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7.1. Summary 

N-methyl-D-aspartate receptors (NMDAr) are needed for long term potentiation and 

are thought to play an important role in learning and development. Over-activation of 

the NMDAr may lead to neural death [1]. Activated NMDAr are receptors in the ‘open’ 

state e.g. the ion channel is open for Na+, K+ and Ca2+ ions, giving rise to depolarization 

of the post synaptic membrane. When the receptor is activated ion channel NMDAr 

antagonists can gain access to the binding site located in the ion channel of the NMDAr 

[2,3]. The NR2B subunit is involved in modulating functions, such as learning, memory 

processing and a number of disorders. It is suggested that activation of the NR2B 

subunit initiates apoptotic signaling cascades and promotes neural death [4]. As such, 

radiolabelled ligands in combination with molecular imaging techniques such as 

positron emission tomography (PET) may be valuable tools to assess the status of 

regional NMDAr activation in vivo [5].  

This thesis describes the development of novel carbon-11 and fluoro-18 NMDAr 

radiotracers. 

Chapter 2 describes the development of a series of novel di- and tri-N-substituted 

diarylguanidines (Figure 1). Known from structure activity relationship studies was 

that a meta substituted aryl group at R1 was favourable. Either R2 or R3 should be 

methylated to reduce affinity for the sigma-receptor. The other guanidine aryl group 

enhances the potency the most when the aryl was substituted with either being R4 a 

chloro or bromo and R5 being a thiomethyl moiety. Little was known about the effects 

of the length of the spacer (n) between the guanidine core and R1. 

 

Figure 1. General structure of N,N’-di and tri-substituted aryl guanidines. 

Three series of compounds were synthesized and their binding affinity to the ion 

channel of the NMDAr was assessed. Substituted 3-methoxy-aryl (R1) and methylation 

of R2 whilst R3 is hydrogen showed highest affinities. Introducing a spacer (methyl or 

ethyl) decreased the affinity with orders of 102 to 106 compared to those without 

spacer. Three novel compounds, 15 (difluoromethoxy aryl, 10.2 nM), 16 

(trifluoromethoxy aryl, 11.7 nM) and 37 (fluoromethoxy aryl, 18.4 nM) showed high 

affinity. These ligands were radiolabelled with either carbon-11 or fluorine-18. 

Ligands [11C]15 and [11C]16 were obtained in 26 and 15% decay corrected 

radiochemical yield and high (> 170 GBq·µmol-1) specific activity within 38 minutes. 
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Ligand [18F]37 was obtained in 22% yield with a specific activity of 53 GBq·µmol-1 in 

92 minutes. Lipophilicities, expressed as logDoct,7.4, were 1.76, 2.76 and 1.45, 

respectively. Ligands [11C]15 and [18F]37 were evaluated ex vivo in B6C3 mice. 

Biodistribution studies showed higher uptake in forebrain regions compared with 

cerebellum. Pre-treatment with MK-801 (0.6 mg·kg-1) slightly decreased uptake in 

NMDAr-specific regions for [18F]37, but not for [11C]15. After 60 minutes the amount 

of intact tracer was 54 and 70% for [11C]15 and [18F]37, respectively.  

In chapter 3 a series of novel amine guanidine derivatives is presented based on 

the optimal ligand structure as found in chapter 2 (Figure 2). Three ligands, 59 

(dimethylamino aryl, 1.35 nM), 61 (methylamino aryl, 19.1 nM) and 64 

(fluoroethyl(methyl)amino aryl, 4.81 nM), showed favourable affinities. These were 

all short alkyl substituted benzyl amines that were labelled with carbon-11 (59, 61) 

or fluorine-18 (64). Ligands [11C]59 and [11C]61 were obtained in 31 and 36% decay 

corrected radiochemical yield, respectively. The specific activity was higher than 105 

GBq·µmol-1 and total synthesis time was 22 minutes. Ligand [18F]64 was synthesized 

in 9% decay corrected radiochemical yield with a specific activity of 78 GBq·µmol-1. 

Lipophilicity, expressed as logDoct,7.4, were 1.62, 1.24 and 1.51 for [11C]59, [11C]61 and 

[18F]64, respectively. 

Figure 2. General structure of N,N’-tri-substituted aryl guanidines. 

Ligands [11C]59, [11C]61 and [18F]64 were evaluated ex vivo in male Wistar rats. 

Biodistribution showed good uptake in the brain, but following pre-treatment with 

MK-801 (0.6 mg·kg-1) none showed a reduction in uptake. Metabolite studies 

indicated that all three ligands suffered from fast metabolism and that metabolites did 

enter the brain as more than 55% of radioactivity in the brain after 45 minutes was 

due to radiolabeled metabolites. This uptake could conceal a possible specific signal. 

Despite high affinity for the NMDAr, these ligands did not show appropriate 

characteristics for use as a PET tracer. 

Chapter 4 describes the synthesis of [11C]78b, an analogue of [18F]37, called 

[18F]PK-209. Here, the fluoromethoxy moiety was substituted with a vinylic moiety. 

The purpose of this substitution was the assumption that metabolic stability of 

[18F]PK-209 would improve by preventing metabolic oxidation of the fluoromethoxy 

moiety. The affinity of 78b was 18.6 nM. After labelling with carbon-11, [11C]78b was 

obtained in 20% decay corrected radiochemical yield with a specific activity of 112 

GBq·µmol-1. The logDoct,7.4 value was 2.62. Ex vivo biodistribution studies in male 
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Wistar rats showed higher uptake of [11C]78b in the forebrain regions compared with 

cerebellum. Pre-treatment with MK-801 (0.6 mg·kg-1) decreased overall brain uptake, 

but not in a region specific manner. Metabolism was compared between [11C]GMOM, 

[18F]PK-209 and [11C]78b, and 45 minutes after injection 78, 90 and 87%, 

respectively, of the radioactivity in the brain was due to parent compound while in 

plasma 26-31% of the radioactivity was due to parent compound. Although more 

parent compound was present in plasma for [11C]78b than for [11C]GMOM and 

[18F]PK-209, this increase was not significant. At 45 minutes, in the brain, significantly 

more parent compound of [18F]PK-209 and [11C]78b was measured compared with 

[11C]5. 

In chapter 5 the preclinical evaluation of the most promising NMDA radiotracer 

developed in chapter 2, i.e. [18F]PK-209 ([18F]37), is described (Figure 3). The 

selectivity profile of PK-209 showed that it was at least 50-fold more selective for 

NMDArs than for other targets examined. [18F]PK-209 was further evaluated using 

dynamic PET scanning (120 minutes) in rhesus monkeys under baseline conditions 

and after pre-treatment with MK-801 (0.3 mg·kg-1). [18F]PK-209 entered the brain 

rapidly, showing a fairly uniform distribution in the brain areas examined. In two out 

of three subjects a reduced parametric volume-of-distribution (VT) was found 

compared with baseline conditions. The third subject showed an increase of VT. The 

reason for the increase in the third subject is not known, although it could be related 

to the administration of a partial µ-opiod receptor agonist that was given to the 

monkey. It is known that this agonist can increase the function of NMDArs [18F]PK-

209 showed a high rate of metabolism in vivo. However, Logan plots supported the 

initial finding that no significant accumulation of [18F]PK-209 derived metabolites 

occurred in the brain. 

Figure 3. [18F]PK-209 ([18F]37), the NMDAr tracer that was evaluated preclinically. 

In chapter 6 the synthesis and preclinical evaluation of an NR2B-subunit 

radiotracer is described. Compound [11C]82 was labelled with carbon-11 in 49% 

decay corrected radiochemical yield and a specific activity of 78 GBq·µmol-1. The 

affinity of 82 towards the NR2B-subunit of the NMDAr was 12.4 nM, the lipophilicity 

(logDoct,7.4) was 2.14. Ex vivo radiodistribution of [11C]82 in male B6C3F1/J rats 

showed that it readily enters the brain with a 3-fold increase in uptake in forebrain 

regions compared with cerebellum. Pre-treatment with Ro 25-6981 (10.0 mg·kg-1) led 

to inconsistent effects on cerebral uptake of [11C]82, with either decreases and 
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increases under identical conditions. Metabolite analysis showed that after 30 

minutes 70% of the radioactivity in the brain was due to parent compound. A 

selectivity screen over 79 targets revealed that 82 also had a significant affinity for the 

sigma-1 receptor of 20 nM. This could hamper its use as an NMDA NR2B-subunit PET 

tracer. 

  


