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7.1 SUMMARY

Introduction. 7-Transmembrane receptors (7-TMRs), also known as G-Protein coupled 

receptors, are targets for a wide variety of therapeutic agents. Consequently, it is also 

interesting to  develop positron emission tomography (PET) ligands for these receptors. 

PET is the method of choice for non-invasive imaging of molecular targets in the living 

body (in vivo). To date, most successful PET receptor ligands are antagonists, likely due 

to their favourable pharmacological, physicochemical and pharmacokinetic proper-

ties. Nevertheless, agonist PET ligands are of potential interest, as they could provide 

di«erential information on and insight in receptor function and regulation. In contrast 

to antagonist PET ligands that bind to the total pool of a 7-TMR, agonist PET ligands 

speci�cally bind to the functionally active 7-TMR. The aim of the studies described in this 

thesis was to develop PET ligands with agonistic activity, especially for 7-TMRs involved 

in cognition, To this end, the M1 muscarinic acetylcholine receptor (M1ACh-R) and the 

5-HT
4
 serotonergic receptor (5-HT

4
-R) were selected.  

Chapter 2 provides a comprehensive overview of agonist PET ligands for 7-TMRs that 

(1) have been labelled with carbon-11 or ¨uorine-18 and (2) have been evaluated for 

imaging 7-TMRs in the brain by PET in vivo. For each of 7-TMRs described, a summary is 

provided on its biological role, together with a critical assessment of chemical, pharma-

cological and pharmacokinetic properties of corresponding agonist PET ligands. Spe-

ci�c information on receptor function obtained with agonist ligands and advantages of 

agonist over antagonist ligands are discussed.

In Chapter 3 the development of an orthosteric agonist PET ligand for the M1ACh-R is 

described, providing a potential tool to explore the active G-protein coupled receptor. 

The selective M1ACh-R agonist, [11C]AF150(S), was radiosynthesized, its receptor binding 

properties investigated using radioligand autoradiography on rat brain sections, and 

its brain uptake determined ex vivo using biodistribution studies in rats. Metabolites in 

brain and blood were measured using high-performance liquid chromatography (HPLC). 

The decay corrected yield of the [11C]AF150(S) radiosynthesis was around 70% with a 

radiochemical purity over 99%. The partitioning of [11C]AF150(S) between 1-octanol and 

phosphate bu«er at pH 7.4 (LogD
oct,pH7.4

)  was 0.05. Autoradiography studies showed 

binding in M1ACh-R rich brain areas. In addition, selective inhibition by muscarinic 

agents was shown using in vitro conditions that promote agonist binding. Biodistribu-

tion studies revealed rapid and high brain uptake to levels exceeding �ve times the level 

seen in blood. In M1ACh-R rich areas, speci�c uptake versus cerebellum was apparent, 

remaining constant over 60 min in spite of rapid decline of radioactivity from the brain 

and rapid peripheral metabolism. The fast and high brain uptake of [11C]AF150(S), which 
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is unusual for an hydrophilic agent,  suggest that facilitated transport may be involved. 

In conclusion, [11C]AF150(S) was successfully synthesized, showed M1ACh-R agonist 

binding properties and high brain uptake. 

In Chapter 4 the feasibility of de�ning brain regions of interest (ROI), based on a stan-

dard magnetic resonance (MR) template of rat brain and an additional [18F]NaF scan 

for delineating the skull, was investigated to enable reproducible analysis of rat brain 

PET data. A procedure for co-registration of the MR template with [18F]NaF images was 

developed and the precision of ROI analysis was determined using a simulation study. 

Ten [18F]NaF scans of Wistar rats were co-registered with the standard MR template by 

3 observers and transformation matrices obtained were applied to corresponding [11C]

AF150(S) PET images. Uptake measures, expressed as percentage of injected dose per 

gram (%ID.g-1), were derived for several brain regions delineated using the MR template 

and [11C]AF150(S) ROI data from the in vivo measurements were compared with ex vivo 

data. Overall agreement between the 3 observers was assessed by interclass correlation 

coeªcients (ICC) of the uptake data obtained. This analysis showed, for all brain regions, 

excellent agreement between observers and good reproducibility. Uptake of [11C]

AF150(S) derived from ROI analysis of PET data closely matched ex vivo biodistribution 

data. In conclusion, this newly developed method provides a reproducible and tracer 

independent method for ROI analysis of rat brain PET data.

In Chapter 5 regional kinetics of [11C]AF150(S) in rat brain and speci�city of uptake 

associated with M1ACh-R labelling were assessed both under baseline conditions and 

following pre-treatment with various pharmacological agents or co-administration of 

non-radioactive AF150(S). Data were analysed by calculating standard uptake values in 

ROIs de�ned using the MR template method and by applying the simpli�ed reference 

tissue model (SRTM). Following IV administration, [11C]AF150(S) was rapidly taken up in 

the brain, followed by rapid clearance from all brain regions. In M1ACh-R rich regions, 

SRTM analysis using cerebellum as reference region yielded a binding potential rela-

tive to non-speci�c uptake (BP
ND

) of 0.25 for striatum, 0.20 for hippocampus, 0.16 for 

frontal cortex and 0.15 for posterior cortex. Pre-treatment with M1ACh-R antagonists 

resulted in a signi�cant reduction in BP
ND

. BP
ND

 was not a«ected by pre-treatment with 

an M3ACh-R antagonist. Moreover, BP
ND

 was signi�cantly reduced after pre-treatment 

with haloperidol, a dopamine D2 receptor blocker that causes an increase in extracel-

lular acetylcholine (ACh). The latter may have competed with [11C]AF150(S) for binding 

to the M1ACh-R. To investigate this possibility, further pharmacological agents that 

increase extracellular levels of ACh, i.e. AF-DX 384, an M2/M4 receptor antagonist, and 

rivastigmine, an acetylcholine esterase inhibitor, were used. To study M1ACh-R satura-

tion,  [11C]AF150(S) was co-injected with the unlabelled substance. At the highest dose 
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(49.1 nmol.kg−1) of non-radioactive AF150(S) used, the brain concentration of AF150(S) 

reached 100 nmol.L−1. At this concentration, no sign of saturation in binding to M1ACh-R 

was observed. In conclusion, the agonist PET ligand [11C]AF150(S) was rapidly taken up 

in the brain and showed an apparent speci�c M1ACh-R-related signal, which could be 

inhibited by M1ACh-R antagonists in brain areas that are rich in M1ACh-R. Moreover, 

binding of the agonist PET ligand [11C]AF150(S) appeared to be sensitive to changes 

in extracellular ACh levels. Probably due to its relatively low M1ACh-R binding aªnity, 

speci�c labelling was not saturable in vivo, where the concentration range that can be 

used is limited.

In Chapter 6 the development of an agonist PET ligand for the 5-HT
4
-R is described. 

Prucalopride, a high aªnity agonist for the 5-HT
4
-R, marketed as an agent for treat-

ment of constipation, but which reportedly could penetrate the brain, was selected 

for radiolabelling.  [11C]prucalopride was synthesized from [11C]methyl tri¨ate and 

desmethyl prucalopride, and its LogD
oct,pH7.4

 was determined. Three distinct studies, with 

IV administration of [11C]prucalopride were performed in male rats: (1) the biodistribu-

tion of radioactivity was measured ex vivo, (2) in a PET study, kinetics in brain regions 

and peripheral organs were assessed in vivo under baseline conditions and following 

pre-treatment with tariquidar, an inhibitor of the P-glycoprotein e·ux transporter, and 

(3) in vivo stability of [11C]prucalopride was checked ex vivo in plasma and brain extracts 

using HPLC. [11C]prucalopride was synthesized in optimized conditions with a yield of 

21 ± 4% (decay corrected) and a radiochemical purity of >99%. Its LogD
oct,pH7.4

 was 0.87. 

Ex vivo biodistribution studies in male rats showed very low levels of radioactivity in 

brain (maximal 0.13% ID.g−1) and ten times higher levels in certain peripheral tissues. 

PET studies con�rmed very low brain levels of radioactivity under baseline conditions, 

which were, however, increased by a factor of three after pre-treatment with tariquidar. 

[11C]Prucalopride was found to be very rapidly metabolized in male rats, with no par-

ent compound detectable in plasma and brain extracts at 5 and 30 min following IV 

administration. Analysis of levels of radioactivity in peripheral tissues revealed a distinct 

PET signal in the caecum, which was reduced following tariquidar pre-treatment. The 

latter is in line with the role of the P-glycoprotein transporter in the gut. In conclusion, 

[11C]prucalopride showed low radioactivity levels in male rat brain. This may be due to 

rapid metabolism, which is especially the case in male rats, low passive di«usion and/or 

being a substrate for P-glycoprotein. 
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7.2 GENERAL DISCUSSION 

The studies described in this thesis provide an insight in agonist PET ligand develop-

ment and biological evaluation of two PET ligands with agonistic activity for 7-TMRs. 

7-TMRs have been a main target for PET in the last decades, but although one of the �rst 

successful PET ligands was the opioid OP
3
 receptor agonist [11C]carfentanil [5],  primarily 

antagonist PET ligands have been developed and evaluated. Recently, interest in the 

development and study of agonist PET ligands has been boosted by work performed 

on dopamine (D
2
/D

3
) [91,258-260,305] and serotonin (5-HT

1A
) receptors [133]. These 

particular agonist PET ligands were successfully applied to determine in vivo receptor 

occupancy and to assess sensitivity to changes in endogenous ligand concentrations, 

which therefore allow for the study of neurotransmitter release. 

Unfortunately, agonists that meet the criteria, put forward for successful PET ligands, 

appear to be rare. These criteria include high aªnity for the target receptor (nM to pM), 

speci�c binding to the target receptor, optimal lipophilic properties to allow passive 

di«usion into the brain, not being a substrate for P-glycoprotein, and metabolic stability.

Remarkably, in the overview of agonists for 7-TMRs (chapter 2), it would appear that 

the G-protein which couples to the 7-TMR, i.e. G
i/o

, G
s
, or G

q/11
, might be a factor in the 

chance for successful discovery of high aªnity agonist ligands. Indeed, it appeared that 

for G
i/o

-coupled receptors, e.g. the OP
3
, D

2
/D

3
 and 5-HT

1A
 receptors, more high aªnity 

agonist ligands are available. Agonists for these receptors could chemically be optimized 

for good physicochemical properties, chemical and metabolic stability and good brain 

penetration to yield successful agonist PET ligands (chapter 2). Nevertheless, agonists 

for 7-TMRs that couple to G
q/11

 or G
s
 proteins may provide interesting therapeutic agents 

for diseases with high medical need. For example, agonists for the G
q/11

 coupled M1ACh-

R or the G
s
 coupled 5-HT

4
 or 5-HT

6
-R may improve cognitive impairment and agonists 

for the G
q/11

 coupled 5-HT
2C

-R may help in the control of feeding behaviour. The fact 

that existing agonists for aforementioned receptors do not meet all imposed criteria for 

successful PET ligands should be a guide for the development of better ligands for these 

receptors. The agonist PET ligand [11C]AF150(S) (Chapters 3 & 5) does not comply with 

the “standard” criteria of a high aªnity for the target receptor (nM to pM) and optimal 

lipophilicity to allow passive di«usion into the brain. Yet, [11C]AF150(S) did show good 

brain uptake despite this poor lipophilicity. Moreover, it apparently showed speci�c 

binding to M1ACh-R, despite the fact that the aªnity of AF150(S) for the receptor was 

not favourable (Kd = 200 nM) and uptake of [11C]AF150(S) in speci�c brain areas ap-

peared to be sensitive to competition with endogenous ACh. 

The investigated 5-HT
4
-R agonist [11C]prucalopride (Chapter 6) met certain “standard” 

criteria, such as moderate lipophilicity and nanomolar aªnity for the target receptor. 

Still, this ligand proved to be unsuccessful for PET imaging, at least in male rats, where 
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[11C]prucalopride showed poor brain uptake. It turned out that the ligand is a substrate 

for P-glycoprotein. 

In spite of the many challenges, PET with agonist ligands may provide an essential tool 

for future research that will aid in exploring the role and functioning of 7-TMRs in the 

human body and the development of new therapeutics.

7.3 FUTURE PERSPECTIVES 

The chances for developing a successful agonist PET ligand for a 7-TMR could potentially 

be increased by a more systematic approach with investigation of series of agonist PET 

ligands instead of one single candidate. The evaluation of a series of substituted 11C-

phenethylamines, as agonists PET ligand candidates for the 5-HT
2A

 receptor, constitutes 

a good example and resulting data are highly promising [148]. Using in vivo evaluation of 

a series of ligands, a new candidate (Cimbi-36) was discovered that showed improved in 

vivo binding potential compared with the initial candidate ligand (Cimbi-5). In addition, 

the same study provided insight in the delicate balance between receptor aªnity and 

ligand lipophilicity. Unfortunately, evaluation of a series of agonist PET ligands is very 

time consuming and requires a substantial e«ort. Research and development of agonist 

PET ligands could be aided by the development of bio-mathematical models, aimed 

at predicting in vivo performance of radioligands from in silico and in vitro data. Such a 

model has been developed for antagonist PET ligands [306]. In that particular study the 

authors correlated modelling data with data obtained using in vivo PET measurements 

with promising results.

An alternative approach that may prove to be valuable in understanding in vivo 7-TMR 

characteristics of G
s
, G

i/o
 and G

q
 coupled 7-TMRs, could be the development of PET 

ligands that do not bind to the orthosteric site, as most agonists do. E«orts could be 

directed towards the development of positive allosteric modulators as PET ligands for 

7-TMRs. For instance, recently there has been a breakthrough in the development of a 

PET ligand for the metabotropic glutamate subtype 5 receptors (mGluR-5).  Allosteric 

modulators of mGluR-5, in contrast to non-selective orthosteric mGlu-R agonists, have 

proven to be successful. They show better subtype selectivity, due to the fact that they 

bind in the cell transmembrane domain of the receptor, an area which is more speci�c 

towards the receptor subtype compared with the orthosteric site [307].

Positive allosteric ligands deserve further investigation and in vivo evaluation. They 

may provide di«erential information for those 7-TMRs for which no suitable orthosteric 

agonist PET ligands are available.




