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Abstract 
 

Muscarinic acetylcholine receptors (mAChRs) are G protein-coupled receptors, which ap-

pear as five subtypes (M1-M5). Considering their fundamental role in the nervous system 

and their involvement in many neurodegenerative disorders, mAChRs are an interesting 

target for molecular imaging. However, currently available mAChR PET tracers are only 

suitable to a limited extent, especially with respect to their subtype selectivity. Within this 

work 18 novel derivatives of the naturally occurring alkaloid arecoline were synthesized, 

chemically characterized and evaluated with a competitive radioligand binding assay to-

ward all mAChR subtypes. Diphenylmethyl esters of arecaidine showed a strongly in-

creased mAChR M1 affinity (from Ki = 20 µM to Ki = 3 nM) compared to arecoline and a 

promising subtype selectivity for mAChR M1 (up to 140-fold over M2). Radiolabeling of N-

desmethyl precursors with [11C]CH3I afforded six carbon-11 labeled products in high radio-

chemical purity and good yield. Metabolic stability, insensitivity toward the off-target ace-

tylcholinesterase and other preclinical parameters of the diphenylmethyl esters of are-

caidine pointed toward a successful tracer, but autoradiography and a direct radioligand 

binding assay on living cells revealed unacceptable nonspecific binding. Hydrobenzoin es-

ters of arecaidine were designed in the quest to lower lipophilicity while maintaining 

mAChR affinity. In vitro experiments and molecular docking revealed a pronounced de-

pendence of mAChR M1 affinity on stereochemistry. Carbon-11 radiolabeling of the most 

potent R,R-isomer (Ki = 99 nM) is ongoing and will elucidate if the lowered lipophilicity 

results in reduced nonspecific binding. As a secondary finding of this thesis, a structural 

isomer of the mAChR M1 antagonist pirenzepine, which was unwittingly sold as pirenze-

pine, was discovered. The isomer was found to originate from an acid-catalyzed rearrange-

ment and showed a tremendously decreased affinity towards mAChR M1. Furthermore, 

this thesis contains research which results improved the synthesis of routinely produced 

PET tracers. 

  



 

Zusammenfassung 
 

Muskarinische Acetylcholinrezeptoren (mAChRs) sind G-Protein-gekoppelte Rezeptoren, die 

als fünf Subtypen (M1-M5) vorkommen. In Anbetracht ihrer grundlegenden Rolle im Nerven-

system und ihrer Bedeutung bei vielen neurodegenerativen Erkrankungen sind mAChRs ein 

interessantes Zielprotein für die molekulare Bildgebung. Derzeit verfügbare mAChR-PET-Tra-

cer sind jedoch nur in begrenztem Umfang geeignet, insbesondere hinsichtlich ihrer Subtypen-

Selektivität. In dieser Arbeit wurden 18 neue Derivate des natürlich vorkommenden Alkaloids 

Arecolin synthetisiert, chemisch charakterisiert und mit einem kompetitiven Radioliganden-

Bindungsassay gegenüber allen mAChR-Subtypen untersucht. Arecaidindiphenylmethylester 

zeigten eine stark erhöhte mAChR M1-Affinität (von Ki = 20 µM zu Ki = 3 nM) im Vergleich zu 

Arecolin und eine vielversprechende Subtypen-Selektivität für mAChR M1 (bis zu 140-fach 

gegenüber M2). Durch radioaktive Markierung von N-Desmethyl-Vorläufersubstanzen mit 

[11C]CH3I konnten sechs Kohlenstoff-11-markierte Produkte in hoher radiochemischer Reinheit 

und guter Ausbeute hergestellt werden. Die metabolische Stabilität, Insensitivität gegenüber 

dem Off-Target-Protein Acetylcholinesterase und andere präklinische Parameter der Arecai-

dindiphenylmethylester deuteten auf einen erfolgreichen Tracer hin. Autoradiographie und ein 

direkter Radioliganden-Bindungsassay an lebenden Zellen zeigten jedoch eine inakzeptable 

unspezifische Bindung. Um die Lipophilie zu senken und gleichzeitig die mAChR-Affinität auf-

rechtzuerhalten, wurden Hydrobenzoinester des Arecaidins entwickelt. In-vitro-Experimente 

und molekulares Docking dieser Ester zeigten eine ausgeprägte Abhängigkeit der mAChR M1-

Affinität von der Stereochemie. Die Kohlenstoff-11-Radiomarkierung des affinsten R,R-Iso-

mers (Ki = 99 nM) ist noch nicht abgeschlossen und wird zeigen, ob die verringerte Lipophilie 

zu einer verringerten unspezifischen Bindung führt. Als sekundärer Befund dieser Arbeit wurde 

ein Strukturisomer des mAChR M1-Antagonisten Pirenzepin entdeckt, welches unwissentlich 

als Pirenzepin in den Handel gebracht wurde. Es wurde festgestellt, dass diese Isomer durch 

eine säurekatalysierte Umlagerung entsteht und eine enorm verringerte Affinität zu mAChR 

M1 aufweist. Darüber hinaus enthält diese Arbeit Forschungsergebnisse, welche die Synthese 

routinemäßig hergestellter PET-Tracer verbesserten. 
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1. Introduction 

1.1. Nuclear medicine 

Nuclear medicine is a branch of medicine in which radionuclides, frequently coupled to a mol-

ecule of interest, are applied to the human body as unsealed sources. The used medical for-

mulations, radiopharmaceuticals, are most commonly administered intravenously. The radio-

pharmaceutical consists of a chemical entity which accumulates at the region of interest and 

the radionuclide, which – depending on the mode of decay – allows for imaging and/or ther-

apy.1 Therapeutic nuclides most often are α- or β--emitters, which are characterized by a high 

linear energy transfer, allowing them to deliver high doses within a small range of tissue. Half-

lives are usually between hours and days, which allows for delivery flexibility and simultane-

ously makes sure that treated patients can leave the isolation within an acceptable time frame.2 

The β--emitter iodine-131 is one of the oldest and still most commonly applied therapeutic 

radionuclides.2 Iodide is strongly accumulated in thyroid tissue, which is the rational of the 

[131I]I- therapy for the treatment of several thyroid diseases. In this case the plain iodide ion 

adopts two roles: Firstly, it is the targeting vector, which ensures that the radiopharmaceutical 

reaches its designated tissue. Secondly, it is the radionuclide, which releases the therapeutic 

radiation. Within the last years, radionuclide therapy has strongly been boosted by investments 

from big players of the pharmaceutical industry.3 Nevertheless, diagnosis remains the more 

common application of nuclear medicine.4 Diagnostic nuclides are required to emit radiation, 

which is far ranging enough to be detectable from outside the body and at the same time 

expose the body to a dose as low as possible. In scintigraphy a steady gamma camera cap-

tures a two-dimensional image of the distribution of a γ-emitting radiopharmaceutical in the 

organ of interest or also in the whole body. Considering that radiation from all depths of the 

subject is summed up in a single pixel on the plane detector, activity of the background tissue 

adds up to the desired signal, which in turn degrades the image contrast. In single photon 

emission computed tomography (SPECT) the emitted radiation is detected from various an-

gles, thus allowing the calculation of a three-dimensional, tomographic image.5 99mTc is the 

most common medical radionuclide and is used in about 80 percent of all nuclear medicine 

procedures worldwide. It is readily available from a radionuclide generator and emits 140 keV 

photons during isomeric transition to 99Tc with a half-life of 6 h. The generator yields 

[99mTc]TcO4
-, which can be directly used for thyroid scans or reduced and converted to com-

plexes for many different applications.6 Depending on the posed medical question and tracer 

pharmacokinetics, nuclear imaging can be performed statically or dynamically. In static imag-

ing a timely almost constant activity distribution is recorded over time and merged in a single 

image. In dynamic imaging a changing activity distribution is recorded as a series of frames. 
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Early time points, which generally show strong changes of activity distribution over time, are 

often recorded with a high frame rate, whereas the frame rate can be reduced for later, more 

static time points.5 

 

1.2. PET 

In positron emission tomography (PET) β+-emitting radiopharmaceuticals are employed. Dur-

ing β+-decay a proton of a proton-rich nucleus is converted to a neutron while emitting a posi-

tron and an electron neutrino (Equation 1). 

X → YZ−1
A + e+ + νeZ

A  

Equation 1: β+-decay 

 

Upon collision of the emitted positron with an electron, two almost colinear 511 keV photons 

are released in opposing directions and registered simultaneously by a ring of scintillation de-

tectors arranged around the subject. Therefore, the location of the β+-decay can be traced 

back to the volume between the opposed coincidence detectors, which is also called the line 

of response (LOR). Unlike the gamma cameras used in scintigraphy and SPECT, coincidence 

detectors do not require absorptive collimation; consequently, the sensitivity of PET is about 

two to three orders of magnitude higher.5 Early PET scanners contained only a single ring of 

detectors around the subject, which restricted the observable coincidence events to annihila-

tion photons perpendicular to the body axis. Modern PET scanners contain multiple rings of 

detectors, forming a cylinder around the subject (Figure 1). This allows the scanner to register 

a greater number of coincidence events and hence further increases the sensitivity. Most state-

of-the-art PET scanners come in combination with other imaging techniques such as computer 

tomography (CT) or magnetic resonance imaging (MRI). This allows for a reliable overlay of 

functional and anatomical images, as the scans can be performed in immediate sequence, 

without requiring the subject to change position. 

 

Figure 1: Principle of a PET scan. 
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2-[18F]Fluoro-2-deoxy-D-glucose (2-[18F]FDG) is by far the most commonly used PET tracer 

and therefore often referred to as the working horse of PET. PET imaging using 2-[18F]FDG is 

crucial for a plethora of diagnostic procedures in oncology, neurology, cardiology and inflam-

matory conditions.7 2-[18F]FDG is a fluorinated analogue of glucose, which also acts as a sub-

strate for the GLU transporters. Cells with a higher energy demand often have upregulated 

GLU transporters and therefore show an increased uptake of 2-[18F]FDG. Inside the cell 2-

[18F]FDG can be phosphorylated by hexokinase, the first enzyme of the glycolysis. However, 

2-[18F]FDG-6-phosphate lacks the hydroxyl group on position 2 and hence cannot be further 

metabolized by glycolysis, resulting in metabolic trapping of 2-[18F]FDG-6-phosphate in cells 

with high glucose uptake (Figure 2)8.  

 

Figure 2: Main cellular metabolism of 2-[18F]FDG trapping. 

 

Although this picture of 2-[18F]FDG is widely accepted and has become textbook knowledge, 

a less trivial 2-[18F]FDG metabolism was observed in more detailed studies.9 

 

1.3. Prerequisites for PET nuclides 

Properties of some common radionuclides used in PET imaging are listed in Table 1. 

Several factors contribute to the suitability of a radionuclide for PET imaging. Most obviously 

the nuclide has to undergo β+-decay with a high probability and should not have an addi-

tional gamma-line close to 511 keV, which could impair quantitative accuracy. Most well-es-

tablished PET radionuclides feature a β+-decay probability close to 100%. Zirconium-89 dis-

plays a β+-decay probability of only 23%; however, as the gamma-line resulting from electron 

capture (23%) is strongly above the annihilation photon energy, it can be easily gated off by 

the PET scanner. Still, this comes with an increased radiation burden compared to exclusively 

β+-decaying nuclides.10 

The total energy Q of the β+-decay is shared as kinetic energy between the positron and the 

electron neutrino. Consequently, positrons arising from β+-decay show a continuous distribu-

tion of kinetic energy, with a limit of Q. However, β+-decaying nuclides which are characterized 
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by a high Q value also feature a higher average positron energy and hence a longer positron 

range.11 The positron range is different between β+-decaying nuclides and should be as low 

as possible as it sets a physical limit for the resolution of PET.12 

The half-life of the nuclide should parallel the timescale of the targeted biological phenome-

non. Nuclides with a short half-life are suitable for radiotracers with a fast pharmacokinetic, 

e.g. the very short-living radiopharmaceuticals [13N]NH3, [15O]H2O and [82Rb]Rb+ are used for 

myocardial perfusion imaging.13 Short half-life is both a blessing and a curse. On the one hand, 

high initial doses can be applied while maintaining low radiation burden for the patient and 

persons the patient encounters later. On the other hand, the nuclide source has to be in close 

proximity to the scanner and preparation as well as quality control of the product has to be 

performed at a great pace. Long-living nuclides like 89Zr (3.3 d) and 64Cu (12.7 h) can be found 

at the other side of the spectrum. These nuclides find their main application in immuno-PET 

as their long half-life matches well with the pharmacokinetics of antibodies and antibody con-

jugates.14 

Chemical methods to reliably and unimpededly incorporate the PET nuclide to the radio-

tracer molecule must be available. Non-metallic PET nuclides like carbon-11 and fluorine-18 

can be attached to a radiotracer molecule via covalent bonds, which allows to insert a radio-

label to the molecule of interest with no or only minor structural changes. Metallic PET nuclides 

require a chelator to be attached to the molecule of interest, which induces a structural change. 

With increasing size of the labeled molecule, this change becomes increasingly insignificant; 

consequently, metallic PET nuclides are predominantly used for labeling molecules of high 

molecular weight, such as peptides and proteins. 

Besides these physical and chemical properties, the availability of the PET nuclide in combi-

nation with the cost of its production is an important factor. PET nuclides are predominantly 

produced by cyclotrons and radionuclide generators. A cyclotron accelerates small charged 

particles (most commonly hydride ions) by alternating the potential of surrounding D-shaped 

electrodes while being constrained to a circular orbit by an external magnetic field. Upon reach-

ing the outermost orbit, the particles are extracted and directed to the target material. In case 

of accelerated hydride ions, this process usually involves a stripping foil, which removes the 

associated electrons and thus produces a plain proton beam. Installation and operation of an 

on-site medical cyclotron comes with a considerable financial effort, which restricts the availa-

bility of cyclotron-produced, short-lived nuclides (e.g. 11C, 13N, 15O) to specialized centers.15 

The most frequently used PET nuclide fluorine-18 is produced by proton bombardment of 

[18O]H2O and can be transported to regional PET centers because of its longer half-life. 

In radionuclide generators a mother nuclide with a longer half-life is immobilized on a stationary 

phase and reaches transient equilibrium with a shorter-lived daughter. Through exploitation of 

the daughter’s different chemical properties, it can be eluted from the generator. Comparably 
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low investment costs, low space requirement and ease of use are big advantages of radionu-

clide generators. However, as of now, only two generator-derived PET nuclides with GMP 

compliance are available: 82Rb and 68Ga. In an effort to overcome cyclotron dependency, the 

latter has recently attracted keen attention from the radiopharmaceutical industry as well as 

from academic researchers.16 

Table 1: Properties of common PET nuclides.17–19 

 

 Half-life 
β+ decay 

mode 

Max. posi-

tron range 

(mm) 

Production 
Example of a relevant 

PET tracer 

11C 20.4 min 100% 4.1 14N(p,α)11C [11C]methionine20 

13N 9.98 min 100% 5.4 16O(p,α)13N [13N]NH3
21 

15O 2.03 min 100% 8.0 14N(d,n)15O [15O]H2O22 

18F 109.8 min 97% 2.4 18O(p,n)18F 2-[18F]FDG 

68Ga 68.0 min 89% 9.0 68Ge/68Ga gen. [68Ga]Ga-DOTATATE23 

82Rb 1.25 min 96% 16.5 82Sr/82Rb gen. [82Rb]RbCl24 

89Zr 78.4 h 23% 3.8 89Y(p,n)89Zr [89Zr]Zr-DFO-

Trastuzumab25 

 

1.4. Carbon-11 

Carbon is the central element of organic chemistry and constitutes the majority of molecules 

that build up living organisms. As such, radioactive carbon isotopes enable radiolabeling of 

pivotal, highly bio-relevant structures without changing their structure at all. However, the short 

half-life sets high requirements on the swiftness of the reactions and on the synthesis module’s 

degree of automation. The gas target during proton irradiation for carbon-11 production is com-

monly filled with naturally abundant N2 (mainly 14N) and traces of naturally abundant O2 (mainly 

16O). Carbon-11 produced in such a target gas mixture exists as [11C]CO2, which can be directly 

used for labeling reactions (e.g. using Grignard chemistry26) or can be converted to secondary 

synthons (Figure 3). [11C]CH3I is the most commonly used carbon-11 synthon and can be syn-

thesized automatically in various commercially available synthesis modules. [11C]CH3I can be 

formed via the “wet” chemistry method or the “gas-phase” method. In the “wet” chemistry 

method [11C]CO2 is trapped in solution of LiAlH4 in tetrahydrofuran and thereby reduced to 

[11C]CH3OH. After evaporation of the solvent, hydroiodic acid is added to the precipitate and 

heated to 90 °C. The resulting [11C]CH3I is distilled off and passed over NaOH/P2O5 to remove 

HI and H2O. Although this method is reliable in terms of radiochemical yields, it suffers from 

limited molar activity caused by contaminations of atmospheric CO2 in LiAlH4.27 In the nowa-

days more commonly used “gas-phase” method [11C]CO2 is trapped on a molecular sieve and 
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reduced to [11C]CH4 in the presence of H2 and a Ni catalyst at 400 °C. [11C]CH4 then undergoes 

iodination with I2 at 720-740 °C. To improve the overall yield, this step is commonly performed 

in circulation, so that unreacted [11C]CH4 can be recycled.27,28  

In the majority of applications [11C]CH3I is used to introduce a [11C]methyl group to nucleophilic 

functionalities, such as alcohols, amines, phenols or thiols via an SN2 reaction. To increase the 

reactivity for reactions with demanding nucleophiles, [11C]CH3I can be converted to 

[11C]CH3OTf by passage through an AgOTf column. Although less commonly applied, 

[11C]CH3I can also be used for different reactions, such as the formation of C-C bonds via Pd-

mediated Stille and Suzuki cross-coupling.29 The chemistry of carbon-11 is discussed in more 

detail in chapter 3.6. 

 

Figure 3: Reaction pathways to carbon-11 synthons. Own work, also published.27 

 

1.5. Designing small molecules as brain PET tracers 

Over the last decades a plethora of small molecules of PET tracers have been developed for 

brain imaging. Besides the aforementioned 2-[18F]FDG, nowadays commonly used small mol-

ecules radiotracers include [11C]PIB for imaging cerebral beta-amyloid plaques30, [11C]raclo-

pride for imaging the cerebral D2 dopamine receptor31, [11C]methionine for imaging amino acid 

uptake in glioma20 and [11C]DASB for imaging cerebral serotonin transporters32. 

A. D. Gee et al. recently summarized following design and test criteria for the development of 

small molecules as radiopharmaceutical vectors (Table 2).33 
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Table 2: Design and test criteria for the discovery and development of small molecule radiotracers. 

 

Design criteria Test criteria 

• Choosing an appropriate target 

• High affinity and selectivity for the 

target 

• Ease of radiosynthesis 

• Maximizing target accessibility while 

minimizing non-displaceable binding 

• Good signal-to-noise ratio in vivo 

• Good in vivo pharmacokinetics 

• In vivo distribution and pharmacol-

ogy consistent with literature reports 

• Low levels of radiolabeled metabo-

lites in the region of interest 

• High sensitivity toward the target 

 

Design criteria can be evaluated prior radiolabeling and they support the identification of proper 

candidates for PET tracer development. Test criteria consist of properties that can be assessed 

by in vitro and in vivo experiments using the labeled compound to determine its potential utility 

as radiotracer. 

For a PET tracer to be of clinical relevance most obviously also the chosen molecular target 

should be of clinical interest and there should be relevant clinical questions associated with 

that molecular target. Furthermore, the target has to be expressed at a sufficient concentration 

to allow for successful imaging. Although sensitivity generally is a major strength of PET im-

aging, review of the established radiotracers reveals that – with only some exceptions – the 

lowest Bmax that can be successfully imaged is around 1 nM. Additionally, the size of the ex-

pressing tissue should at least exceed the resolution of the PET scanner (2-5 mm) to avoid 

underestimation of the signal through the partial volume effect.33 The Bmax strongly influences 

the required affinity of the radiotracer. With decreasing target expression levels (decreasing 

Bmax) the affinity must increase accordingly (KD decrease) to maintain the target-to-background 

ratio. As a rule of thumb, a minimum KD/Bmax ratio of 10 should be reached to achieve sufficient 

contrast in vivo.34 Ideally, the radiotracer should be fully selective and thus only bind to the 

desired target. However, if the radiotracer binds to more than one target, the location, Bmax and 

the affinity to the off-target must be considered. Radiochemistry of carbon-11 and fluorine-18 

is a continuously evolving field, which has given rise to a wide variety of labeling reactions. 

Still, caused by the relatively short half-life, not all thinkable small molecules can be labeled 

with organic PET nuclides. Ease of the radiochemistry therefore remains an important factor 

when choosing a molecule for PET tracer development.35 Diffusion or active transport of the 

PET tracer to the tissue of interest is a fundamental property in order to maximize target 

accessibility. Considering intravenous application, the blood-brain barrier (BBB) imposes a 

significant challenge for the target accessibility of brain radiotracers. The BBB comprises active 

transporters to satisfy the brain’s need for important, highly polar molecules, such as amino 
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acids and glucose. Nevertheless, the vast majority of brain radiotracers do not fulfill the struc-

tural requirements to act as substrates for these transports and therefore rely on passive dif-

fusion through the BBB, whereas [11C]methionine and 2-[18F]FDG are notable exceptions. A 

lot of research effort has been put in predicting a drug’s likelihood to penetrate the BBB a priori. 

In addition to other physico-chemical properties, lipophilicity quantified by the logP value is 

frequently used as indicator for BBB permeability. Several desirable logP ranges have been 

proposed; however, when applied to the entity of brain permeable radiotracers there are nu-

merous false positives and false negatives. In fact, a recent study concludes that the total polar 

surface area (tPSA), which can be calculated from any given chemical structure within sec-

onds, displays a higher predictive power for the BBB permeability of radiotracers.36 Addition-

ally, efflux transporters, most notably the P-glycoprotein, can negatively affect the target ac-

cessibility of the radiotracer.37 

 

1.6. Muscarinic Acetylcholine Receptors 

Muscarinic Acetylcholine Receptors (mAChRs) are a group of G protein-coupled receptors, 

which bind the endogenous ligand acetylcholine and can also by activated by the fungal toxin 

muscarine. Alongside with nicotinic acetylcholine receptors, they mediate the cholinergic neu-

rotransmission. Considering their regulatory functions in the central nervous system, glandular 

secretion, smooth muscle contraction and heart rate, mAChRs adopt a pivotal role in human 

physiology.38 mAChRs are divided into five subtypes (M1-M5), which are expressed through-

out the central and peripheral nervous system. Subtypes M1, M4 and M5 are mainly found in 

the central nervous system, whereas M2 and M3 also show high expression levels in the pe-

riphery.39 Subtypes with odd numbers (M1, M3 and M5) are predominantly coupled to Gq/11 

proteins, whereas even-numbered subtypes preferentially signal through Gi/o proteins.38 As of 

now the exact functional role of the different subtypes and their interplay within the same body 

system remains poorly defined.40 This can partly be attributed to a lack of small molecules that 

can inhibit or activate specific mAChR subtypes with high selectivity.38 

 

1.7. Development of mAChR ligands 

Based on their location of binding, mAChR ligands can be divided in orthosteric, allosteric and 

bitopic ligands.38 Orthosteric ligands bind to the same pocket as the endogenous ligand ac-

etylcholine. The orthosteric binding site of the mAChRs is deeply buried within the transmem-

brane core as illustrated in the crystal structure of mAChR M1 (Figure 4) and is covered with 

a tyrosine lid.38 In the region of the orthosteric pocket, crystal structures of the other mAChR 

subtypes show an overall very similar picture, which is not surprising when considering the 
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high degree of sequence homology between the subtypes.41 Most well-known mAChR ligands 

(e.g. scopolamine, atropine, QNB)42 bind to the orthosteric pocket. Orthosteric mAChR ligands 

generally bear a high affinity and a well-defined structure-activity relationship,38 which are ma-

jor advantages for PET tracer development. Furthermore, tritiated orthosteric mAChR ligands 

are commercially available (e.g. [3H]NMS, [3H]QNB),43 which allows for straightforward affinity 

determination of novel unlabeled, orthosteric ligands. Based on their pharmacology, orthosteric 

mAChR ligands can be divided into agonists (activation of the receptor), antagonists (compet-

itive inhibition of agonist) and inverse agonists (induces opposite pharmacological response).44 

Allosteric ligands bind to a different part of the receptor, compared to the endogenous ligand. 

The vast majority of allosteric mAChR ligands bind to the cone above the orthosteric binding 

pocket, when viewing the receptor from the extracellular side (Figure 4). Allosteric mAChR 

ligands typically feature a superior subtype selectivity, which however comes at the cost of 

limited receptor affinity.38 Based on their pharmacology, allosteric mAChR ligands can be ba-

sically divided into positive allosteric modulators (PAMs, increasing the affinity of orthosteric 

ligands), negative allosteric modulators (NAMs, lowering the affinity of orthosteric ligands) and 

neutral allosteric modulators.45 

The pros and cons of orthosteric ligands versus allosteric ligands are highlighted by the com-

parison of the two well-studied ligands scopolamine and BQCA (Table 3). 

Table 3: Binding parameters of well-known mAChR ligands given in nM. Data of scopolamine is given as Ki val-
ues from a competitive radioligand binding assay using [3H]NMS. Values of BQCA are given as inflection point of 
ACh efficacy potentiation as measured by calcium mobilization. 

 

compound binding site M1 M2 M3 M4 M5 lit. 

scopolamine orthosteric 1.1 2.0 0.44 0.8 2.07 42 

BQCA allosteric 845 >100000 >100000 >100000 >100000 46 

 

In an attempt to combine the favorable properties of orthosteric and allosteric mAChR ligands, 

the concept of bitopic ligands has recently attracted strong research interest. This class of 

compounds is designed to simultaneously bridge both binding sites of a single receptor and 

aims to achieve subtype selectivity through the allosteric binding and affinity through the or-

thosteric binding. Although this concept seems simple and yet ingenious, its practical imple-

mentation remains cumbersome in many cases.38 THRX-160209 can be considered a suc-

cessful example of the bitopic concept.47 However, the chemical characteristic of this class of 

compounds, such as the high molecular weight, indicates poor BBB permeability. Generally, 

there is not always consensus in the literature whether a ligand should be considered or-

thosteric or bitopic. In fact, several compounds which were initially described as orthosteric 

ligands later were reclassified as allosteric ligands. 
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Figure 4: Graphical illustration of the mAChR M1 crystal structure PDB:5CXV41 using Mol*.48 The approximal loca-
tion of the orthosteric binding site and the allosteric binding sites are highlighted. The receptor structure contains 
the co-crystallized orthosteric antagonist tiotropium, which is displayed in ‘ball and stick’ style. In the side view the 
protein is displayed as cartoon and in the top view it is displayed as Gaussian surface. 

 

1.8. Arecoline – a mAChR ligand with high relevance for this thesis 

Many orthosteric mAChR ligands occur as natural products in poisonous plants or fungi. Fa-

mous examples include muscarine found in Amanita muscaria (fly agaric) and atropine in 

Atropa belladonna (deadly nightshade). One of the less famous naturally occurring mAChR 

ligands – at least in the Western world – is the less toxic and psychoactive alkaloid arecoline. 

Arecoline is the major effective constituent in the fruits of Areca catechu, which are the fourth 

most commonly used drug after nicotine, alcohol and caffeine worldwide (Figure 5).49 Areca 

catechu is mainly consumed in Southeast Asia, where also more than one million tons of its 

fruits are produced annually.50 Typically, the fruits are consumed by chewing them wrapped in 

betel leaves coated with slaked lime, which gives the users euphoria, a sense of wellbeing, 

warmth, increased alertness and enhanced capability to work. However, this comes at the cost 

of many long-term side effects such as cancers of mouth and of esophagus, immunosuppres-

sion, hypothyroidism, prostate hyperplasia and infertility.51 Tooth decay and permanently 

stained deep red tooth are the most visible side effects (Figure 5). 
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Figure 5: Top left: kiosk selling fruits of Areca catechu in Myanmar (own photograph), top right: user of Areca 
catechu with red-stained teeth (reproduced with permission of Gunda Wörlein, https://indojunkie.com/), bottom left: 
fruits of Areca catechu hanging in a kiosk in Myanmar (own photograph), bottom right: peeled fruit of Areca catechu 
(own photograph). 

 

Despite these negative properties, fruits of Areca catechu are used in traditional Chinese med-

icine to treat tapeworm infections and arecoline was shown to improve the memory of patients 

suffering a variety of neurodegenerative diseases.49 Being a BBB permeable but low affinity 

(Ki in the low micromolar range) mAChR agonist, arecoline may also act as a lead compound 

for the development of diagnostic or therapeutic mAChR ligands.49 When comparing the struc-

ture of arecoline with other mAChR ligands (Figure 6) and unsuccessful ligands52, it becomes 

clear that no space-demanding residues should be introduced at this part of the molecule. 

However, thinking of the secondary amine as precursor, the N-methyl group appears feasible 

for carbon-11 labeling using [11C]CH3I. Consequently, the O-methyl group of arecoline remains 

to tune its physico-chemical properties toward a suitable PET tracer. 
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Figure 6: Structures of arecoline and some well-known orthosteric mAChR ligands. 

 

1.9. Muscarinic acetylcholine receptors as therapeutic targets 

Muscarinic ligands are clinically approved for the treatment in several different body parts, e.g. 

atropine for treatment of bradycardia53, scopolamine for pupil dilatation and preventing motion 

sickness54, butylscopolamine bromide (Buscopan) for treatment of crampy abdominal pain55, 

ipratropium for treatment of COPD and asthma56, pirenzepine for treatment of peptic ulcers57, 

benztropine for treatment of Parkinson symptoms58 and solifenacin for treatment of overactive 

bladder59. Adverse effects of mAChR antagonist are often linked to blockade of others than 

the desired mAChR subtype, which highlights the importance of subtype selectivity for mAChR 

drug development.60 

However, considering their central role in the CNS, mAChR drugs have not yet found a pro-

portionate clinical application for the treatment of CNS disorders. 

Loss of cholinergic function is of high relevance in the cognitive impairment associated with 

Alzheimer’s disease (AD). Accordingly, the overwhelming majority of clinically approved drugs 

for the symptomatic treatment of AD target the cholinergic system (e.g. tacrine, rivastigmine, 

galantamine, donepezil)61. As of today, all of them act as inhibitors of acetylcholineesterase 

and are associated with a relatively small symptomatic benefit along many side effects. Despite 

extensive research, especially on the M1 subtype, drugs targeting the mAChRs directly have 

not yet reached clinical approval in AD treatment.61,62 mAChRs are also regarded as a prom-

ising target in the treatment of schizophrenia.61 For example the mAChR M1 agonist xano-

meline showed reasonable efficacy in the treatment of schizophrenia symptoms63, but gastro-

intestinal side effects hamper its clinical application.64 
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1.10. PET tracer development for in vivo CNS muscarinic acetylcholine 

receptor imaging 

The development of mAChR radiotracers started as early as 1982. An overview of the de-

scribed mAChR radiotracer is depicted in Figure 7. (R,S)-[125I]IQNB was the first radioligand 

used in the mapping of central mAChRs. It is a radioiodinated version of the highly affine chem-

ical warfare agent 3-quinuclidinyl benzilate (QNB), which was studied extensively and stock-

piled by the U.S. Army as incapacitating agent. Undoubtedly, high target affinity is a funda-

mental prerequisite in radiotracer development as it is the driving force to obtain the desired 

high target-to-nontarget ratio in imaging. However, when assuming the kon to be constant, ac-

cording to the kinetic definition of the equilibrium dissociation constant (KD = koff/kon), high af-

finity comes with a slow off rate.33 This ‘second face’ of high target affinity is assumed to com-

promise the in vivo radiotracer distribution of (R,S)-[125I]IQNB, which strongly suffered from 

dependence of blood flow and transport across the BBB. As a consequence, (R,S)-[125I]IQNB 

scans required two visits to the clinic and required pharmacokinetic modelling to separate the 

parameters of flow and transport from receptor density. Following a mAChR radiotracer like 

(R,S)-[125I]IQNB over time, the aim of mAChR in vivo imaging studies often evolves from map-

ping the distribution of mAChRs65 over studying differences between healthy and diseased 

subjects66 to studying the effect of diseases treatment.67 Although promising differences in 

receptor density between healthy and diseased brains could be shown in the majority of clinical 

studies, no impact on clinical care could be delineated from these measurements. Additionally, 

the lack of mAChR subtype selectivity as well as the limited resolution and sensitivity of SPECT 

hindered broad application of (R,S)-[125I]IQNB.68 Nevertheless, regarding all human in vivo 

mAChR imaging studies from the 1980s until now, (R,S)-[125I]IQNB remains the most applied 

radiotracer;69 however, not a single (R,S)-[125I]IQNB study after 2007 is reported. From a radi-

ochemical perspective [carbonyl-11C]QNB is interesting because of its labeling procedure, 

which involves formation of [11C]benzylic acid from [11C]CO2 and the benzophenone dianion 

followed by esterification with 3-quinuclidinol using 1,1’-carbonyldiimidazole.70 

mAChR targeting PET tracers, [11C]scopolamine71, [11C]benztropine72, [11C]TRB73, 

[11C]NMPB74 developed between 1988 and 1993 suffer from similar problems: E.g. [11C]sco-

polamine showed clear differences in cerebral cortical and cerebellar uptake. However, within 

the measurable time frame of up to 2 h post-injection, the cerebral cortical radiotracer distribu-

tion did not correspond to the anticipated receptor densities. Analysis via kinetic modeling re-

sulted in good agreement with expectations based on in vitro studies; however, the authors 

concluded that the limited precision of the method may hinder its widespread clinical applica-

tion.71 
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The frequently observed flow dependent radiotracer distribution shifted the goal of mAChR 

radiotracer development from compounds with high affinity to compounds with slightly reduced 

affinity, allowing to reach steady after bolus injection or equilibrium after infusion.68 Expression 

levels of the different subtypes in human brain are rarely reported; however, based on the 

mAChR density of M1 and M2 in human brain75 it was estimated that a radioligand KD of about 

3-50 nM is suitable for imaging CNS mAChRs in vivo.76 

[11C]NMPB acted as lead compound for the synthesis of congeners with N-ethyl ([11C]4-EPB) 

and N-propyl ([11C]4-PPB) residues instead of N-methyl77, which however did not advance to 

human studies. Similarly, regioisomers of [11C]NMPB regarding the piperidyl position were 

studied, which eventually yielded (+)-[11C]3-MPB as a more favorable mAChR radiotracer be-

cause of its quicker kinetic and higher specific uptake in monkey scans.78 (+)-[11C]3-MPB was 

used to study humans suffering from chronic fatigue syndrome and showed reduced binding 

in the group of mAChR autoantibody positive subjects.79 

Although studied extensively in humans, PET tracers originating in the previous millennium did 

rarely aim for subtype selectivity, which renders them unattractive for current clinical mAChR 

imaging studies. This is not caused by inadvertence in the radiotracer development, but be-

cause the existence of five different mAChR subtypes was just about to be recognized around 

that time,80 not to mention the unknowingness of their collective expression in human brain.81 

One of the earliest example of a subtype selective mAChR radiotracer is [18F]FP-TZTP. Based 

on its Ki values for M1 (7.4 nM) and M2 (2.2 nM), [18F]FP-TZTP can hardly be considered 

subtype selective; however, comparing in vitro binding between heart and brain tissue, [18F]FP-

TZTP exhibited M2 subtype selectivity. In vivo subtype selectivity could not be proven by the 

traditional pharmacological methods because of the uniform cerebral expression of M2 recep-

tors and the lack of other M2 selective ligands which could be used for blocking experiments. 

Yet, ex vivo autoradiography using subtype selective knockout mice confirmed the in vivo M2 

selectivity.82 Imaging studies in monkeys applying physostigmine, an acetylcholinesterase in-

hibitor, revealed sensitivity of [18F]FP-TZTP binding to endogenous acetylcholine concentra-

tion. Consequently, [18F]FP-TZTP scans should be regarded as measurement of the musca-

rinic systems biology, rather than just M2 receptor distribution.68 Cerebral distribution volumes 

of [18F]FP-TZTP were shown to significantly correlate with human age.83 However, its discrep-

ancy between in vitro Kis and in vivo subtype selectivity is not yet fully understood but thought 

to be caused by a small but statistically significant slower M2 receptor off-rate.84 This highlights 

the importance of studying binding kinetics in addition to binding affinity when pursuing sub-

type-selective mAChR radiotracer development. 

[11C]Xanomeline and [11C]butylthio-TZTP were, despite their similar structure compared to 

[18F]FP-TZTP, originally described as M1 ligands. However, later studies revealed an evenly 
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good affinity of xanomeline for mAChR M4.85 In human imaging studies these PET ligands 

showed poor selectivity for mAChRs over sigma sites.86 

The mAChR M1 targeting PET radioligand [11C]GSK1034702 is innovative in two ways. Firstly, 

it is the first mAChR radioligand developed to target an allosteric binding site of a mAChR 

receptor. Secondly, in difference to all previous mAChR PET ligands its main goal is not re-

ceptor mapping nor diagnosis. Instead, [11C]GSK1034702 was synthesized and applied in hu-

man studies for evaluating blood-brain barrier permeability to de-risk the drug development 

process of GSK1034702 for the treatment of cognitive disorders. The observed good brain 

uptake of [11C]GSK1034702 discharged possible development risks and provided a support to 

advance the drug in the next stage of clinical development. Nevertheless, the authors con-

cluded that [11C]GSK1034702 might not be a suitable PET ligand due to the limited specific 

binding, which results from relatively low affinity (pEC50 = 8.1) or low molar activity (≈ 

9 GBq/µmol).87 Although developed as an allosteric ligand, GSK1034702 was also shown to 

displace the orthosteric ligand [3H]NMS (Ki = 960 nM)88 and therefore nowadays is considered 

as bitopic ligand.89 

AF150(S) is an M1 selective mAChR agonist and was evaluated as potential therapeutic in 

animal models of neurological diseases. Despite its moderate affinity (KD = 200 nM), Buiter et 

al. labeled the compound with carbon-11 and evaluated its use as PET tracer via rat brain 

autoradiography, ex vivo biodistribution and metabolite analysis in brain and blood. The au-

thors concluded that the observed rapid metabolism, radioactive metabolites, hydrophobicity 

and relatively low binding affinity may be challenging for PET studies.90 In vivo imaging studies 

using [11C]AF150(S) revealed binding enhancement in brain with increasing concentration of 

AF150(S).91 

Recently, Malmquist et al. modified the structure of (+)-[11C]3-MPB by substituting one of the 

phenyl groups with cyclopentyl.92 Based on its rapid kinetic in monkey brain, the (S,R) isomer 

was deemed most promising. Although the Ki of all four possible stereoisomers toward mAChR 

M1 was determined, no affinities for subtypes M2-M5 were reported. However, when compar-

ing the blocking using scopolamine (not subtype selective) with the blocking using pirenzepine 

(M1 subtype selective) in human brain autoradiography, involvement of M2-M5 in the binding 

of (S,R)-[11C]1-(methylpiperidin-3-yl)2-cyclopentyl-2-hydroxy-2-phenylacetate is evident.92 

LSN3172176 is a bitopic ligand developed by Elli Lilly, which shares several chemical features 

with GSK1034702. Although [3H]NMS displacement from M1-M5 membrane preparations at-

tested LSN3172176 M1 selectivity, no M1 selectivity was evident when performing saturation 

binding using [3H]LSN3172176.88 In vivo studies in monkeys using [11C]LSN3172176 and pre-

treatment with scopolamine reduced radioligand binding to levels indistinguishable from the 

mAChR devoid cerebellum. Also, pretreatment with the M1 selective partial agonist AZD6088 

strongly reduced cerebral radioligand binding but not as quantitative as scopolamine. 



 - Introduction - 

16 

[11C]LSN3172176 is rapidly metabolized in monkeys: 15 min post-injection 71% of the radio-

activity is found as more polar radiometabolites. Based on its high specific brain signal paired 

with appropriate kinetics in rhesus monkey brain, [11C]LSN3172176 was advanced to human 

studies for further evaluation.93 

The group of Craig W. Lindsley at the Vanderbilt University has extensively optimized mAChR 

M4 positive allosteric modulators (PAMs).94 Eventually this led to the high affinity PAM 

VU0467485, which was deemed suitable as PET tracer candidate.95 However, no specific 

binding could be observed in rat brain autoradiography in self-blocking experiments using 

[11C]VU0467485. Two closely related congeners, in which a single hydrogen was substituted 

with a fluorine, were also carbon-11 labeled and evaluated using autoradiography. Interest-

ingly, both showed a drastic increase in specific binding. [11C]M4R‐1023, the congener with the 

highest specific binding as observed in autoradiography, was chosen for in vivo imaging of 

rats. Due to its low brain uptake [11C]M4R‐1023 is no likely candidate for further preclinical 

evaluation; nevertheless, it may act as starting point for further chemical optimization.95 

[11C]MK-6884 is the most recently reported potential mAChR radiotracer studied in vivo and is 

under development by Merck & Co. It arose from optimization of binding affinity and balancing 

of physicochemical properties from a lead series of potent M4 PAMs. In vivo imaging studies 

on monkeys showed rapid BBB penetration and activity distribution according to the known 

expression pattern of cerebral mAChR M4 with the highest uptake in the striatum. Intravenous 

injection of a different M4 PAM resulted in significant reduction of radiotracer binding, indicating 

specific binding. In vitro autoradiography on rat brain sections using a tritiated compound of a 

similar chemotype showed that radiotracer only binds in presence of an agonist (carbachol).96 

This supports that [11C]MK-6884 only binds to activated receptors; however, no in vivo study 

proofing or falsifying this hypothesis was performed. A clinical study using [11C]MK-6884 was 

completed in 201997 albeit no results have been published yet. 
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Figure 7: Structures and binding properties of mAChR ligands previously evaluated as imaging probes. Emphasis 
is given on more recent developments. First synthesis: (R,S)-[125I]IQNB98, [carbonyl-11C]QNB70, [11C]scopolamine99, 
[11C]benztropine100, [11C]TRB101, [11C]NMPB102, [11C]xanomeline103, [18F]FP-TZTP104, (+)-[11C]3-MPB105, 
[11C]GSK1034702106, [11C]AF150(S),90 (S,R)-[11C]1-methylpiperidin-3-yl)2-cyclopentyl-2-hydroxy-2-phe-
nylacetate92, [11C]LSN3172176107, [11C]M4R-102395, [11C]MK-688496. First in man/animal: (R,S)-[125I]IQNB65, [car-
bonyl-11C]QNB108, [11C]scopolamine71, [11C]benztropine72, [11C]TRB73, [11C]NMPB74, [11C]xanomeline86, [18F]FP-
TZTP83, (+)-[11C]3-MPB79, [11C]GSK103470287, [11C]AF150(S),91 (S,R)-[11C]1-methylpiperidin-3-yl)2-cyclopentyl-2-
hydroxy-2-phenylacetate92, [11C]LSN3172176107, [11C]M4R-102395, [11C]MK-688496 
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One of the main lessons that can be learned from the last decades of mAChR radiotracer 

development is that lipophilicity and affinity have to be balanced carefully in order to receive a 

feasible compromise of signal-to-noise ratio, flow independency, nonspecific binding and BBB 

permeability (Figure 8). 

 

Figure 8: General influence of affinity and lipophilicity on imaging properties in mAChR PET tracer development. 

 

1.11. in vivo peripheral muscarinic acetylcholine receptor imaging 

With some exceptions the vast majority of in vivo mAChR imaging studies targets the CNS; 

although, mAChRs are also of high relevance in the peripheral nervous system.109 N-methyl-

ated QNB ([11C]MQNB) was used e.g. to study mAChRs in human heart. Featuring a positively 

charged quaternary ammonium, [11C]MQNB is unable to penetrate the BBB and therefore can 

only bind to peripheral mAChRs.110 So far, the limited axial field-of-view of PET scanners made 

it inefficient to additionally follow the peripheral radiotracer distribution in neuroimaging studies. 

Considering the advent of whole-body PET scanners111, much more information of peripheral 

mAChR radiotracer distribution might be available in the future. In view of the overexpression 

of mAChRs in a wide variety of cancer types112, it is conceivable that mAChR PET radiotracers 

might also find application in cancer imaging. High expression of mAChR M3 recently was 

identified as a biomarker in patients with non-small cell lung cancer.113 However, as of now, no 

in vivo studies imaging mAChRs as biomarkers in malignancies were reported. 
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2. Aim 

Despite their biological importance, no PET tracer targeting the mAChRs has yet found wide-

spread clinical application, which can be contributed to the suboptimal properties of currently 

available molecules. In essence, this doctoral thesis aims to investigate the suitability of 

arecoline derivatives as potential PET tracers for mAChRs. 

 

To reach this objective, the research work can be divided into following parts: 

 

1. Design and synthesis of potential mAChR ligands: The synthesis of novel arecoline 

derivatives, which are eligible for carbon-11 labeling, should be planned and per-

formed. The products should be obtained in a purity which allows for biological testing 

(≥95%) and investigated by analytical methods to prove the desired molecular struc-

tures. Furthermore, N-desmethyl precursors should be synthesized to enable subse-

quent radiolabeling. 

2. Affinity determination toward the mAChR subtypes: The affinity of the synthesized com-

pounds should be assessed in competitive radioligand binding assay toward each in-

dividual subtype. 

3. Radiolabeling: A carbon-11 labeling method for arecoline derivatives should be estab-

lished using N-desmethyl precursors. Reaction parameters should be optimized to set 

up a robust, automated labeling procedure, which yields the carbon-11 product in suf-

ficient purity and quantity for preclinical evaluation. 

4. Preclinical evaluation: The suitability of the carbon-11 labeled compounds as mAChR 

PET tracers should be evaluated by a broad spectrum of preclinical methods. Unde-

sired properties revealed within this step should feed back to part 1. 

 

Additionally, this doctoral thesis aims to increase the robustness of carbon-11 radiosynthesis 

presented by the established PET tracer [11C]metoclopramide and to contribute to an analysis 

of the factors influencing the molar activity of carbon-11 labeled compounds in general. 
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3. Results and discussion 

The research building up this thesis was published in peer-reviewed scientific journals or is 

under review at such as listed below. Following three works contain the research of this dis-

sertation in the narrower sense. 

 

1. 

Ozenil, M.; Pacher, K.; Balber, T.; Vraka, C.; Roller, A.; Holzer, W.; Spreitzer, H.; Mitterhauser, 

M.; Wadsak, W.; Hacker, M.; Pichler, V. Enhanced Arecoline Derivatives as Muscarinic Ace-

tylcholine Receptor M1 Ligands for Potential Application as PET Radiotracers. European Jour-

nal of Medicinal Chemistry 2020, 204, 112623. https://doi.org/10.1016/j.ejmech.2020.112623. 

 

2. 

Ozenil, M.; Aronow, J.; Piljak, D.; Vraka, C.; Holzer, W.; Spreitzer, H.; Wadsak, W.; Hacker, 

M.; Pichler, V. Synthesis, Biological, and Computational Evaluation of Antagonistic, Chiral 

Hydrobenzoin Esters of Arecaidine Targeting mAChR M1. Pharmaceuticals 2020, 13, 437. 

https://doi.org/10.3390/ph13120437 

 

3. 

Ozenil, M.; Skos, L.; Roller, A.; Gajic, N.; Holzer, W.; Spreitzer, H.; Platzer-Ozenil, S.; Vraka, 

C.; Hacker, M.; Wadsak, W.; Pichler, V. 

Manuscript not submitted. 

 

Furthermore, the author of this dissertation contributed to following publications in the field of 

PET Tracer development with experimental and manuscriptal work. 

 

4. 

Pichler, V.; Ozenil, M.; Bamminger, K.; Vraka, C.; Hacker, M.; Langer, O.; Wadsak, W. Pitfalls 

and Solutions of the Fully-Automated Radiosynthesis of [11C]Metoclopramide. EJNMMI radi-

opharm. chem. 2019, 4 (1), 31. https://doi.org/10.1186/s41181-019-0083-2. 

 

5. 

Pichler, V.; Zenz, T.; Philippe, C.; Vraka, C.; Berrotéran-Infante, N.; Pfaff, S.; Nics, L.; Ozenil, 

M.; Langer, O.; Willeit, M.; Traub-Weidinger, T.; Lanzenberger, R.; Mitterhauser, M.; Hacker, 

M.; Wadsak, W. Molar Activity – The Keystone in 11C-Radiochemistry: An Explorative Study 

Using the Gas Phase Method. Nuclear Medicine and Biology 2018, 67, 21–26. 

https://doi.org/10.1016/j.nucmedbio.2018.09.003. 
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6. 

Pichler, V.; Berroterán-Infante, N.; Ozenil, M.; Pfaff, S.; Philippe, C., Wadsak, W. (2019) The 

Radiopharmaceutical Chemistry of Carbon-11: Tracers and Applications. In: Lewis J., Wind-

horst A., Zeglis B. (eds) Radiopharmaceutical Chemistry. Springer, Cham. 

https://doi.org/10.1007/978-3-319-98947-1_12 
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3.1. Enhanced arecoline derivatives as muscarinic acetylcholine receptor M1 

ligands for potential application as PET radiotracers 

 
Marius Ozenil,1 Katharina Pacher,1 Theresa Balber,1,2 Chrysoula Vraka,1 Alexander Roller,3 

Wolfgang Holzer,4 Helmut Spreitzer,4 Markus Mitterhauser,1,2 Wolfgang Wadsak,1,5 Marcus 

Hacker,1 Verena Pichler1 

 

1 Department of Biomedical Imaging and Image-guided Therapy, Division of Nuclear Medi-

cine, Medical University of Vienna, Austria 

2 Ludwig Boltzmann Institute Applied Diagnostics, Vienna, Austria 

3 X-ray Structure Analysis Centre, Faculty of Chemistry, University of Vienna, Austria 

4 Department of Pharmaceutical Chemistry, Faculty of Life Sciences, University of Vienna, 

Austria 

5 CBmed GmbH - Center for Biomarker Research in Medicine, Graz, Austria 

 

Graphical abstract 

 

 

 

The doctoral candidate synthesized all fifteen novel arecoline derivatives, radiolabeled six 

compounds with carbon-11, performed an extensive preclinical evaluation of the most promis-

ing candidates and largely wrote the manuscript. 
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3.2. Synthesis, biological and computational evaluation of antagonistic, chi-

ral hydrobenzoin esters of arecaidine targeting mAChR M1 

 

Marius Ozenil,1 Jonas Aronow,1 Daniela Piljak,1 Chrysoula Vraka,1 Wolfgang Holzer,2 

Helmut Spreitzer,2 Wolfgang Wadsak,1,3 Marcus Hacker,1 Verena Pichler2 

 

1 Department of Biomedical Imaging and Image-guided Therapy, Division of Nuclear Medi-

cine, Medical University of Vienna, Austria 

2 Department of Pharmaceutical Chemistry, Faculty of Life Sciences, University of Vienna, 

Austria 

3 CBmed GmbH - Center for Biomarker Research in Medicine, Graz, Austria 

 

The doctoral candidate synthesized novel arecoline derivatives, performed their biological and 

computational evaluation and largely wrote the manuscript. 

  



 - Results and discussion - 

42 

  



 - Results and discussion - 

43 

  



 - Results and discussion - 

44 

  



 - Results and discussion - 

45 

  



 - Results and discussion - 

46 

  



 - Results and discussion - 

47 

  



 - Results and discussion - 

48 

  



 - Results and discussion - 

49 

  



 - Results and discussion - 

50 

  



 - Results and discussion - 

51 

  



 - Results and discussion - 

52 

  



 - Results and discussion - 

53 

  



 - Results and discussion - 

54 

3.3. Pirenzepine’s doppelgänger: Momentous rearrangement of the most 

prominent muscarinic M1 antagonist 

 

Marius Ozenil,1 Lukas Skos,1 Alexander Roller,2 Natalie Gajic,2 Wolfgang Holzer,3 Helmut 

Spreitzer,3 Sonja Platzer-Ozenil,4 Chrysoula Vraka,1 Marcus Hacker,1 Wolfgang Wadsak,1,5 

Verena Pichler3 

 

1 Department of Biomedical Imaging and Image-guided Therapy, Division of Nuclear Medi-

cine, Medical University of Vienna, Austria 

2 X-ray Structure Analysis Centre, Faculty of Chemistry, University of Vienna, Austria 

3 Department of Pharmaceutical Chemistry, Faculty of Life Sciences, University of Vienna, 

Austria 

4 Faculty of Chemistry, University of Vienna, Austria 

5 CBmed GmbH - Center for Biomarker Research in Medicine, Graz, Austria 

 

The doctoral candidate discovered the described rearrangement reaction, studied the reaction 

as well as the resulting compounds with a wide variety of methods and largely wrote the man-

uscript. 
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3.4. Pitfalls and solutions of the fully-automated radiosynthesis of [11C]meto-

clopramide 
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The doctoral candidate performed many of the contributing radiosyntheses and quality controls 

and contributed to the interpretation of the results as well as to manuscript preparation. 
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3.5. Molar activity – The keystone in 11C-radiochemistry: An explorative 

study using the gas phase method 
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trols and contributed to the interpretation of the results as well as to manuscript preparation. 
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3.6. The Radiopharmaceutical Chemistry of Carbon-11: Tracers and Applica-

tions 
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The doctoral candidate wrote this book chapter together with the listed coauthors, focusing 

on the subchapter “Application of Other Carbon-11 Precursors in Tracer Preparation”. 
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4. Conclusion and outlook 

The research described within this dissertation contributed to the progress of molecular imag-

ing using PET tracers at stages from compound design, development and preclinical evalua-

tion (chapter 3.1 and 3.2), over improvements on radiosynthesis of an established PET tracer 

(chapter 3.4 and 3.5), all the way to retrospective evaluation of synthesis and quality data from 

clinically established radiotracers (chapter 3.5). The radiopharmaceutical chemistry of carbon-

11 was highlighted in a book chapter (chapter 3.6). 

 

Based on the structure of arecoline, 18 novel small molecules targeting the mAChRs were 

synthesized and chemically characterized. For every compound, the affinity toward the five 

mAChR subtypes was assessed in a competitive radioligand binding assay. This revealed a 

steep structure-activity-relationship for changes at the position of the O-methyl group as well 

as for changes in the arecaidine structure, with observed differences in affinity of more than 

ten thousand-fold. The arecaidine backbone was proven to be a rewarding structural feature 

for straightforward and robust carbon-11 labeling on the N-methyl group with several different 

residues on the O-methyl moiety. Derivatives containing a diphenylmethyl moiety showed a 

promising affinity toward mAChR M1, favorable metabolic properties and no detectable binding 

to the off-target acetylcholinesterase. Thus, binding properties of their carbon-11 labeled coun-

terparts were investigated thoroughly. However, the amount of nonspecific binding anticipated 

by several different methods was judged as inadequate for further development as PET tracer. 

Lipophilicity is seen as the major contributor to nonspecific binding. The synthesized set of 

compounds showed a correlation between mAChR affinity and lipophilicity, which can be ex-

plained by the strong contribution of hydrophobic interactions in the orthosteric mAChR ligand 

binding. The set of hydrobenzoin esters of arecaidine aimed to evade this correlation by in-

cluding polar interactions to amino acid residues which were not targeted by the previous set 

of compounds. In silico models supported this strategy and consistently depicted the different 

experimental binding affinity of the enantiomers. Radiolabeling and thorough preclinical eval-

uation of this next generation compounds is still pending. An overview of the novel small mol-

ecules targeting the mAChRs, which were developed during this work (chapter 3.1 and 3.2), is 

presented in Figure 9. 
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Figure 9: Novel small molecules targeting the mAChRs: Ideograms indicate the methods applied for the preclinical 
evaluation of the respective compound. 



 - Conclusion and outlook - 

105 

Due to the similarities in the orthosteric binding pockets of mAChR M1-M5, development of 

“highly” subtype selective drugs remains a challenging task. Subtype selectivity is a pivotal 

characteristic of newly developed mAChR ligands. Nevertheless, in research articles it is often 

described with tempting yet undefined adjectives like “pronounced”, “strong”, “superior”. Com-

bining the relations of five Ki values to each other is an unfulfillable task, which is why these 

values should be looked at all together, to allow for a clear picture of the subtype selectivity.  

Assuming that the expression levels of the different mAChR subtypes in the different areas in 

human brain were known, one could estimate the required subtype selectivity to image a given 

brain area. However, caused by the lack of truly subtypes selective mAChR ligands, only lim-

ited information on the expression levels of the different subtypes in human brain is available. 

Consequently, it is hard to state which levels of in vitro subtype selectivity have to be reached 

to justify further development as therapeutic or diagnostic. Still, this basic rule holds true: The 

higher the difference in Ki values, the better. Previous developments of mAChR radiotracers 

have taught us that subtype selectivity in vitro does not necessarily correlate with in vivo ob-

servations. In the light of that, it makes no sense to view in vitro mAChR subtype selectivity as 

an absolute criterion that should at least be x-fold but rather as a general predictive character-

istic to evaluate candidates in the drug development process. 

Until recently allosteric mAChR ligands with sufficient affinity (Ki in the low nanomolar range) 

were not available.38 Recent advances in crystallography of the mAChR enabled rationalized 

development of allosteric mAChR ligands, which eventually led to allosteric ligands with suffi-

cient affinity for PET tracer development (M4R-102395 and MK-688496). With respect to sub-

type-selectivity allosteric ligands appear to be a promising game-changer for mAChR PET 

tracer development. As of now, no human studies with these compounds have been reported. 

 

While working on the radiolabeling of [11C]pirenzepine, a rearrangement product of pirenze-

pine, which was unwittingly sold as pirenzepine, was discovered (chapter 3.3). Supported by 

pirenzepine’s approvement as drug and its high relevance in biological assays for the discrim-

ination of M1 over the other mAChR subtypes, the cause and consequence of the formation 

of this product were investigated. The rearrangement was shown to occur under hot, acidic, 

aqueous conditions and is comprised of a lactam hydrolysis followed by a nucleophilic addition 

and elimination. Rearrangement products of pirenzepine and telenzepine exhibited a tremen-

dous loss in mAChR affinity, which will compromise experimental data obtained by their unwit-

ting use. The affected chemical suppliers were informed about this case and withdrew the 

affected products from the market. An inclusion of the discovered rearrangement product to 

the monograph of pirenzepine in the European Pharmacopoeia will be pursued. 
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7. Supporting information 

On the following pages the supporting information of the works 1.-3. is depicted in the same 

order as in the main texts (chapter 3). 
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