grey). (A): Vehicle
+ vehicle. (B): 10 mg/kg LPS + Vehicle. (C): 10 mg/kg LPS + 2 mg/kg GW405833. (D): Time-activity
curves of the whole brain at the three depicted conditions (M = mouse; n = 2 ).
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DISCUSSION

CB2 plays a crucial – yet not fully understood – role in neuroinflammatory diseases. To gain
deeper insight into the pathophysiology on a molecular basis, a specific CB2 PET tracer
would be very useful.
Based on structure activity relationship results described in the patent literature [159], we
designed a series of 2,5,6-substituted pyridines as novel potential CB2 PET tracers. Three
carboxylic acid key intermediates 5, 9 and 12 were synthesized. The synthetic pathways
towards the three intermediates were similar. The cyclopropylmethoxy substituent in position
6 of the pyridine ring was introduced by chlorination followed by SNAr etherification. In a
second step, palladium catalyzed Suzuki cross-coupling or Buchwald-Hartwig amination
reactions were used to install the substituents at position 5. Cyclopropyl derivative 12
required an additional reduction step under hydrogen atmosphere. The final products were
obtained by amide coupling reactions. Because of the rather low yields of compound 5 in the
first Buchwald reaction (Scheme 5-1), the carboxylic acid functionality in compound 4 was
protected as methyl ester to afford compound 7 (Scheme 5-2), which was used for the
amination reaction. The yield for the amination of 7 was significantly higher with 70%. The
overall yields for the key intermediate compounds 5, 9 and 12 were 11%, 20% and 19%,
respectively. Target compounds 6a - 6k, 10a - 10f and 13a - 13e were synthesized in
18 - 85% yields and screened in competition binding assays with hCB1 and hCB2.
With the exception of compound 13b, all the newly synthesized compounds exhibited high
selectivity over CB1. In general, efficacy and binding affinity to hCB2 not always correlated
well, and species differences between mouse and human were observed in some examples.
Carboxylic acid building block 5 was shown to be particularly useful as its derivatives possess
high binding affinity to CB2 and high selectivity over CB1. Combination with a
fluoroazetidine amine building block afforded compound 6e with excellent single digit
nanomolar efficacy on hCB2 and optimal lipophilicity but suffered from interactions with
both human and mouse P-gp efflux protein. From all the novel compounds evaluated, 6a
exhibited the most promising profile and was therefore selected for radiolabeling with
carbon-11.
Radiolabeling of [11C]RSR-056 was accomplished starting from hydroxyl precursor 15 using
[11C]methyl iodide. High chemical purity of the precursor compound was essential for reliable
and high radiochemical yields of the radiolabeled product. The binding of [11C]RSR-056 was
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further evaluated in CB2-positive spleen tissues in vitro and in vivo. Blocking and
displacement experiments with the CB2-selective agonist GW405833 successfully
demonstrated the specificity of [11C]RSR-056 binding to CB2.
Brain radioactivity was strikingly higher in the LPS-treated mice than the control mice and
was highest in an LPS-treated mouse (data not shown) that died during the scan, possibly due
to the induced neuroinflammation. The increased uptake in the neuroinflammation model may
result from elevated CB2 in the inflamed brain or from an increased tracer influx into the
brain due to the disruption of the blood-brain barrier under neuroinflammation [160] or from a
combination of both. The reduction of tracer accumulation in the inflamed brain by preinjection of GW405833 may result from tracer displacement from CB2 or from the protective
effects of GW405833 as a CB2 agonist against LPS-induced inflammatory events including
blood-brain barrier disruption [161]. Kinetic modeling of the PET data including the plasmatime-activity curve will allow to identify the processes that are involved in the increased brain
uptake. As blood-brain barrier disruption is a common observation in neuroinflammation,
tightly linked to the inflammatory processes, an ideal PET tracer for neuroinflammation
should be insensitive to the integrity of the blood-brain barrier. This is best achieved with a
tracer with maximal extraction at the blood-brain barrier, i.e., with a K1 equal to the cerebral
plasma flow. Brain accumulation is in this case dependent on cerebral blood flow but will not
be increased by blood-brain barrier disruption. We are currently investigating the kinetics of
our CB2-targeting tracers regarding these characteristics.
GW405833 may not be the ideal blocker for the PET experiments as it not only blocks tracer
binding to the receptor but also affects inflammatory processes by its function as a CB2
agonist. In addition, we cannot exclude that under the applied protocol, CB2 levels were not
fully occupied by GW405833. One hour after intraperitoneal injection, levels in rat brain were
about five-fold higher than in plasma [101]. Extrapolating from the plasma levels of the same
study, this would result in a brain concentration > 0.1 µM one hour after intraperitoneal
injection. This concentration should be high enough for blockade despite the possibly lower
affinity of GW405833 compared to [11C]RSR-056 (Ki value of 3.9 nM [101], 12 nM [16] or
35 nM [99] to hCB2 compared to 2.5 nM for [11C]RSR-056). It should be mentioned here,
however, that GW405833 affinity to murine CB2 is not known and remains to be tested.
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CONCLUSIONS

We have successfully designed and synthesized a series of 2,5,6-substituted pyridines as CB2
ligands with high selectivity over human CB1. For the most promising compound 6a, a robust
radiosynthesis was established to afford [11C]RSR-056 in high yields of 3.0 - 4.9 GBq, high
specific activity of 194 ± 139 GBq/µmol and excellent chemical and radiochemical purity of
> 99%. Specific binding to CB2-positive tissue was demonstrated in vitro using rodent spleen
sections. In vivo studies with PET and biodistribution studies confirmed also the specificity of
[11C]RSR-056 to spleen tissue. To which extent binding to CB2 and disruption of blood-brain
barrier are involved in [11C]RSR-056 accumulation in experimental neuroinflammation
remains to be elucidated.
In summary, the novel carbon-11 labeled 2,5,6-substituted pyridine derivative, [11C]RSR-056,
is a promising radiotracer for imaging CB2 in rodents and might serve as a tool for the
investigation of CB2 receptor levels in healthy tissues and different brain disorders in
humans.
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EXPERIMENTAL SECTION
General

All reagents and solvents were purchased from Sigma-Aldrich Chemie GmbH (Germany),
Merck (Germany), Acros Organics (Belgium), ABCR GmbH (Germany) or Fluka
(Switzerland). Purity of synthesized compounds was greater than 95% as determined by
analytical HPLC or LC-MS. 1H and 13C NMR spectra were obtained on a Bruker Avance FTNMR spectrometer. Chemical shifts are given in delta (δ) units, in ppm relative to
tetramethylsilan TMS (0 ppm). Multiplicities in the 1H-NMR spectra are described as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad peak. Coupling constants
(J) are reported in Hz. Preparative HPLC was performed with a Merck-Hitachi L7150 pump
system and an Ultimate XB-C18 column (21.2 X 150 mm, 5 µm, 211103366) with an
isocratic solvent system 0.1% TFA in H2O and MeCN at a flow rate of 15 mL/min.
Radiolabeled product was purified with semi-preparative HPLC system using an ACE
Symmetry column (C8 5µm; 7.8 x 50 mm) with an isocratic solvent system 0.1% H3PO4 in
H2O (30%) and MeCN (70%) at a flow rate of 4 mL/min. Radiolabeled product was analyzed
with an Agilent 1100 series HPLC system, equipped with UV multiwavelength detector and a
GabiStar radiodetector (Raytest) using an ACE C18-AR column (50 x 4.6 mm, 3 µm) with
the following conditions: 0.1% TFA in H2O (solvent A), MeCN (solvent B); 0.0 - 3.0 min,
30% B; 3.1 - 13.0 min, 30-95% B; 13.1 - 15 min, 95% B; flow rate: 1 mL/min.
5.5.2

Animals

Animal care and experiments were conducted in accordance with Swiss Animal Welfare
legislation and were approved by the Veterinary Office of Canton Zurich, Switzerland. Fiveweek-old male Wistar rats and five-week old male CD-1 mice were supplied by Charles River
(Sulzberg, Germany). We modified a previously described model of neuroinflammation
[127], by injecting 10 mg/kg lipopolysaccharide (LPS), Escherichia coli strain O111:B4, or
vehicle (saline) ip into CD1 male mice five days prior to PET experiments. This protocol
resulted in increased CB2 mRNA levels in brain with the identical batch of LPS used in this
study (Chapter 3).
5.5.3

Chemistry

Synthesis of 5-bromo-2-(methoxycarbonyl)pyridine 1-oxide (2). A mixture of methyl
5-bromopicolinate 1 (50 g, 0.23 mol) and m-CPBA (80 g, 0.46 mol) in CH2Cl2 (400 mL) was

5.5 Experimental Section

95

heated to reflux for 20 h. After cooling to rt, the mixture was quenched with saturated
Na2SO3. The organic layer was washed with brine (2x 200 mL) and evaporated to dryness.
The residue was purified over silica gel with petroleum ether/EtOAc (6:1) to obtain the
product as brown oil in a yield of 75%. LC-MS: [MH+] 231.9, tR = 1.10 min.
Synthesis of methyl 5-bromo-6-chloropicolinate (3). Compound 2 (30 g, 0.13 mol) was
added slowly to POCl3 (100 g) at 0 ℃ over 1 h, then the mixture was heated to 95 ℃ for 1 h.
After cooling to rt, the mixture was evaporated and the residue was dissolved in water

(50 mL). The resulting solution was extracted with EtOAc (3 x 50 mL) and the combined
organic layers were removed under reduced pressure to obtain the product as white solid in
59% yield without further purification. LC-MS: [MH+] 249.9, tR = 1.48 min.
Synthesis of 5-bromo-6-(cyclopropylmethoxy)picolinic acid (4). Sodium hydride (70%,
0.43 g, 13 mmol) was added to cyclopropylmethanol (11 mL) at 0 ℃ and the mixture was
stirred for 1 h at rt. Compound 3 (0.2 g, 1 mmol) was added and the solution was heated to

95 °C for 3 h. The mixture was evaporated to dryness and the residue was dissolved in water
(10 mL). The resulting solution was adjusted to pH ~ 6 with 3 M HCl and the resulting
precipitates were filtered to afford the desired compound in 92% yield without further
purification. LC-MS: [MH+] 272.0, tR = 1.51 min.
Synthesis

of

6-(cyclopropylmethoxy)-5-(3-methoxyazetidin-1-yl)picolinic

acid

(5).

3-methoxyazetidine (38 mg, 0.44 mmol), BINAP (23 mg, 0.037 mmol), [Pd2(dba)3] (17 mg,
0.02 mmol), Cs2CO3 (240 mg, 0.735 mmol) were added to a solution of 4 (100 mg,
0.37 mmol) in toluene (4 mL). The reaction mixture was vigorously stirred and heated to 110
°C for 16 h. Solvent was removed under reduced pressure and the residue was dissolved in
water and washed with ethyl acetate (30 mL). The aqueous layer was adjusted to pH ~ 2 using
1 M HCl and the resulting precipitate was collected by filtration. The crude product was
purified by column chromatography over silica gel using petroleum ether/EtOAc (1:2) to give
5 in a yield of 27% as a yellow solid. LC-MS: 265.2 [MH+], tR = 1.32 min.
Synthesis of methyl 5-bromo-6-(cyclopropylmethoxy)picolinate (7). To a solution of
compound 4 (0.4 g, 1.5 mmol) in DMF were added Na2CO3 (0.16 g, 1.5 mmol) and CH3I
(0.42 g, 3 mmol). The mixture was stirred at rt for 16 h. Water was poured into the reaction
mixture, and the resulting mixture was extracted with EtOAc (3 × 30 mL). The combined
organic layers were washed with water and brine, dried over Na2SO4 and removed under
reduced pressure. The residue was purified by chromatography over silica gel using
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Petroleum ether/EtOAc (20:1) to give 7 in a yield of 72% as a white solid. MS (EI): 286.0
[MH+], tR = 1.75 min.
Synthesis of methyl 6-(cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)picolinate (8). A
mixture of compound 7 (1 g, 3.5 mmol), 3,3-difluoroazetidine hydrochloride (0.5 g,
3.9 mmol), [Pd2(dba)3] (64 mg, 0.07 mmol), BINAP (88 mg, 0.14 mmol) and Cs2CO3 (2.28 g,
7 mmol) in toluene (40 mL) was stirred at 110 ℃ for 16 h. The solvent was removed and the
residue was dissolved in water (30 mL) and extracted using EtOAc (3 x 20 mL). The

combined organic layers were washed with brine (20 mL), dried over Na2SO4 and removed

under reduced pressure. The residue was purified over silica gel using petroleum ether/EtOAc
(20:1) to give the target compound 8 in quantitative yield as a white solid. LC-MS: 299.1
[MH+], tR = 1.68 min.
Synthesis of 6-(cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)picolinic acid (9). A
solution of compound 7 (1.0 g, 3.4 mmol) and LiOH monohydrate (0.85 g, 13.6 mmol) in
THF/H2O (30 mL) was stirred at rt for 3 h. After removal of the organic solvent, water
(20 mL) was added to the residue and pH was adjusted to ~ 2 using 6 M HCl. The solution
was extracted with EtOAc (3 × 15 mL). The combined organic phases were washed with
brine (20 mL), dried over Na2SO4 and solvents were removed under reduced pressure to give
9 in quantitative yields without further purification as white solid. LC-MS: 285.1 [MH+], tR =
1.56 min.
Synthesis of 5-bromo-6-(cyclopropylmethoxy)picolinic acid (11). A mixture of 4 (0.2 g,
0.74 mmol), 2-cyclopentenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (171 mg, 0.9 mmol),
[Pd(dppf)Cl2] (30 mg, 0.037 mmol) and Na2CO3 (2 M, 4 mL) in DMF (5 mL) was heated to
100 ℃ for 16 h. After cooling to rt, the solution was adjusted to pH ~ 3 using 3 M HCl and

extracted with EtOAc (2 x 5 mL). The combined organic layers were washed with water (2 x
10 mL) and brine (10 mL) and evaporated to dryness. The residue was purified over silica gel
chromatography using petroleum ether/EtOAc (6:1) to obtain the product as a white solid in
58% yield. LC-MS: 260.2 [MH+], tR = 1.73 min.
Synthesis of 5-cyclopentyl-6-(cyclopropylmethoxy)picolinic acid (12). A mixture of 11
(0.95 g, 4 mmol) and Pd/C (10%, 0.2 g) in EtOH (30 mL) was stirred under a H2 atmosphere
for 4 h at rt. The mixture was filtered and solvents were removed under reduced pressure to
give the desired product in a yield of 80% without further purification. LC-MS: 262.1 [MH+],
tR = 1.75 min.
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Synthesis of 6a-k, 10a-f and 13a-e. General Procedure. To a solution of key intermediate
5, 9 or 12 (20 mg, 1.0 Eq.) in CH2Cl2 (1 mL) were added DIPEA (2.5 Eq.) and DMTMM
(1.1 Eq.). The mixture was stirred for 30 min at rt before the appropriate amine building
block was added (1.0 Eq.). The mixture was stirred at rt for 16 h. The reaction was diluted
with CH2Cl2 (5 mL) and washed with 0.2 M aq. HCl (3 x 10 mL) and brine (15 mL). The
organic layer was dried over MgSO4 and removed under reduced pressure. The residue was
purified with flash chromatography over silica gel to give the desired compounds 6a - 6k, 10a
- 10f and 13a - 13e in yields in the range of 18 - 85%.
Ethyl

2-(6-(cyclopropylmethoxy)-5-(3-methoxyazetidin-1-yl)picolinamido)-2-

ethylbutanoate (6a). Purification was accomplished using heptane/EtOAc (4:1). Yield: 83%
as a colorless oil. 1H NMR (300 MHz, CDCl3): δ 8.62 (s, 1H), 7.63 (d, J = 7.8 Hz, 1H), 6.59
(d, J = 7.8 Hz, 1H), 4.31-4.25 (m, 7H), 3.90-3.83 (m, 2H), 2.94 (s, 3H), 2.67-2.55 (m, 2H),
1.93-1.81 (m, 2H), 1.36-1.29 (m, 4H), 1.29-1.24 (m, 1H), 0.77 (t, J = 7.5 Hz, 6H), 0.64-0.57
8m, 2H), 0.43-0.38 (m, 2H). LC-MS (ESI): 420.7 [MH+].
6-(Cyclopropylmethoxy)-5-(3-methoxyazetidin-1-yl)-N-(3-(methylcarbamoyl)pentan-3yl)picolinamide (6b). Purification: heptane/EtOAc (1:1). Yield: 81% as white powder. 1H
NMR (300 MHz, CDCl3): δ 8.48 (s, 1H), 7.64 (d, J = 7.9 Hz, 1H), 6.59 (d, J = 7.9 Hz, 1H),
6.50 (br. s, 1H), 4.34-4.26 (m, 3H), 4.23 (d, J = 7.1 Hz, 2H), 3.94-3.83 (m, 2H), 3.34 (s, 3H),
2.87 (d, J = 4.8 Hz, 3H), 2.49-2.36 (m, 2H), 1.90-1.76 (m, 2H), 1.36-1.29 (m, 1H), 0.85 (t, J =
7.4 Hz, 6H), 0.65-0.56 (m, 2H), 0.42-0.35 (m, 2H). MS (ESI): 405.5 [MH+].
6-(Cyclopropylmethoxy)-N-(3-((2-fluoroethyl)carbamoyl)pentan-3-yl)-5-(3methoxyazetidin-1-yl)picolinamide (6c). Purification: heptane/EtOAc (2:1). Yield: 54% as
white powder. 1H NMR (300 MHz, CDCl3) δ 8.45 (s, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.64 (d, J
= 8.0 Hz, 1H), 6.75-6.88 (m, 1H), 4.35-4.46 (m, 3H), 4.26-4.34 (m, 4H), 4.22 (d, J = 7.3 Hz,
2H), 4.05 (s, 3H), 3.84-3.92 (m, 3H), 3.55-3.73 (m, 2H), 2.35-2.53 (m, 2H), 1.77-1.92 (m, 2,
H), 1.11-1.18 (m, 1H), 0.85 (t, J = 7.4 Hz, 6H), 0.49-0.59 (m, 2H), 0.34-0.43 (m, 2H). LC-MS
(ESI): 435.3 [M-H-].
6-(Cyclopropylmethoxy)-N-(3-((3-fluoropropyl)carbamoyl)pentan-3-yl)-5-(3methoxyazetidin-1-yl)picolinamide (6d). Purification: CH2Cl2/MeOH (140:1). Yield: 54%
as white powder. 1H NMR (300 MHz, CDCl3) δ 8.44 (s, 1H), 7.64 (d, J = 7.9 Hz, 1H), 6.74 (t,
J = 5.4 Hz, 1H), 6.58 (d, J = 7.9 Hz, 1H), 4.61 (t, J = 5.7 Hz, 1H), 4.46 (t, J = 5.7 Hz, 1H),
4.25-4.35 (m, 3H), 4.22 (d, J = 7.1 Hz, 2H), 3.83-3.92 (m, 2H), 3.47 (q, J = 6.5 Hz, 2H), 3.34
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(s, 3H), 2.34-2.49 (m, 2H), 1.74-2.04 (m, 4, H), 1.28-1.33 (m, 1H), 0.84 (t, J = 7.4 Hz, 6H),
0.57-0.65 (m, 2H), 0.35-0.42 (m, 2H). LC-MS (ESI): 451.5 [MH+].
6-(Cyclopropylmethoxy)-N-(3-(3-fluoroazetidine-1-carbonyl)pentan-3-yl)-5-(3methoxyazetidin-1-yl)picolinamide (6e). Purification: heptane/EtOAc (2:1). Yield: 18% as
white powder. 1H NMR (300 MHz, CDCl3) δ 8.66 (s, 1H), 7.63 (d, J = 7.9 Hz, 1H), 6.58 (d, J
= 7.9 Hz, 1H), 5.35-5.24 (m, 1H), 4.18-4.55 (m, 9H), 3.81-3.92 (m, 2H), 3.34 (s, 3H), 2.522.66 (m, 2H), 1.68-1.80 (m, 2H), 1.29-1.32 (m, 1H), 0.86-0.79 (m, 6H), 0.56-0.64 (m, 2H),
0.36-0.44 (m, 2H). LC-MS (ESI): 449.3 [MH+].
N-(3-(2-Amino-2-oxoethyl)oxetan-3-yl)-6-(cyclopropylmethoxy)-5-(3-methoxyazetidin-1yl)picolinamide (6f). Purification: CH2Cl2/MeOH (20:1). Yield: 85% as white powder. 1H
NMR (300 MHz, CDCl3): δ 8.17 (s, 1H), 7.57 (d, J = 8.0 Hz, 1H), 6.54 (d, J = 8.0 Hz, 1H),
5.84 (br s, 1H), 5.41 (br s, 1H), 4.88 (d, J = 7.1 Hz, 2H), 4.75 (d, J = 7.1 Hz, 2H), 4.34-4.25
(m, 3H), 4.15 (d, J = 7.3 Hz, 2H), 3.93-3.84 (m, 2H), 3.34 (s, 3H), 3.21 (s, 2H), 1.34-1.20 (m,
1H), 0.65-0.58 (m, 2H), 0.41-0.34 (m, 2H). LC-MS (ESI): 391.2 [MH+].
6-(Cyclopropylmethoxy)-N-(3-(1-hydroxy-2-methylpropan-2-yl)isoxazol-5-yl)-5-(3methoxyazetidin-1-yl)picolinamide (6g). Purification: heptane/EtOAc (2:1). Yield: 76%. 1H
NMR (300 MHz, CDCl3): δ 7.60 (d, J = 7.1 Hz, 1H), 6.47 (d, J = 8.1 Hz, 1H), 5.20 (s, 1H),
4.36-4.29 (m, 5H), 4.28 (s, 2H), 4.25-4.20 (m, 2H), 3.99-3.87 (m, 2H), 3.34 (s, 3H), 1.39 (s,
6H), 1.31-1.27 (m, 1H), 0.62-0.54 (m, 2H), 0.38-0.32 (m, 2H). LC-MS (ESI): 417.7 [MH+].
6-(Cyclopropylmethoxy)-N-(1-(5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl)-2methylpropan-2-yl)-5-(3-methoxyazetidin-1-yl)picolinamide

(6h).

Purification:

heptane/EtOAc (1:1). Yield: 62% as a colorless oil. 1H NMR (300 MHz, CDCl3): δ 7.79-7.74
(m, 2H), 7.71 (d, J = 7.9 Hz, 1H), 7.59 (s, 1H), 7.09-1.02 (m, 2H), 6.61 (d, J = 7.9 Hz, 1H),
4.35-4.26 (m, 3H), 3.99 (d, J = 7.1 Hz, 2H), 3.87-3.84 (m, 2H), 3.58 (s, 2H), 3.35 (s, 3H);
1.58 (s, 6H), 1.19-1.11 (m, 1H); 0.56-0.50 (m, 2H), 0.29-0.24 (m, 2H). LC-MS (ESI): 496.7
[MH+].
6-(Cyclopropylmethoxy)-N-((1-hydroxycyclohexyl)methyl)-5-(3-methoxyazetidin-1yl)picolinamide (6i). Purification: heptane/EtOAc (2:1 to 1:1). Yield: 65% as a colorless oil.
1

H NMR (300 MHz, CDCl3): δ 7.86 (t, J = 6.2 Hz, 1H), 7.68 (d, J = 7.9 Hz, 1H), 6.58 (d, J =

7.9 Hz, 1H), 4.34-4.25 (m, 3H), 4.14 (d, J = 7.1 Hz, 2H), 3.92-3.83 (m, 2H), 3.46 (d, J = 6.2
Hz, 2H), 3.35 (s, 3H), 2.62 (s, 1H), 1.67-1.42 (m, 10H), 1.34-1.29 (m, 1H), 0.66-0.56 (m, 2H),
0.39-0.32 (m, 2H). LC-MS (ESI): 390.7 [MH+].
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N-(1-(5-Cyclobutyl-1,3,4-oxadiazol-2-yl)-2-methylpropan-2-yl)-6-(cyclopropylmethoxy)5-(3-methoxyazetidin-1-yl)picolinamide (6k). Purification: heptane/EtOAc (1:1). Yield:
38%. 1H NMR (300 MHz, CDCl3): δ 7.67 (d, J = 8.0 Hz, 1H), 7.61 (s, 1H), 6.59 (d, J = 8.0
Hz, 1H), 4.34-4.25 (m, 3H), 4.10 (d, J = 7.3 Hz, 2H) 3.88-3.81 (m, 2H), 3.60 (quin, J = 8.3
Hz, 1H), 3.46 (s, 2H), 3.34 (s, 3H), 2.31-2.12 (m, 4H) 2.07-1.93 (m, 1H), 1.92-1.77 (m, 1H),
1.55 (s, 6H), 0.91-0.81 (m, 1H) 0.65-0.57 (m, 2H) 0.39-0.32 (m, 2H). LC-MS (ESI): 456.7
[MH+].
6-(Cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)-N-(3-(methylcarbamoyl)pentan-3yl)picolinamide (10a). Purification: heptane/EtOAc (2:1). Yield: 82%. 1H NMR (300 MHz,
CDCl3): δ 8.61 (s, 1H), 7.67 (d, J = 7.8 Hz, 1H), 6.65 (d, J = 7.8 Hz, 1H), 6.35-6.24 (m, 1H),
4.39 (t, J = 12.0 Hz, 4H), 4.26 (d, J = 7.3 Hz, 2H), 2.89 (d, J = 4.8 Hz, 3H), 2.59-2.45 (m,
2H), 1.84-1.70 (m, 2H), 1.38-1.21 (m, 2H), 0.83 (t, J = 7.4 Hz, 6H), 0.67-0.60 (m, 2H), 0.43 0.37 (m, 2H). LC-MS (ESI): 432.5 [MNa+].
6-(Cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)-N-(3-((2fluoroethyl)carbamoyl)pentan-3-yl)picolinamide (10b). Purification: heptane/EtOAc (2:1).
Yield: 22%. 1H NMR (300 MHz, CDCl3): δ 8.55 (s, 1H), 7.68 (d, J = 7.9 Hz, 1H), 6.57-6.68
(m, 2H), 4.60 (t, J = 4.8 Hz, 1H), 4.32-4.49 (m, 5H), 4.25 (d, J = 7.3 Hz, 2H), 3.66-3.73 (m,
1H), 3.57-3.65 (m, 1H), 2.46-2.60 (m, 2H), 1.73-1.88 (m, 2H), 1.27-1.34 (m, 1H), 0.84 (t, J =
7.5 Hz, 6H), 0.59-0.68 (m, 2H), 0.34-0.47 (m, 2H). LC-MS (ESI): 443.4 [MH+].
6-(Cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)-N-(2-(5-(pyridin-3-yl)-1,3,4oxadiazol-2-yl)propan-2-yl)picolinamide (10c). Purification: heptane/EtOAc (2:1). Yield:
85%. 1H NMR (300 MHz, CDCl3): δ 9.22 (s, 1H), 8.75 (d, J = 3.6 Hz, 1H), 8.33 (dt, J1 = 1.9,
J2 = 8.1 Hz, 1H), 8.16 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.43 (dd, J1 = 5.1, J2 = 7.8 Hz, 1H),
6.63 (d, J = 7.8 Hz, 1H), 4.40 (t, J = 11.9 Hz, 4H), 4.24 (d, J = 7.3 Hz, 2H), 1.96 (s, 6H),
1.36-1.29 (m, 1H), 0.72-0.65 (m, 2H), 0.45-0.37 (m, 2H). MS (ESI): 470.5 [M+].
6-(Cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)-N-(1-(5-(4-fluorophenyl)-1,3,4oxadiazol-2-yl)-2-methylpropan-2-yl)picolinamide (10d). Purification: heptane/EtOAc (4:1
to 1:1). Yield: 53%. 1H NMR (300 MHz, CDCl3): δ 7.83-7.79 (m, 2H), 7.73 (d, J = 7.9 Hz,
1H), 7.65 (s, 1H), 7.10-7.05 (m, 2H), 6.66 (d, J = 7.9 Hz, 1H), 4.37 (t, J = 4.4 Hz, 4H), 4.04
(d, J = 7.3 Hz, 2H), 3.56 (s, 2H), 1.60 (s, 3H), 1.21-1.13 (m, 1H), 0.61-0.54 (m, 2H), 0.320.27 (m, 2H). LC-MS (ESI): 502.6 [MH+].
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6-(Cyclopropylmethoxy)-5-(3,3-difluoroazetidin-1-yl)-N-(2-(5-phenyl-1,3,4-oxadiazol-2yl)propan-2-yl)picolinamide (10e). Purification: heptane/EtOAc (4:1). Yield: 66%. 1H NMR
(300 MHz, CDCl3): δ 8.29 (s, 1H), 8.03 (dd, J1 = 1.7, J2 = 7.8 Hz, 2H), 7.66 (d, J = 7.8 Hz,
1H), 7.58-7.41 (m, 3H), 6.63 (d, J = 7.8 Hz, 1H), 4.40 (t, J = 12.0 Hz, 4H), 4.25 (d, J = 7.3
Hz, 2H), 1.96 (s, 6H), 1.36-1.29 (m, 1H), 0.72-0.63 (m, 2H), 0.48-0.36 (m, 2H). LC-MS
(ESI): 470.6 [MH+].
N-(2-(5-cyclopropyl-1,3,4-oxadiazol-2-yl)propan-2-yl)-6-(cyclopropylmethoxy)-5-(3,3difluoroazetidin-1-yl)picolinamide (10f). Purification: heptane/EtOAc (1:1 to 1:2). Yield:
60%. 1H NMR (300 MHz, CDCl3): δ 7.82 (s, 1H), 7.70 (d, J = 7.9 Hz, 1H), 6.62 (d, J = 7.9
Hz, 1H), 4.40 (t, J = 11.9 Hz, 4H), 4.15 (d, J = 7.3 Hz, 2H), 1.69 (s, 6H), 1.52-1.38 (m, 1H),
1.34-1.28 (m, 1H), 1.06-0.99 (m, 2H), 0.85-0.77 (m, 2H), 0.70-0.62 (m, 2H), 0.41-0.34 (m,
2H). MS (ESI): 434.5 [MH+].
Ethyl

2-(5-cyclopentyl-6-(cyclopropylmethoxy)picolinamido)-2-ethylbutanoate

(13a).

1

Purification: heptane/EtOAc (4:1 to 2:1). Yield: 68%. H NMR (300 MHz, CDCl3): δ 8.87 (s,
1H), 7.66 (d, J = 7.5 Hz, 1H), 7.56 (d, J = 7.5 Hz, 1H), 4.34-4.25 (m, 4H), 3.30-3.19 (m, 1H),
2.69-2.55 (m, 2H), 2.12-2.00 (m, 2H), 1.96-1.56 (m, 8H), 1.36-1.31 (m, 4H), 0.78 (t, J = 7.5
Hz, 6H), 0.66-0.55 (m, 2H), 0.46-0.39 (m, 2H). MS (ESI): 402.6 [M+].
2-(5-Aminoisoxazol-3-yl)-2-methylpropyl-5-cyclopentyl-6cyclopropylmethoxy)picolinate (13b). Purification: heptane/EtOAc (4:1). Yield: 67%. 1H
NMR (300 MHz, CDCl3): δ 7.63-7.56 (m, 1H), 7.54-7.48 (m, 1H), 5.21 (s, 1H), 4.32 (s, 4H),
4.27 (d, J = 7.1 Hz, 2H), 3.31-3.18 (m, 1H), 2.14-1.97 (m, 2H), 1.84-1.75 (m, 2H), 1.75-1.66
(m, 2H), 1.65-1.56 (m, 2H), 1.41 (s, 6H), 1.35-1.29 (m, 1H), 0.62-0.54 (m, 2H), 0.40-0.34 (m,
2H). LC-MS (ESI): 400.7 [MH+].
5-Cyclopentyl-6-(cyclopropylmethoxy)-N-(3-(1-(2-methoxyethoxy)-2-methylpropan-2yl)isoxazol-5-yl)picolinamide (13c). Purification: heptane/EtOAc (2:1). Yield: 26%.
1

H NMR (300 MHz, CDCl3): δ 10.19 (s, 1H); 7.79 (d, J = 7.4 Hz, 1H), 7.64 (d, J = 7.4 Hz,

1H), 6.49 (s, 1H), 4.24 (d, J = 6.9 Hz, 2H), 3.62-3.51 (m, 6H), 3.37 (s, 3H), 3.32-3.25 (m,
1H), 2.14-2.04 (m, 2H), 1.84-1.57 (m, 6H), 1.48-1.41 (m, 1H), 1.36 (s, 6H), 0.69-0.63 (m,
2H), 0.44-0.39 (m, 2H). LC-MS (ESI): 458.7 [MH+].
5-Cyclopentyl-6-(cyclopropylmethoxy)-N-(3-(1-(2-ethoxyethoxy)-2-methylpropan-2yl)isoxazol-5-yl)picolinamide (13d). Purification: heptane/EtOAc (20:1 to 9:1). Yield: 25%.
1

H NMR (300 MHz, CDCl3): δ 10.20 (s, 1H), 7.79 (d, J = 7.5 Hz, 1H), 7.64 (d, J = 7.5 Hz,
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1H), 6.49 (s, 1H), 4.24 (d, J = 6.9 Hz, 2H), 3.63-3.48 (m, 8H), 3.35-3.22 (m, 1H), 2.15-2.01
(m, 2H), 1.88-1.59 (m, 6H), 1.36 (s, 6H), 1.19 (t, J = 7.0 Hz, 3H), 0.70-0.62 (m, 2H), 0.450.38 (m, 2H). LC-MS (ESI): 472.8 [MH+].
5-Cyclopentyl-6-(cyclopropylmethoxy)-N-(1-(5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl)-2methylpropan-2-yl)picolinamide (13e). Purification: heptane/EtOAc (4:1 to 2:1). Yield:
49%. 1H NMR (300 MHz, CDCl3): δ 7.85 (s, 1H), 7.80-7.76 (m, 2H), 7.73 (d, J = 7.5 Hz,
1H), 7.60 (d, J = 7.5 Hz, 1H), 7.07-7.00 (m, 2H), 4.04 (d, J = 7.0 Hz, 2H), 3.58 (s, 2H), 3.273.16 (m, 1H), 2.09-2.00 (m, 2H), 1.88-1.64 (m, 6H), 1.60 (s, 6H), 1.20-1.14 (m, 1H), 0.550.49 (m, 2H), 0.30-0.25 (m, 2H). LC-MS (ESI): 479.7 [MH+].
Synthesis of ethyl 2-(5-bromo-6-(cyclopropylmethoxy)picolinamido)-2-ethylbutanoate
(14). To a solution of 4 (423 mg, 1.56 mmol) in DMF (10 mL) was added DIPEA (0.731 ml,
4.19 mmol) and the mixture is stirred at rt for 30 min. HBTU (1043 mg, 2.75 mmol) was
added portion wise and after 1 h, ethyl 2-amino-2-ethylbutanoate hydrochloride (234 mg,
1.196 mmol) was added. The mixture is stirred for 16 h, diluted with EtOAc (100 mL) and
washed with 0.2 M HCl (3 x 15 mL), water (15 mL) and then brine (20 mL). Solvents were
evaporated under reduced pressure and the residue was purified over silica gel using
hexane/EtOAc (10:1) and additionally via preparative HPLC using isocratic MeCN: 0.1%
TFA in water (70:30) to give compound 14 in a yield of 40% as a yellow oil. 1H NMR (300
MHz, CDCl3): δ 8.85 (s, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 4.37 (d, J =
7.0 Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 2.61-2.55 (m, 2H), 1.94-1.85 (m, 2H), 1.42-1.31 (m,
4H), 0.77 (t, J = 7.4 Hz, 6H), 0.66-0.61 (m, 2H), 0.49-0.45 (m, 2H). MS (ESI): 414.4 [MH+].
Synthesis

of

precursor

compound

ethyl

2-(6-(cyclopropylmethoxy)-5-(3-

hydroxyazetidin-1-yl)picolinamido)-2-ethylbutanoate (15). In a 2.5 mL vial were
combined 14 (170 mg, 0.411 mmol), azetidin-3-ol HCl (54.1 mg, 0.494 mmol),
diacetoxypalladium (9.23 mg, 0.041 mmol) and Cs2CO3 (335 mg, 1.028 mmol) in toluene
(2.2 mL). The reaction mixture was vigorously stirred at 110 °C for 16h. The reaction mixture
was filtered on a pad of celite and the filtrate was diluted with EtOAc (25 mL). The resulting
solution was washed with 0.2 M HCl (3 x 10 mL). Solvents were dried over MgSO4 and
removed under reduced pressure. The crude material was pre-purified over silica gel using
hexane/EtOAc (4:1 to 2:1) and finally via prep. HPLC using ACN: 0.1% TFA in water
(50:50) to give 15 in a yield of 31%. 1H NMR (300 MHz, CDCl3): δ 8.64 (s, 1H), 7.61 (d, J =
7.9 Hz, 1H), 6.57 (d, J = 7.9 Hz, 1H), 4.78-4.69 (m, 1H), 4.40-4.30 (m, 2H), 4.30-4.21 (m,
4H), 3.83 (m, 2H), 2.72-2.45 (m, 3H), 1.94-1.79 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H), 1.29-1.24
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(m, 1H), 0.77 (t, J = 7.5 Hz, 6H), 0.65-0.56 (m, 2 H) 0.44-0.36 (m, 2H). MS (ESI): 405.5
[MH+].
5.5.4

Functional Adenylcyclase Assay

CHO cells expressing human CB1 or CB2 receptors were seeded one day prior to the
experiment in DMEM (Invitrogen No. 31331), 1x HT supplement, with 10% fetal calf serum
and incubated at 5% CO2 and 37 °C in a humidified incubator. The growth medium was
exchanged with Krebs Ringer Bicarbonate buffer with 1 mM IBMX and incubated at 30 °C
for 30 min. Compounds to test were added to a final assay volume of 100 µL and incubated
for 30 min at 30 °C. Using the cAMP-Nano-TRF detection kit (Roche Diagnostics) the assay
was stopped by the addition of 50 µL lysis reagent (Tris, NaCl, 1.5% Triton X100, 2.5%
NP40, 10% NaN3) and 50 µL detection solutions (20 µM mAb Alexa700-cAMP 1:1, and
48 µM Ruthenium-2-AHA-cAMP) and shaken for 2 h at rt. The time-resolved energy transfer
is measured by a TRF reader (Evotec Technologies GmbH), equipped with a ND:YAG laser
as excitation source. The plate is measured twice with the excitation at 355 nm and at the
emission with a delay of 100 ns and a gate of 100 ns, total exposure time 10 sec at 730 nm
(bandwidth 30 nm) or 645 nm (bandwidth 75 nm), respectively. The FRET signal is
calculated as follows: FRET = T730-Alexa730-P(T645-B645) with P = Ru730-B730/Ru645B645, where T730 is the test well measured at 730 nM, T645 is the test well measured at
645 nm, B730 and B645 are the buffer controls at 730 nm and 645 nm, respectively. cAMP
content is determined from the function of a standard curve spanning from 10 µM to 0.13 nM
cAMP. EC50 values were determined using Activity Base analysis (ID Business Solution,
Limited). The EC50 values for a wide range of cannabinoid agonists or inverse agonists
generated from this assay for reference compounds were in agreement with the values
published in the scientific literature.
5.5.5

Radioligand Binding Assay

The binding affinity was determined using membrane preparations from CHO cells
recombinantly expressing the human CB1 or CB2 or murine CB2 receptor in conjunction with
[3H]CP-55,940 (Perkin Elmer) as radioligand. Binding was performed in binding buffer
(50 mM Tris, 5 mM MgCl2, 2.5 mM EDTA, and 0.5% fatty acid free BSA, pH 7.4 for CB1
receptor and 50 mM Tris, 5 mM MgCl2, 2.5 mM EGTA, and 0.1% fatty acid free BSA,
pH 7.4 for CB2 receptor) in a total volume of 0.2 mL for 1 h at 30 °C shaking. The reaction
was terminated by rapid filtration through microfiltration plates coated with 0.5%
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polyethylenimine (UniFilter GF/B filter plate; Packard). Bound radioactivity was analyzed for
Ki using nonlinear regression analysis (Activity Base, ID Business Solution, Limited), with
the Kd values for [3H]CP55,940 determined from saturation experiments [159].
5.5.6

Radiochemistry

[11C]CO2 was produced via the

14

N(p,α)11C nuclear reaction by bombardment of a nitrogen

gas target fortified with 0.5% oxygen using a Cyclone 18/9 cyclotron (18-MeV; IBA,
Belgium). After reduction over a supported nickel catalyst to [11C]CH4 and subsequent gas
phase iodination, [11C]CH3I was bubbled through a mixture of hydroxyl precursor 15 (0.7 mg)
and sodium hydride (1mg/mL in DMF, 0.4 mL) in DMF (0.2 mL). The mixture was heated to
90 °C for 3 min. After dilution with water (1.4 mL), the crude product was purified using
semi-preparative HPLC. The collected product was diluted with water (10 mL), trapped on a
C18 cartridge (Waters, preconditioned with 5 mL EtOH and 10 mL water), washed with water
(5 mL) and eluted with EtOH (0.5 mL). For formulation of the final product [11C]RSR-056,
saline (9.5 mL) was added to give an ethanol concentration of 5%. For quality control, an
aliquot of the formulated solution was injected into an analytical HPLC system. The product
was confirmed by co-injection of cold reference compound 6a. Specific activity of the
radiolabeled product was calculated by comparison of UV peak intensity with a calibration
curve of the cold reference compound.
5.5.7 Determination of logD7.4
The partition coefficient D was determined by the shake flask method as previously reported
[123]. In brief, n-octanol saturated with phosphate buffer pH 7.4 (0.5 mL) and phosphate
buffer saturated with n-octanol (0.5 mL) were mixed with formulated [11C]RSR-056 (20 µL,
8 MBq). The samples were shaken for 15 min and centrifuged at 5000 g for 5 min.
Radioactivity concentrations of both phases were measured in a gamma counter (Wizard,
PerkinElmer) and D was calculated as their ratio.
5.5.8

In Vitro Autoradiography

Mouse and rat spleen tissue were embedded in TissueTek and cut into 20 µm-thick sections
on a Cryostat. The slices were absorbed on SuperFrost Plus slides (Menzel) and stored
at -80 °C until use. For the experiment, the slices were thawed on ice for 10 min before
conditioning in incubation buffer (50 mM TRIS/HCl, 5% BSA, pH 7.4) on ice for 10 min.
Excess solution was carefully removed and the tissue slices were dried for 10 min. The slices
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were then dripped with 600 μL of incubation buffer containing 0.2 nM [11C]RSR-056 and
incubated for 15 min at rt in a humid chamber. For blockade conditions, the slices were
dripped with 600 μL of a mixture of radioligand (0.2 nM) and GW405833 (5 µM). After
incubation, the slices were washed with washing buffer (50 mM TRIS/HCl, 1% BSA, 5%
EtOH, pH 7.4) for 2 min (2 x) and distilled water for 5 sec (2 x) on ice. After drying, the
slices were exposed (30 min) to appropriate phosphor imager plates (Fuji) and the films were
scanned in a BAS5000 reader (Fuji).
5.5.9 In Vitro Stability
Mouse, rat and human plasma (400 µL) were incubated with [11C]RSR-056 formulated
solution (10 µL, 4 MBq) at 37 °C under shaking. At 5, 10, 15 and 20 min, aliquots (100 µL)
were collected and the reaction stopped with 100 µL ice-cooled CH3CN. The samples were
centrifuged (3 min, 5000 rpm) and the supernatant collected and analyzed by radio-TLC
Instant Imager (Packard, Canberra Company) using hexane/EtOAc (1:1).
5.5.10 In Vivo Metabolic Stability
In vivo stability was performed in a healthy Wistar rat. Radiotracer solution (48 MBq,
0.19 nmol) was injected via tail vein and blood was collected at 5, 10 and 20 min. After
20 min the rat was sacrificed, urine was collected and brain was removed. Plasma was
separated from the blood cells by centrifugation at 5000 g for 5 min at 4 °C. Proteins of
plasma and urine were precipitated with ice-cold CH3CN and then separated by
centrifugation. The brain tissue was homogenized in PBS (2 mL) and cold CH3CN was added
to precipitate proteins followed by centrifugation. Supernatants were analyzed by radio-TLC
using hexane/EtOAc (1:1). Results are expressed as percentage of total activity.
5.5.11 Biodistribution Studies
For biodistribution studies in male Wistar rats, 6 - 10 MBq (0.03 – 0.05 nmol) of radiotracer
solution were administered via tail vein injection into Wistar rats (n = 3). For blocking
conditions, GW405833 (1.5 mg/kg) was injected iv shortly before the tracer (n = 3). Animals
were sacrificed under anesthesia with isoflurane by decapitation at 15 min p.i. Blood and
organs were collected, weighed and radioactivity measured in a gamma-counter. The
accumulated radioactivity in the organs was expressed as percent normalized injected dose
per gram of tissue (normalized %ID/g tissue). One of the control animals was excluded from
data analysis as the tracer was injected paravenously, resulting in low counts in all tissues.
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5.5.12 In Vivo PET
For spleen-PET scans, four rats (two baseline and two displacement) were anesthetized with
isoflurane and [11C]RSR-056 (11 – 18 MBq, 0.06 – 0.09 nmol) was injected via the tail vein.
For displacement experiments, 1.5 mg/kg GW405833 was iv injected 10 min after radiotracer
administration. For brain PET scans, eight mice in total (six with LPS treatment) were
anesthetized with isoflurane and 10 - 27 MBq (0.05 – 0.014 nmol) [11C]RSR-056 were
injected via the tail vein. For blocking conditions, 2.0 mg/kg GW405833 or vehicle was
injected sc 30 min before tracer application (2 mice each). Two mice were injected sc with
2 mg/kg GW405833 10 min before tracer application to evaluate the best protocol for
maximal blocking. However, one of the two mice died during the scan.
In both species, PET acquisition was started simultaneously with radiotracer injection and
lasted for 60 min followed by CT. Depth of anesthesia of rats or mice was monitored by
measuring respiratory frequency (SA Instruments, Inc., Stony Brook, USA). Body
temperature was controlled by a rectal probe connected to a thermocoupler for regulating
temperature to 37 °C via an air stream. Data were reconstructed in user-defined time frames
with a voxel size of 0.3875 x 0.3875 x 0.775 mm3 by 2-dimensional-ordered subsets
expectation maximization (2D-OSEM). Random and single but no attenuation correction was
applied. PET acquisitions were followed by a CT for anatomical orientation. Image files were
analyzed with PMOD 3.5 software (PMOD Technologies Ltd., Zurich, Switzerland). Brain
regions of interest (ROI) were defined on the mouse MRI T2 template. Tissue radioactivity of
the brain ROI were expressed as SUV, that is, the decay-corrected radioactivity per cm3
divided by the injected radioactivity dose per gram of body weight.

6

CONCLUSIONS AND FUTURE PERSPECTIVES

Since the discovery of the cannabinoid receptors CB1 and CB2 in the early 90s, the
endocannabinoid system has been a target of extensive research. As CB1 was discovered to be
responsible for the psychoactive effects of THC, much more attention was given to this
receptor subtype. Over the past decade, interest in CB2 has grown remarkably due to
considered potential for new strategies for immune modulatory actions and therapeutic
approaches mediated through CB2. Surprisingly, only one single synthetic cannabinoid drug,
rimonabant (SR141716, Acomplia), which modulates the endocannabinoid system as a CB1
inverse agonist, was marketed by Sanofi-Aventis in 2006 as an anti-obesity drug.
Although CB2 is considered a very attractive therapeutic target, its role in disease pathology
e.g. in neuroinflammatory conditions is largely unknown. Several attempts have been made
by various research groups to develop a CB2 specific PET radiotracer, which would help to
understand the pathophysiology of neuroinflammatory diseases on a molecular basis and
allow disease monitoring. However, till to date no optimal CB2 PET radioligand exists.
Pitfalls in this challenge have been the high lipophilicity which is usually required for high
binding affinity to CB2, the low selectivity over CB1 or the insufficient in vivo stability of the
tracers.
In our own efforts to develop a successful CB2 PET tracer, we designed and synthesized
several novel derivatives based on a quinoline lead structure, designated KD2. Structure
activity relationship studies led to the identification of N-(1-adamantyl)-1-(2-ethoxyethyl)-8methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide (RS-016) and N-(1-adamantyl)-1-(2fluoroethoxy)ethyl)-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxamide

(RS-126)

as

superior and more promising analogs of KD2. In addition, an extensive structure activity
relationship study performed on novel tri-substituted pyridines in collaboration with
F. Hoffmann-La Roche led to the discovery of ethyl 2-(6-(cyclopropylmethoxy)-5-(3methoxyazetidin-1-yl)picolinamido)-2-ethylbutanoate (RSR-056). All the three novel
compounds, RS-016, RS-126 and RSR-056, exhibited excellent Ki values of 0.7 nM, 1.2 nM
and 2.5 nM, respectively, towards hCB2 and 1000-fold selectivity over hCB1. Based on the in
vivo results, [11C]RS-016, [18F]RS-126 and [11C]RSR-056 can be considered as valuable tools
for in vitro and in vivo research and have great potential to become successful CB2 PET
tracers in the clinic.
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To broaden the in vitro application of these tracers, one could consider synthesizing a tritiated
analog of one of the three novel compounds. Tritiated compounds are widely used tools for
e.g. autoradiographic studies or cell experiments. Since currently no CB2 specific tritiated
compound is available, this would doubtlessly be highly appreciated by the growing
cannabinoid research community. Tritiated RS-016 for instance could be accomplished by
reacting the phenolic precursor of [11C]RS-016 with [3H]methyl 4-nitrobenzenesulfonate
under basic conditions to yield in [3H]RS-016.
To resolve the question which of the newly developed ligands should be selected for a proof
of concept study in a phase I human clinical trial, additional data need to be collected in
animal models of neuroinflammation. Our implemented LPS mouse model (iv injection of
10 mg/kg LPS 5 days prior to experiment) leads to the desired upregulation of CB2 in the
brain as demonstrated by autoradiographic studies and by elevated mRNA levels of CB2.
However, LPS presumably also degrades the blood-brain barrier to a certain extent, which
would impact on the brain uptake of the radiotracers. To demonstrate CB2 specific brain
uptake, an additional animal model with increased CB2 expression in the brain without
interfering with the blood-brain barrier should be considered. This would confirm the
potential of theses tracers in imaging CB2 in the brain.
An artificial but most conclusive model with increased levels of CB2 in the brain was recently
introduced by Evens and co-workers in 2011 [93] wherein adenoassociated viral vectors
encoding hCB2 were stereotactically injected to implant this receptor in neuronal cells in rats.
Through a point mutation (Asp80Asn), the receptors are not able to activate the intracellular
signaling pathway and ligand binding to CB2 is not affected [162]. This could be a useful
model to prove specific binding to the human receptor in the brain without interfering with the
blood-brain barrier.
Several neurodegenerative animal models are commercially available, which are considered
to overexpress CB2. Such disease models could also serve as tools to study the binding of our
radiotracers to CB2 in brain. Racz and co-workers used transgenic mice overexpressing CB2
for the study of neuropathic pain [163]. Upregulation was confirmed by increased levels of
mRNA. However, increased CB2 protein levels in brain tissue could not be demonstrated in
autoradiographic studies in our hands (unpublished work).
Within this thesis, we performed a proof of concept study for the potential use of a CB2 PET
tracer in ALS patients using post mortem spinal cord tissue. Additionally, one could use the
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commercially available superoxide dismutase 1 (SOD1) mutant ALS mouse model to confirm
our findings [164]. However, from 15 genes associated to ALS, SOD1 mutation accounts only
for ~ 20% of familial (inherited) ALS, which again accounts only for ~ 5 - 10% of all ALS
cases. These numbers suggest that this mouse model only is illustrative for 1 out of 50 ALS
patients. A neuroinflammatory Parkinson’s disease mouse model [165] and several
genetically modified models to induce experimental autoimmune encephalomyelitis as
multiple sclerosis mouse models [166] are also available. Mouse models of the Huntington’s
disease such as the R6/2 transgenic mice [167] or the rather new Q175 knock-in mouse [168]
are other options.
Despite several options for animal models, each one has its strengths and weaknesses, which
makes one to conclude that the human being is the best animal model for complex
neurodegenerative and neuroinflammatory diseases.
In addition to inflammatory diseases in the central nervous system, peripheral application of a
CB2 PET tracer is also of great interest and should be included in further investigations. The
role of cannabinoids has been studied for instance in various types of cancer. A CB2 PET
tracer could impact the choice of appropriate therapeutic approaches, as it was shown that
CB2 specific compounds can improve treatment in CB2-expressing cancer types. Such
beneficial effects were demonstrated e.g. in a PC-3 prostate cancer mouse model [169], in a
bone cancer model with osteolytic sarcoma cells [170], various types of breast cancers [171173], colorectal cancer [37] or hepatocellular carcinoma [38]. In consequence, our CB2
specific PET tracers could be valuable tools for diagnostic imaging of cancers as well as for
validating and monitoring the outcome of CB2-drug related treatments.
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