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PREFACE 

The research presented in this thesis was part of Ph.D. studies at the Graduate School of Health 

and Medical Sciences, University of Copenhagen during the period of January 2016 to March 

2019. The project entitled òDevelopment and Evaluation of Potential 5-HT7 Receptor PET 

Tracer Candidatesò was performed under the principle supervision of Associate Professor 

Matthias M. Herth and co-supervision from Professor Gitte M. Knudsen, Tomas Ohlsson, Ph.D. 

and Maria Erlandsson, Ph.D. Funding for the PhD project was received from the Department of 

Drug Design and Pharmacology, University of Copenhagen (1/3), The Neurobiology Research 

Unit, Rigshospitalet, Copenhagen, Denmark (1/3) and Radiation Physics and Nuclear Medicine 

Physics Unit, Skånes University Hospital, Lund, Sweden (1/3). The experimental work described 

was carried out at four different research facilities. Organic chemistry was performed at the 

Department of Drug Design and Pharmacology and radiochemistry at Radiation Physics, Nuclear 

Medicine Physics Unit. Radiochemistry together with the in vivo evaluation and metabolism 

studies were also performed at the Department of Clinical Physiology, Nuclear Medicine & PET 

and in vitro autoradiography at the Neurobiology Research Unit. The thesis consists of 11 

chapters, objectives and outline is provided in chapter 2. References appear in superscript and a 

full reference list is given at the end of each chapter. All articles and papers included in the thesis 

are reprinted with permission from the publisher.  
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ABSTRACT 

Purpose: The Serotonin 7 receptor (5-HT7R) is the most recently discovered subfamily of the 

serotonergic receptor system. Extensive research has resulted in evidence of its involvement in a 

broad variety of physiological functions and central nervous system (CNS) disorders. Molecular 

imaging of this receptor with Positron Emission Tomography (PET) would permit deeper 

insights into its in vivo pharmacology and function. So far, no clinical PET radiotracer exists for 

this interesting target. Consequently, the aim of this PhD thesis was to develop a 5-HT7R 

selective PET tracer. 

Strategy/Procedures: Several scaffolds were selected as a starting point to develop a 5-HT7R 

PET tracer. This strategy was used to increase the likelihood to identify a suitable imaging agent. 

Precursors and reference compounds were either gained from cooperation partners or 

synthesized. Radiolabelling was carried out using carbon-11 and fluorine-18. Compounds were 

usually characterized based on affinity and selectivity determinations, metabolism investigations 

and autoradiography. Promising ligands were after-wards translated to in vivo PET imaging, in 

which blood-brain barrier (BBB) permeability, regional brain distribution and specific binding to 

the target was tested. To accelerate the in vivo throughput, a custom-made rat holder was 

designed and built for our high-resolution PET scanner. This set-up enabled us to scan 4 rats 

simultaneously. In line with these efforts, a fragment-based labelling strategy was also developed 

to increase tracer availability. 

Results: Fifteen potential 5-HT7R PET tracer candidates were designed, synthesized and 

characterized. Five structures showed suitable characteristics to be translated to in vivo PET 

studies. The selection of these structures was based on 5-HT7R affinity, selectivity and sufficient 

yield during radiolabelling. Subsequent PET studies revealed that all tracers displayed poor rat 

brain uptake. After inhibition of the P-gp efflux transporter, high and specific 5-HT7R uptake 

could be identified for [
18

F]ENL10, [
11

C]Cimbi-701 and [
18

F]ENL30. Additional and undesired 

off-target binding was determined for [
18

F]ENL09, [
11

C]Cimbi-701 and [
18

F]ENL30. 

Conclusions: In this thesis, were [
18

F]ENL10, [
11

C]Cimbi-701 and [
18

F]ENL30 identified to be 

the best tracer candidates to image the 5-HT7R in vivo. Even though, all tracers are P-gp 

substrates in rats, we believe that translation to higher species should be carried out. This is 

because P-gp dependency is expected to be less of a problem in higher species. Compared to 

higher species, rodents display increased P-gp activity. Observed off-target binding could be 

addressed by dual or triple blocking regimes of these targets. Ultimately, this approach could 

enable selective 5-HT7R PET imaging in higher species, maybe even in humans. 
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ABSTRACT IN DANISH (Resumé) 

Formål: Serotonin subtype 7 receptoren (5-HT7R) er det nyeste medlem af det serotonerge receptor 

system. Forskning i funktionen af 5-HT7R har vist at den er involveret i en lang række fysiologiske 

funktioner og lidelser i centralnervesystemet (CNS). Molekylær billeddiagnostik af denne receptor 

ved brug af Positron-Emissions-Tomografi (PET) vil muliggøre flere studier og viden om 

receptorens in vivo farmakologi. På nuværende tidspunkt findes der ikke et klinisk godkendt 

radioaktivt sporstof til 5-HT7R at bruge til PET. Derfor var formålet med dette Ph.d. projekt at 

udvikle et selektivt PET sporstof til billeddannelse af 5-HT7R.  

Strategi/metoder: Flere lovende skabeloner blev brugt til at udvikle og syntetisere 5-HT7R PET 

sporstoffer. Denne strategi blev valgt for at forhøje chancen for at identificere et sporstof til 5-

HT7R. Udgangsstoffer og referencestoffer blev enten givet af samarbejdspartnere eller 

syntetiseret. Radiomærkning, med carbon-11 eller fluor-18, efterfulgt af in vivo evaluering gav 

viden omkring de potentielle PET sporstoffers blodhjernebarriere (BBB) permeabilitet, 

distribution i hjernen og specifik binding til 5-HT7R. For at fremskynde in vivo evalueringen 

blev der konstrueret en holder til vores PET-skanner for at muliggøre skanning af 4 rotter på en 

gang. Derudover blev der udviklet en fragmentbaseret strategi for at accelerere sporstofsyntesen. 

Resultater: 15 potentielle 5-HT7R PET sporstoffer blev designet, syntetiseret og karateriseret. 

Fem af de syntetiserede PET sporstoffer viste passende karakteristika til in vivo billeddannelse. 

Udvælgelsen af disse sporstoffer var baseret på 5-HT7R affinitet og selektivitet, samt 

tilstrækkeligt radiokemisk udbytte. Indledende PET studier viste et lavt optag i rottehjerne for 

alle sporstofferne. Blokering af P-gp efflux transporteren gav et højt, og specifikt optag for 

[
18

F]ENL10, [
11

C]Cimbi-701 og [
18

F]ENL30. Uønsket off-target binding blev vist for 

[
18

F]ENL09, [
11

C]Cimbi-701 and [
18

F]ENL30. 

Konklusion:  [
18

F]ENL10, [
11

C]Cimbi-701 og [
18

F]ENL30 var i denne afhandling de bedste 

sporstoffer til 5-HT7R in vivo. Selvom et lavt optag i rottehjernen grundet P-gp transporteren 

blev observeret for alle sporstofferne, forventes det at være et mindre problem i højerestående 

arter. Den observerede off-target binding kan undgås ved at bruge dobbel ï eller 

trippelblokering. Endeligt kan denne fremgangsmåde muliggøre selektiv 5-HT7R billeddannelse 

i højerestående arter, måske endda i mennesker. 
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Chapter     1 
 

 

 

 

Introduction  

 

Summary:  

This chapter contains an introduction of the 5-HT7 receptor, with emphasis on what makes this 

biological target so interesting, but initially will the serotonergic system be described. Further 

will this chapter also contain important methods and techniques used within this thesis together 

with important characteristics for potential PET tracer candidates. 
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CHAPTER 1 - Introduction  

1.1 The Serotonin Transmitter System 

Within the central nervous system (CNS), serotonin (5-hydroxytryptamine, 5-HT) and its 

receptors are involved in the regulation of physiological homeostasis. However, in instances of 

dysfunction, the serotonergic system can be implicated in a number of disorders. Appetite, sleep, 

thermoregulation, depression, migraine and schizophrenia are some motivating examples, 

illustrating what makes this system an interesting target for research.
1-2

 The serotonergic system 

is comprised of a diverse family of 5-HT receptors and their neurotransmitter, 5-HT.
3
 

In the brain 5-HT is biosynthesized from 

the essential amino acid tryptophan 

within neurons originating in the raphe 

nuclei.
3-4

 Thus, 5-HT is present, 

synthesized and have functions 

elsewhere throughout the body as well.
3
 

To date, 14 different serotonergic 

receptor subtypes have been identified. 

The subtypes are divided into seven 

families of 5-HT receptors based on 

pharmacology, transduction and 

structure. The receptor subtypes are G-

protein coupled receptors (guanine-

nucleotide binding protein coupled 

receptors, GPCR), except for the 5-HT3 

receptor which is a ligand-gated ion 

channel.
3, 5

 Figure 1 presents a 

schematic overview of the major 5-HT 

receptors.  

The most recently identified 5-HT receptor is the subtype 7, which was successfully cloned in 

1993.
6-8

 The 5-HT7R is coupled to the stimulatory Gs protein, and activation through the binding 

Figure 1: A schematic overview of the majority of 5-HT receptors 

and to which g-proteins they are coupled. The 5-HT5 is not well 

studied, but it is believed to couple to the Gi/o g-protein which 

decrees the production of cAMP.3 Abbreviations: AC, adenylate 

cyclase; DAG, diacylglycerol; IP3, inositol-1,4,5-trisphosphate; 

PIP2, phosphatidylinositol-4,5-bisphosphate. Illustration inspired 

by Wong et al 2005.3-4 http://smart.servier.com. 
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of serotonin (5-HT) increases the production of cyclic adenosine monophosphate (cAMP) 

(Figure 1).
3
 This receptor will be further explained in the ensuing section.  

1.2 The 5-HT 7 Receptor (5-HT 7R) 

Since the discovery of the 5-HT7R, a number of methods have been employed in order to 

investigate its biological role. Results presented in the upcoming section were mainly performed 

using either 5-HT7R genetic knock-out mice and/or with the systemic or local administration of 

an antagonist - primarily the highly selective SB-269970.
9
 

The 5-HT7R has been found to influence a range of important normal physiological functions.
10-

11
 The 5-HT7R was first implicated in normal sleep regulation. Results from inhibition studies of 

the 5-HT7R led to less frequent and shorter rapid eye movement (REM) episodes. REM is a sleep 

phase in which there are physiological similarities to being awake. Furthermore, the effect 

observed by 5-HT7R inhibition is opposite to what is seen in depressed patients.
12-13

 

Thermoregulation is another example. Hypothermia induced by the 5-HT1A/7 receptor agonist 8-

OH-DPAT could be inhibited by SB-269970.
10, 14-16

 Finally, the 5-HT7R system is involved in 

pain. For example, the flinching effect seen after formalin injection as a model for injury-

produced pain could be reduced by local administration of SB-269970 prior to formalin 

injection.
17

 In addition, systemic administration of 5-HT7R agonists, such as E-55888, clearly 

show an analgesic effect in animal model of nociception. This hints to the possibility that 5-

HT7R agonists may be therapeutically useful in relieving pain.
18

 

The 5-HT7R has also been shown to be involved in psychiatric disorders. For example, a clear 

relationship has been found between 5-HT7R inhibition and antidepressant effects in two 

commonly used models for depression; the forced swim test and the tail suspension test. The 

antidepressant outcome measure achieved in these two models is an increased anti-immobility, 

which reflects a decrease in a considered behavioural despair of the animals. These results were 

further supported by genetic knock-out experiments.
13, 19-23

 More recently, it has been discovered 

that the anti-depressant effect of the well-established anti-psychotic drug amisulpride is induced 

by inhibiting the 5-HT7R.
24

 Interestingly, many other anti-psychotic drugs also display high 

affinity for the 5-HT7R. This indicates that this receptor may, to a certain degree, be involved in 

the pathogenesis of schizophrenia.
25

 This hypothesis is further strengthened by the fact that in 

post-mortem studies decreased mRNA levels for the 5-HT7R has been observed in the 
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dorsolateral prefrontal cortex of schizophrenic patients, which is a region strongly associated to 

this disorder.
26

  

The tissue distribution of the 5-HT7R within the brain is of great value to gain a deeper 

understanding of the different receptor mediated functions described above. The receptor 

distribution is measured by in vitro autoradiography, Bmax determinations or tissue homogenate 

measurements.
27-28

 With the discovery of the high-affinity 5-HT7R antagonist SB-269970, a 

tritiated analogue revealed the brain tissue distribution of the 5-HT7R using autoradiography
29

. 

The results of the autoradiography on rat
30

, pig
31

 and human
32

 brain tissue showed good 

agreement between the species with high binding regions found in thalamus, hypothalamus and 

hippocampus. Figure 2 displays a schematic overview of the highest density brain regions in the 

rat brain as well as their associated receptor-mediated functions.
10

 

 

Figure 2: A schematic presentation of; regions rich in 5-HT7 receptor expression, shown in green, and the projections of 5-HT-

producing neurons in purple. The assumed correlation with 5-HT7 receptor-mediated functions is also indicated. Reprinted from 

Trends in Pharmacological Sciences, 25. Peter B. Hedlund and J. Gregor Sutcliffe, Functional, molecular and pharmacological 

advances in 5-HT7 receptor research, 481-486., Copyright (2004), with permission from Elsevier.10 

Currently, there is no in vivo clinical imaging tool available to study the 5-HT7R in depth.
11, 33

 As 

mentioned, the 5-HT7R is closely involved in the pathogenesis of a range of CNS disorders. The 

development of a selective PET tracer would allow in vivo visualization and quantification, in 

both healthy and diseased subjects, and elucidating of its biological involvement. A PET tracer 

could also act as a tool in the development of potential new drugs targeting the 5-HT7R. 

Furthermore, the 5-HT7R displays the highest affinity towards serotonin of all serotonergic 

receptors. Thus, it could be a valuable tool to determine the concentration of serotonin in the 
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synaptic cleft
34

. This could significantly improve our understanding of the involvement of 

endogenous serotonin in brain disorders
35

 and potentially pave the way for new treatment 

options.  

There have been many attempts to develop a selective PET tracer for the 5-HT7R during the last 

two decades, and previous progress in the field of this on-going exploration is reviewed in Paper 

I  (chapter 3). In the next section the molecular imaging technique, PET, will be further 

elaborated upon. 

1.3 Positron Emission Tomography (PET) 

PET is a molecular imaging method in which a radiotracer is administered ï most commonly 

intravenously (i.v). It is frequently used in the clinic to monitor in vivo processes with high 

sensitivity and selectivity. Processes imaged can be enzymatic reactions, rates of metabolism or 

e.g. receptorīligand interactions
36

. In contrast to structural imaging methods like X-ray that 

receives anatomical information, PET can visualize the physiology of a living organism. In the 

clinic today, PET is most frequently used in oncology, where it serves as a tool for diagnosis and 

treatment monitoring. In drug development, PET can be used as an in vivo pharmacological 

imaging tool to evaluate the in vivo behaviour of drug candidates. Thus, PET aids in the 

identification of the most likely to succeed drug candidate. Additionally, PET can be used in 

early trial phases, thereby reducing associated costs of drug development.
36-38

  

Useful approaches can be structured into direct and indirect methods with different end point 

parameters. Pharmacokinetic properties of the new drug can be measured by PET via the direct 

method, if it is possible to synthesize a PET tracer with the same structure as the drug candidate. 

Pharmacodynamic properties are on the other hand examined using indirect methods and relative 

to effects on established radiotracers for the biological target. Outcome measures of these 

experiments are e.g., density of target receptors (Bmax), the effect of the drug on apparent affinity 

(KD) and the ligand binding potential (BP), which are calculated as the Bmax/ KD.
36, 39-40

 The 

indirect methods also allow determination of the dose dependent receptor occupancy, which 

provides insight into the maximum dose or the dosing interval of the drug candidates. The 

occupancy is determined by Eq. 1; comparing the relative changes of binding potential at tracer 

baseline scans and after pretreatment with the drug candidate.
36

 

 ὙὩὧὩὴὸέὶ ὕὧὧόὴὥὲὧώ  ὼ ρππ                (Eq. 1) 
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PET relies on the use of radioactive tracers labelled with positron emitting isotopes; Table 1 

presents an overview of commonly used non-metal isotopes. Due to the selective detection of the 

511 keV gamma-ray photons emitted, PET is highly sensitive. The sensitivity enables 

administration of tracer amounts (pmol-µmol), which has the advantage of not disturbing the 

biological system. In the case of an input function derived from a reference region, PET is also 

non-invasive, except for the initial injection of the radiotracer.
37, 41

 

Table 1: An overview of characteristics for commonly used non-metal PET isotopes within CNS imaging.37, 42-44 

Isotopes 
Half -life 

(t½) 
Production 

Mean Eɓ+  

(keV) 
Decay mode 

Rmax 

(mm) 

Rmean 

(mm) 

18F 110 min 

18O(p,n), 

20Ne(d,a) 
252 

ɓ+ (97%) 

EC (3%) 
2.4 0.6 

11C 20.4 min 

12C(g,n), 

14N(p,a), 

11B(p,n) 

390 
ɓ+ (99.79%) 

EC (0.21%) 
3.9 1.1 

13N 9.97 min 

16O(p,a), 

12C(d,n) 
488 

ɓ+ (99.8%) 

EC (0.2%) 
5.1 1.5 

15O 122.24 s 

16N(g,n), 

14N(d,n), 

15N(p,n) 

730 
ɓ+ (99.9%) 

EC (0.1%) 
8.0 2.5 

68Ga 68 min 

68Ge/68Ga 

generator 
844 

ɓ+ (90%) 

EC (10%) 
8.9 2.9 

Positron-emitting isotopes are often produced by proton bombardment in a cyclotron. During 

decay a proton is transformed into a neutron while a positron and a neutrino are emitted (Figure 

3). After injection of the radiotracer into a biological system, the radionuclide will decay, and the 

emitted positron will subsequently collide with an electron in the surrounding tissue after 

travelling a short distance. The distance is dependent on the kinetic energy of the positron. The 

collision results in a direct annihilation or the opposing particles may combine to form a short-

lived system known as a positronium, which then annihilates itself. Both circumstances produce 

two gamma-ray photons that are being emitted at approximately 180° from one another. After 

coincidence detection of the two gamma ray photons by a circular PET scanner, a line of 

response (LORs) correlates the two relevant detectors. Reconstruction of the coincidence data 

gives an approximate location of the positron-emitting isotope and hence the radiotracer can be 

visualized as a 3D PET image. This image is quantifiable.
36-37
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Figure 3: Illustration of the mechanism behind positron emission tomography (PET) 37 Permission for the reuse of this work has 

been given by John Wiley and Sons. The work was originally published by Miller, P. W.; Long, N. J.; Vilar, R.; Gee, A. D., 

Synthesis of 11C, 18F, 15O, and 13N radiolabels for positron emission tomography. Angew Chem Int Ed Engl 2008, 47 (47), 8998-

9033. Copyright © 2008 WILEYȤVCH Verlag GmbH & Co. KGaA, Weinheim.  

  



27 

1.4 Development of CNS Radiotracers  

Current development strategies are largely dependent on a ñtrial-and-error gameò as e.g., 

computational and in vitro approaches predicting the in vivo behaviour of CNS tracers are still 

unreliable.
45-47

 However, some general requirements have been recognized for the development 

of a CNS radiotracer. This will be discussed thoroughly in Paper I (chapter 3), with the 

following Table 2, summarizing the most important characteristics and how they are determined 

(direct copied from Paper I). 

Table 2: Overview of the most important characteristics within the development of a PET tracer for the CNS and how they are 

determined. 

Contrast Additional  

1 
Specific 

binding 

 
Determined 1 

BBB 

permeability 
 Determined 

  

K D 

(nM to sub-

nM) 

In vitro assay 

potency 

In vivo BP 

 

  

Low P-gp 

dependency 

In vivo 

inhibition 

with elacridar 

  

Bmax In vitro on brain 

slice or 

homogenate 

tissue binding 

studies 

In vivo 

quantitative 

kinetic 

modeling 

  

Lipophilicity  

(LogP of 1.5 -

3.5)48 

Tracer brain 

uptake during 

in vivo 

evaluation 

(qualitative 

TAC 

analysis) 

2 
Unspecific 

binding 

 
 2 Metabolism 

  

  

High 

Selectivity 
In vitro 

screening 

(PDSP) 

In vivo blocking 

or gene knock-

out 

  

No brain 

permeable 

radiometabolites 

Radio-HPLC 

Plasma 

analysis of  

arterial blood 

samples 

during in vivo 

evaluation 

3 

Non-

specific 

binding 

 

 3 Quantification 

  

  

Lipophilicity  

(LogP of 

1.5 -3.5)48 

ñNo washò 

autoradiography 

or in silico 

prediction 

In vivo blocking 

or gene knock-

out 

  

Reversible 

tracer kinetics 

Qualitative 

TAC analysis 

Quantitative 

kinetic 

modeling 

Many values can only be determined in vivo, as seen from Table 2. Moreover, in vivo Bmax 

values and affinities may differ from those seen in vitro. This could for example be due to target 

internalization or receptor deactivation.
49

 Consequently, efficient in vivo screening methods can 

accelerate the development process. Very often, the limited step in this process is to get access to 

a tracer library within the same or structurally diverse class. As such, it might be beneficial to 

simultaneously start the development process on different chemical scaffolds as well as 
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developing a more versatile labelling strategy that could increase the number of tracers and/or 

reduce the time needed to get access to more PET tracers. One method to simply increase the 

numbers of tracers has recently been used by Herth et al. in 2014 (Figure 4).
47

 Instead of a late-

stage labelling approach, a fragment-based method has been applied. In this case, a small 

fragment of the final radiotracer is first labelled and then further reacted with different building 

block analogues. Indeed, the strategy will inevitably reduce the achievable radiochemical yield 

in comparison to conventional late-stage labelling. However, the fragment-based method is 

expected to be more time efficient, due to the reduction of time needed for precursor synthesis. 

This would be achieved since it aligns the tracer syntheses with the medicinal chemistry efforts, 

where similar strategies are typically applied.
45-47

 The fragment-based labelling strategy will be 

elucidated as a tool for accelerating my efforts to identify a radiotracer for the 5-HT7R in Paper 

III  (chapter 5). 

 

Figure 4: Schematic overview of the combinatorial-like strategy using reductive amination to make a PET tracer library for the 

5-HT2A receptor 47 

In the following two sections, I will elaborate on the radionuclides used within this thesis. 

Special attention will be drawn on advantages and disadvantages of applying them. 

1.5 Fluorine-18 

Fluorine-18 is the by far the most clinically applied PET radionuclide. This is because of its 

unique decay characteristic that is beneficial in the clinic. Fluorine-18 has a half-life of 109.77 
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min. It is long enough to ship the formulated radiotracer to other facilities and use the same batch 

of tracer for several scans during the same day.
37

 Another valuable characteristic of fluorine-18 

is its high branching ratio of 97% of positron (ɓ
+
) - emission (Eq. 2). The positron of fluorine-18 

has also a relatively low mean kinetic energy, which results in a short positron linear range. In 

tissue, the mean traveling distance is 0.6 mm. This result in a relatively high spatial resolution 

compared to other positron emitters (Table 1).
43

 

Ὂ O ὕ  ɼ  ὺ                   (Eq. 2) 

Over the years, many labelling approaches have been explored.
41

 Generally, these can be divided 

into direct fluorination and indirect fluorination strategies. 

1.5.1 Direct 
18

F-fluorination  

Direct fluorination strategies are divided into two main approaches; electrophilic and 

nucleophilic fluorination. Electrophilic fluorination suffers from low molar activity since 

standard production routes are dependent on addition of F2 
37, 50

. Nucleophilic fluorine-18 is 

usually carried out in a non-carrier added (n.c.a) manner. As such, it is the preferred method for 

CNS application. In the following sections I will focus on nucleophilic procedures. 

1.5.1.1 Nucleophilic 
18

F-fluorination 

The production of fluorine-18 as nucleophilic fluoride-18 ([
18

F]F
-
) is commonly performed in a 

cyclotron by proton bombardment of a target containing enriched [
18

O]H2O (Eq. 3). 

ὕὴȟÎ Ὂ                                        (Eq. 3) 

[
18

F]F
-
 is subsequently delivered in an aqueous solution, thus inactivated by hydrogen bonding. 

To increase the nucleophilicity of the ion, the water is commonly removed by concentrating the 

[
18

F]F
-
on an anion exchange cartridge. Using a basic eluting solution (e.g. K2CO3 dissolved in a 

small volume of H2O and diluted either in MeCN or MeOH) the [
18

F]F
-
 is released from the 

anion exchange cartridge into the preferred reaction vial. The basic conditions also prevent the 

formation of [
18

F]HF and stabilizes the [
18

F]F
-
 anion. Before further reaction with the precursor, 

the water used to solubilize the base needs to be removed by azeotropic drying with dry MeCN.
41

 

To further increase the nucleophilicity and the solubility of [
18

F]F
-
 in the polar, aprotic solvents 

used within nucleophilic 
18

F-fluorination reactions, a phase transfer catalyst (e.g. 4,7,13,16,21,2 

4-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosan (Kryptofix222)) is added to the eluting solution.
41
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Nucleophilic 
18

F-fluorination methods include classical nucleophilic substitution reactions such 

as SN2 and nucleophilic aromatic substitution (SNAr) etc. Common leaving groups for the SN2 

nucleophilic 
18

F-substitution reactions are e.g. tosylate (p-toluenesulphonate), mesylate 

(methanesulphonate), halogens and nitro groups. Usually, the reactions are performed under 

heat, in aprotic solvents and in the presence of base (Scheme 1).
41

 

 

Scheme 1: Reaction mechanism of a SN2 nucleophilic 18F-substitution. 

1.5.1.2 Nucleophilic aromatic substitution (SNAr) 

A highly motivating feature of fluorinated aromatic compounds is that they are less prominent to 

be defluorinated in vivo compared with aliphatic labelled compounds. Nucleophilic aromatic 
18

F-

substitution (SNAr) requires the aromatic system to be activated towards nucleophiles by an 

electron withdrawing group. Thus, nucleophilic 
18

F-substitution of electron-rich aromatic 

systems is challenging if not impossible using standard conditions. Thus, much effort has 

recently been carried out to be able to label both neutral and electron-rich aromatic structures; 

the following section will present some of these promising strategies.
51-58

  

Diaryliodonium salts 

An attempt to solve this issue was presented by Pike et al. in 1995, where they reported 

successful use of diaryliodonium salts as a precursor for nucleophilic 
18

F-substitution of 

electron-rich aromatic systems.
59

 Limitations like regioselectivity which depends on both 

electronic properties of the arenes and environmental influences, led to the development of a 

modified version of the abovementioned reaction using heteroaromatic iodonium salts by Ross et 

al. in 2007. In this approach, the regioselectivity could be influenced by introducing an electron-

rich leaving group.
57

 Harsh labelling conditions and tedious precursor synthesis led to the 

development of a Cu-mediated approach, where the more stable aryl(mesityl)iodonium salts are 

used as precursors. This strategy requires lower temperatures due to the Cu-mediated 
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acceleration of the reaction and a regioselectivity that only depends on steric influence of the 

mesityl group.
55

 But due to the sensitivity of the Cu-species, reduced yields were gained during 

the more basic conditions applied in up-scaled reactions.
60

 The latter remains a major drawback 

of this strategy. 

Iodonium ylides 

In 2010, Satyamurthy et al. developed a new approach for 
18

F-fluorination of both electron-rich and 

electron-deficient substrates using iodonium ylides as precursors broadening the scope of 

substrates. In comparison to the diarylidonium salts, the ylides were more stable and easier to 

handle.
61

 This strategy was further improved in 2014 when Liang et al. reported the use of 

spirocyclic ylides. These precursor moieties turned out to be even more stable and had excellent 

regioselectivity.
54

 

Cu-mediated approaches 

In 2014, Gouverneur and co-workers published a radically different approach using a Cu-mediated 

oxidative 
18

F-fluorination strategy of boronic esters.
53, 62-64

 The strategy was inspired from oxidative 

fluorination reactions using fluorine and arylstannanes with Cu(II) or Ag(I).
65-66

 A suggested 

reaction mechanism for this labelling strategy is presented in Scheme 2. The proposed mechanism 

starts with an anion exchange, which is followed by air oxidation of the Cu-species (stabilized by 

pyridine ligands) and subsequent transmetalation that achieves 
18

F-fluorinated aryl(III)cuprates. 

Finally, a reductive elimination releases the wanted 
18

F-radiolabelled product.
67

 This radiolabelling 

method is used within Paper III (chapter 5).The substrate scope of this strategy has been further 

investigated. Aryl boronic acids, trifluoroborate precursors and tin species are additional suitable 

starting materials.
52, 68-69

 

 

Scheme 2: A proposed reaction mechanism for Cu-mediated 18F-fluorination of boronic pinacole ester precursors.67 
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1.5.2 Indirect 
18

F-fluorination  

Indirect fluorination strategies use a small fluorine-18 labelled molecule containing a reactive 

group, a so-called synthon or prosthetic group. This synthon is thereafter used to further react 

with the molecule of interest in a multi-step manner. Reasons for using an indirect strategy could 

be that a molecule or biomolecule cannot withstand the harsh conditions necessary for the direct 

fluorination or that they contain functional groups (e.g. hydroxyl and amine) which are 

incompatible, such as hydrogen donors that deactivate the fluoride-18. Some commonly used 

synthons for indirect 
18

F-fluorination are; 2-[
18

F]fluoroethyl-1-tosylate ([
18

F]FETos),
70

 and the 

óclickô-reagent [
18

F]fluoroethyl azide.
71

 

1.6 Carbon-11 

Carbon-11 labelled tracers also have a key role within the clinic, but even more so within drug 

development processes. This is due to the half-life of 20.3 min that enables test-retests scans 

during the same day within the same patient. Carbon-11 results in a lower radiation burden than 

fluorine-18 and furthermore, and most importantly, the abundance of carbon atoms within 

organic and drug molecules makes it possible to create a radiotracer with the exact same 

chemical structure as the original compound. As such, the biological behaviour of the original 

structure can be imaged and not that of a close analogue which is often the case for 
18

F-labeled 

ligands. Even small changes can alter the in vivo behaviour of the target molecule.
37

 From a 

radiochemical point of view, carbon-11 has a branching ratio of close to 100% (99.79%) for ɓ
+
-

emission (Eq. 4). Carbon-11 can readily be produced in a cyclotron by proton bombardment on 

nitrogen-14 (Eq. 5). 

ὅ O ὄ  ɼ  ὺ                   (Eq. 4) 

ὔὴȟɻ ὅ                     (Eq. 5) 

The most common 
11

C-labeling strategy are methylation reactions using [
11

C]CH3I or 

[
11

C]CH3OTf, which are produced starting from either [
11

C]CH4 or [
11

C]CO2.
37

 However, work 

with carbon-11 is challenged by its short half-life, which makes multi-step syntheses demanding. 

In addition, the mean traveling distance of the positron of carbon-11 is a bit longer of that of 

fluorine-18. This could lead to a lower spatial resolution.
37

 However, in many scanners the 

limiting factor in respect to spatial resolution is in fact the detector size.
72
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1.7 Molar Activity (A m) 

The molar activity of a radiotracer is a measure of its activity per µmol of total moles of 

molecule, presented with the units GBq/µmol. For all radionuclides used in PET the maximal 

molar activity can be calculated with Eq. 6, however, contamination of the corresponding stable 

nuclide is inescapable leading to a lower molar activity.
37

 

ὃ
ᶻ

ϵ
                 (Eq. 6) 

High molar activity is essential within CNS tracer development, as it reduces the risk of receptor 

binding site saturation with non-radiolabelled product (Figure 5, reused from Paper I, chapter 

3). For the 5-HT7R in rodents, a high molar activity is of extra importance, as only a very low 

amount of target exists within the rat brain.  

 

Figure 5: Molar activity (Am) is the quantity of radioactivity per mol of labelled compound. This Figure shows a schematic 

presentation of high and low molar activities (Am) (left) and it consequence for a low-density target (right). High Am are needed 

to prevent or reduce the possibility to block the target with non-labelled drug. This is of special importance for low density 

targets. 
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1.8 Rats as an Experimental Animal for PET Tracer Development 

Throughout this thesis, rats were the main choice of experimental animal. This is because of its 

accessibility, the reduction of costs and fewer ethical considerations compared to using pigs or 

baboons.
73

 Compared to mice, another often applied species, rats are advantageous in 

neuroimaging due to the bigger brain size and consequently the better imaging quality of 

different brain regions. Even though the brain size is bigger than in mice, partial-volume effect 

(PVE) can still occur and degrade the image quality. The partial-volume effect refers to two 

effects that cause the intensity values in images to differ from what they actually are. The first 

phenomenon is the 3-dimensional (3D) image blurring introduced by the restricted spatial 

resolution of the imaging system. The 3D blurring can cause spill-over between regions; this 

makes the image of a small source into a larger but blurrier source. The reason for this is that 

part of the signal from the source ñspills outò and hence is seen outside the actual source. The 

other phenomenon causing PVE is called the tissue fraction effect, which has to do with the fact 

that PET images are sampled as voxels on a grid. The voxels are often not co-occurring with the 

exact shape of the tracer distribution; hence different tissues often get sampled within the same 

voxel. Signal intensities inside each voxel get calculated as a mean, which gives a biased final 

image (Figure 6).
74

 

 

Figure 6: Influences of Partial-volume effect (PVE) of PET image quality. Schematic presentations of the tissue fraction effect 

by voxel image sampling and 3D image blurring by spill-out. This research was originally published in JNM. Soret, M.; 

Bacharach, S. L.; Buvat, I., Partial-volume effect in PET tumor imaging. Journal of Nuclear Medicine 2007, 48 (6), 932-945© 

SNMMI. 

Working with PET scanners with a higher spatial resolution decreases the risk of the 3D image 

blurring, but problems associated with the tissue fraction effect still remain and are even more 

difficult to prevent.
74

 Another challenge of applying rats as an experimental model for CNS 

targets is that due to the small total blood volume of rats, blood sampling during the PET scan 
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can be very difficult. Moreover, arterial blood sampling is even more complicated, which in turn 

is required to perform quantifying kinetic modelling.  

 

1.9 Tracer Kinetic Modelling 

PET enables the visualization and quantification of biological processes when studying the 

interaction of a radiotracer and its target. The measured outcome is usually the binding potential 

(BP). This BP is defined as the ratio between Bmax over KD (see section 1.4). For kinetic analysis, it 

is advantageous that this measure can also be derived from the Michaelis-Menten equilibrium 

equation (Eq. 7). Within this equation, Kon is defined as the association rate constant, [L] as the 

concentration of free radiotracer, [R] as the number of available receptors, Koff as the dissociation 

constant and [LR] as the concentration of ligand receptor complex (can also be described as bound 

[B]). 

       ὑ ᶻὒᶻὙ  ὑ ᶻὒὙ                      (Eq. 7) 

At equilibrium, Kon and Koff can be replaced by the equilibrium dissociation constant KD. If the 

available receptors are substituted with Bmax-[B], Eq. 7 can be rewritten into Eq. 8. 

     ὄ ὄ ᶻὒ Ⱦ ὑ ὒ                      (Eq. 8) 

Further simplifications of Eq. 8 can be done due to the tracer doses used in PET, thus [L] is much 

smaller than KD and can therefore be neglected and gives Eq. 9. 

       ὄ ὄ ᶻὒ Ⱦ ὑ   or  ὄὖ ὄ ὑ ὄȾὒϳ                     (Eq. 9) 

Different kinetic mathematical models exist, which simplify the real biological situation to a set of 

linear equations and can be used to estimate the constants needed to calculate the BP for the 

respective PET tracer. The most commonly used models are the compartment models. A 

compartment is defined as one possible state of the tracer, like its physical location and its chemical 

state. The frequently used one-tissue and the simplified reference tissue model are illustrated in 

Figure 7. 
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Figure 7: Illustrative presentation of two commonly used compartment models within kinetic modelling, the one-tissue 

compartment model (1TC) and the simplified reference tissue model (SRTM). Abbreviations: CP = concentration of tracer in 

plasma, CF = concentration of free tracer, CNS = concentration non-specifically bound tracer CSP = concentration specifically 

bound tracer, CT = concentration of tracer in target tissue and CR = concentration of tracer in reference tissue.75 

http://smart.servier.com  

The one-tissue compartment model (1TC) uses arterial blood sampling and subsequent metabolite 

and plasma protein binding analyses to estimate the amount free tracer in the plasma (Cp). The first 

and only compartment within this simplified model represents the concentration of tracer in the 

target tissue (CT) and is derived from the dynamic PET image. CT contains the sum of the 

concentration of free- (CF), non-specifically (CNS) and specifically (CS) bound tracer, which are not 

distinguishable from each other in this model. Using the one-tissue compartment model, the specific 

radiotracer binding can be determined at equilibrium relative to plasma radiotracer with the 

outcome BPP. In order to avoid arterial blood sampling as necessary in the one-tissue compartment 

model, using a non-specific binding region in the brain are often preferred. One such model is the 

simplified reference tissue model (SRTM), were a reference region does not contain any specific 

binding to the biological target. The outcome measure achieved from reference tissue methods is 

BPND, as it compares the concentration of radiotracer in receptor-rich to receptor-free regions.
75-76
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Chapter     2 
 

 

 

 

Objectives and Outline

 

Summary: 

This chapter contains a description of the objectives for this Ph.D project, combined with how 

this thesis is outlined.  
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CHAPTER 2 ï Objectives and Outline 

The objective of this Ph.D. thesis was to develop a 5-HT7R selective positron emission tomography 

(PET) tracer for molecular imaging. Novel strategies were also developed to increase synthesis 

through-put and accelerate the preclinical evaluation process. Approaches were chosen to increase 

the likelihood to identify a promising tracer candidate more efficiently.  

Paper I (chapter 3) is a review on previous efforts on developing a 5-HT7R PET tracer. It also 

highlights the main obstacles within this endeavour and discusses the future perspectives. Paper I 

can be seen as an extension to the introductory chapter (chapter 1). In the following Papers II-VI 

(chapter 4-8), we aimed to develop a potential PET tracer for the 5-HT7R. Our efforts were based 

on the three distinct scaffolds shown in Figure 1. Promising selectivity and lipophilicity profiles 

were the key parameters for this selection.
1-3

 The decision to use distinct scaffolds was mainly 

driven by risk mitigation considerations. If one scaffold would be insufficient to image the 5-HT7R, 

another scaffold could counteract. 

In Paper II  (chapter 4), based on a new scaffold of low-basicity 5-HT7R agonists, [
11

C]AGH-44 

was explored for its potential to be used as a selective PET tracer. Paper III and IV  (chapter 5 and 

6) made use of (arylpiperazinyl-butyl)oxindole derivatives that have recently been shown as a 

promising starting point for the development of a 5-HT7R selective PET tracer.
4-7

 In Paper V and 

VI  (chapter 7 and 8), derivatives of the highly 5-HT7R selective antagonist SB-269970
3
 were 

synthesized and evaluated. The syntheses of precursors, reference compounds and labelling 

procedures as well as the according in vitro and in vivo evaluation are described in each paper.  

Current PET tracer development strategies suffer from time-consuming and lengthy lead 

identification. This is among other factors due to commonly applied late-stage labelling approaches 

which result in the need to synthesize a distinct precursor for every tracer. Furthermore, brain tracer 

evaluation in rats is usually limited by the amount of test animals that can be used. We aimed to 

accelerate this process by applying a fragment-based labelling strategy as well as to use a through-

put screening set-up applying our high resolution research tomography (HRRT) scanner. Figure 2 

displays the applied methods. Strategies to achieve these goals are shown in Paper II-VI (chapter 

4-8). 
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Figure 1: Within this thesis will the following promising scaffolds be investigated as potential PET tracers for the 5-HT7R.1-3 

  

Figure 2: A schematic overview of the combinatorial-like approach (left) and an image of the 2x2 custom-made holder for 

increased throughput in preclinical PET screening (right).  

Finally, will  this thesis end with a discussion and reflection of results obtained in Paper II-VI , 

chapter 9 is dedicated for this purpose. Chapter 10 will focus on the conclusions drawn while doing 

this work. The overall future perspective of the research topic will also be elaborated on in chapter 

10. 
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