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CNS disorders and their influence on social life 

Alzheimer‟s disease (AD) is the most common form of dementia. It is a 

progressive disease of the central nervous system (CNS), which restricts the patients‟ 

participation in social life. The population of patients with AD is currently estimated to be 

about 11 million people world-wide, while this is expected to be nearly doubled by the 

year 2025. According to a study done by the American Alzheimer‟s Association in 1998, 

AD costs the USA businesses about $ 33 billion a year. $ 26 billion of it is related to the 

absenteeism of caregiver‟s employees who are taking care of Alzheimer patients and $ 7 

billion is related to the businesses contributing toward the total coast care.1 An even more 

common world-wide CNS disease is major depression. Depression is a mental disorder 

that presents with depressed mood, loss of interest or pleasure, feelings of guilt or low 

self-worth, disturbed sleep or appetite, low energy, and poor concentration. These 

problems can become chronic or recurrent and lead to substantial impairments in an 

individual‟s ability to take care of his or her everyday responsibilities. At its worst, 

depression can lead to suicide, a tragic fatality associated with the loss of about 850.000 

lives every year world-wide.2 The lifetime prevalence for a depressive episode that last 

longer than 6 months is about 15%, a figure that is surprisingly constant across the world. 

The lost days from work and economic burden from affective disorders are high 

and were estimated $ 43.7 billion in 1990 in the USA.3 In Europe, at least 21 million 

residents may be affected by major depression, resulting in related total annual costs of € 

120 billion in 2004.4 The World Health Organisation (WHO) estimates that depression 

will soon be the greatest health burden world-wide. It is one of the major reasons of 

disability, as measured by the years lived with disability (YLDs), and the fourth leading 

contributor to the global burden of disease, as measured by the disability adjusted life 

years (DALYs) in 2000. According to the WHO, major depression is now the second 

cause of DALYs for females and males in the age range of 15-44 years (121 million 

people world-wide), which is expected to happen in 2020.2 The costs of treatment for 

depression and schizophrenia in The Netherlands alone was in 1999 about € 870 million, 

which is 2.6% of the total cost for health care.5 Schizophrenia is a mental disorder known 

by a disintegration of thoughts process and emotional responsiveness. The WHO has also 

reported that a study in 27 developing and developed countries there was no population 
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that was free of schizophrenia. It may therefore be stated that mental disorders are an 

enormous drain on world economy. These disorders, which additionally also heightens the 

risk for a heart attack or stroke and often reduces the quality of life, are an important 

public health issue and the study of their pathophysiology and treatment is a priority.6  

 

5-HT and 5-HT1A receptors related to CNS disorders 

The 5-hydroxytryptamine-1A (5-HT1A) receptor plays an important role in 

learning and memory7 and changed expression have been implicated in various 

disorders8,9 including major depression10,11, anxiety disorders12, AD13,14 and 

schizophrenia.15,16,17 These receptors may also play a role in sleep, food intake, mood and 

thermoregulation.18,19 For example, using the partial 5-HT1A agonist buspirone, it has been 

shown, among others, that the 5-HT1A receptor is involved in both pathogenesis and 

treatment of major depression12,20, implicating the 5-HT1A receptor as a potential 

therapeutic target and/or marker to study the pathophysiology of neuropsychiatric 

disorders. Though, according to Berlim21 and Rush22, a major problem in psychiatry is the 

lake of effective treatments to relieve the symptoms of depression in many patients. Fewer 

than 25% of those affected have access to effective treatments.  

In AD, studies reported the correlation between the presence of intraneuronal 

neurofibrillary tangles and the degree of dementia.23 In the earliest stage of the disease, 

there are a large number of pyramidal neurons in the cornus ammonis 1 and subicular 

regions of hippocampus as well as a part of the medial temporal lobe that are effected.24 

These pyramidal neurons receive inhibitory serotonergic input from the dorsal raphe 

nucleus via 5-HT1A receptors located on their axonal hillock.25 Furthermore, a significant 

decrease of 5-HT1A receptor densities was reported in the hippocampal and raphe nuclei of 

AD patients, revealing the role of this receptor in the neuropathology of AD.13,14 On the 

other hand, the majority of post-mortem studies have related schizophrenia to an increase 

of 5-HT1A receptor densities in the prefrontal cortex.15,16 All together, these findings may 

implicate the importance of 5-HT1A receptor for drug target therapy in several CNS 

disorders.6 The 5-HT1A receptor is one of the seven different types of 5-HT receptors (5-

HT1 to 5-HT7) described, that mediate various functions of 5-HT, of which all but one (5-

HT3) are G- protein coupled receptors.18,26,27 In 1994, the International Union of 
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Pharmacology Committee on Receptor Nomenclature and Drug Classification (NC-

IUPHAR) has reclassified 5-HT receptors and sub-receptors into 5-HT1 (5-HT1A, 5-HT1B, 

5-HT1D, 5-HT1E, 5-HT1F), 5-HT2 (5-HT2A, 5-HT2B, and 5-HT2C), 5-HT3, 5-HT4, 

recombinant 5-HT5A/5B, 5-HT6, 5-HT7 in addition to orphan receptors.27 The table below 

shows the type, mechanism of action and effect of each receptor.28 In human brain, high 

5-HT1A receptor densities are found in the brainstem raphe nuclei and in the limbic 

forebrain (hippocampus, entorhinal cortex and septum). Low densities are observed in the 

basal ganglia and in the adult cerebellum.20 These receptors are expressed on the cell 

bodies of 5-HT neurons as somatodendritic autoreceptors and mediate the autoregulation 

of 5-HT neuronal function (inhibition of 5-HT cell firing and 5-HT release) in the raphe 

nuclei. They are also expressed as postsynaptic receptors in the 5-HT neuron terminal 

fields of the hippocampal pyramidal and granule cells and inhibit neuronal release.29 

Serotonin, “sero = serum and tonin = vasoconstriction” or 5-hydroxytryptamine (5-HT) 

was first isolated as an unknown vasoconstrictor substance from the blood and indicate its 

presence originally in the platelets.30,31 In human gut, 5-HT is a peripheral hormone 

produced by enterochromaffin cells and stored in platelets, which represents 80-90% of 

the production of 5-HT in the body. 

 

Table 1.  Serotonin receptors, type, mechanism of action and effect. 

*
cAMP; cyclic adenosine monophosphate, IP3; inositol triphosphate, DAG; diacylglycerol  

 

5-HT is initially synthesized from tryptophan in a two-steps reaction (Figure 

1).30,32 In the brain stem, the synthesis of 5-HT is generated by the rate-limiting enzyme 

“tryptophan hydroxylase 2 (TPH2)” using (6R)-L-erytho-5,6,7,8-tetrahydrobiopterin 

(BH4) and dioxygen as cofactors to produce 5-hydroxytryptophan in neurons. In the 

5-HTr Type Mechanism of action Effect 

1 Gi/Go-coupled receptor Decreasing cellular levels of cAMP
* 

Inhibitory 

2 Gq/G11-coupled receptor Increasing cellular levels of IP3 and DAG
* 

Excitatory 

3 Ligand-gated Na
+ 

/K
+ 

channel Depolarizing plasma membrane Excitatory 

4
 

Gs-coupled receptor
 

Increasing cellular levels of cAMP Excitatory
 

5 Gi/Go-coupled receptor Decreasing cellular levels of cAMP Inhibitory 

6 Gs-coupled receptor Increasing cellular levels of cAMP Excitatory 

7 Gs-coupled receptor Increasing cellular levels of cAMP Excitatory 
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enterochromaffin cells in the intestine, pineal gland, spleen and thymus, tryptophan 

hydroxylase 1 (TPH1) is responsible for the synthesis.34 Decarboxylation of the 5-

hydroxytryptophan by amino acid decarboxylase will produce 5-HT.32,33  

 

 

 

The newly synthesized 5-HT is transported from the cytoplasm into synaptic 

vesicles by the vesicular monoamine transporter 2 (VMAT2)34 (Figure 2). 5-HT is stored 

as co-transmitter with diverse peptide hormones in neurons and chromaffin cells, such as 

somatostatin, substance P or vasoactive intestinal polypeptide (VIP).
30

After 5-HT has 

been released in the synaptic cleft, it will interact with 5-HT receptors. After this, the 

selective 5-HT reuptake from the synaptic cleft into the presynaptic neuron occurs via 

reuptake transporters (12-transmembrane-proteins, 5-HHT).32 Upon return to the 

cytoplasm, the actions of this neurotransmitter are terminated by three major mechanisms 

including diffusion, degradation by monoamine oxidase (MAO) type A35 and uptake back 

to the synaptic vesicles through the actions of VMAT2. Degradation by MAO will be 

followed by dehydrogenation by aldehyde dehydrogenase leading to 5-hydroxyindole 

acetic acid (5-HIAA), which can easily be excreted in the urine (Figure 1).
30,32,36
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Figure 1. The biosynthesis of serotonin and its metabolism in the brain stem.
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Degradation also occur by catechol-O-methyltransferase (COMT) in the extracellular 

space, however this is less effective in the peripherally nerves system (PNS) than CNS.32  

In the brain, 5-HT can exert inhibitory or excitatory effects on individual neurons 

and it acts either presynaptically or postsynaptically.37 In the nerve cells of the myenteric 

plexus it acts as excitatory neurotransmitter.30
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The importance of molecular imaging of the brain is clear when we realize that, 

until now, most of the brain disorders cannot be treated effectively, which affects the 

quality of care, health outcomes, functioning of the patients and thus economic 

productivity. Molecular imaging techniques using Positron Emission Tomography (PET) 

or Single Photon Emission Computerized Tomography (SPECT) are valuable tools in the 

investigation of changes in 5-HT1A receptor availability. These changes are believed to be 

related to common neuropsychiatric disorders such as major depression, anxiety, AD and 

schizophrenia. In the last decade, there is an increase of interest to provide integrated 

molecular medicine solutions using new radiolabeled ligands with dedicated and 

optimized imaging systems to investigate in vivo changes of 5-HT1A receptors.13,14,15,17  

 

Figure 2. The synaptic regulation of 5-HT neurotransmitters.  
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PET and SPECT techniques  

In general, imaging can address two issues: structure and function. One can either 

view brain structure, image anatomy or examine physiological functions of the brain, the 

chemical processes and image biochemistry, either at rest or during activation. Structural 

imaging techniques are CT (Computerized Tomography) and MRI (Magnetic Resonance 

Imaging). Functional imaging techniques are MRI spectroscopy and functional MRI 

(fMRI), SPECT and PET. Although CT and MRI are most commonly used, they could not 

help to explain or examine the physiological function of the brain.38 The benefit of SPECT 

and PET imaging is the ability to view the biochemical processes inside the brain. While 

CT and MRI can be compared with country maps, SPECT and PET show us the traffic on 

the routes.  

Both SPECT and PET are emission techniques using the concept of a radiotracer 

(or radiopharmaceutical/radioligand) to image chemical processes in living subjects. A 

radiotracer is a ligand with a biological activity in which an atom is replaced by a 

radioactive atom or to which a radioactive atom is added. When a radiotracer with a high 

binding specificity is introduced into the body, its site-specific uptake can be traced by 

means of photons emitted by the labeled atom. The detection of the gamma ray (photons) 

in SPECT is done with solid-state detectors. When a photon enters such a crystal it will 

produce a visible light through interaction with the crystal, which is collected by photo-

multiplier tubes at the rear of the crystals and converted to a signal. Collimators are placed 

between the patient and detector to allow precise localization. These collimators are 

mostly made of thick perforated lead sheets. Almost only perpendicular incoming photons 

can pass the holes of the collimator and enter the detector, leading to a 2-dimensional 

image. Similar to CT, for SPECT imaging multiple acquisitions can be made from various 

angles and then reconstructed back to create a 3-dimensional map.39 

In brain SPECT, commonly the nuclides Tc-99m (t1/2 = 6 hours) and I-123 (t1/2 = 

13.2 hours) are used for radiolabeling. Depending on the choice of the radiotracer, 

different brain functions can be demonstrated. SPECT can provide measures of cerebral 

function such as cerebral blood flow when using [99mTc]-hexamethylproplene amine 

oxime ([
99m

Tc]-HMPAO). This radiotracer is trapped in the brain predominantly within 2-

5 minutes after intravenous injection. This technique gives a snapshot of cerebral blood 
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flow a few minutes after injection. Other examples of commonly used SPECT tracers are 

[123I]iodobenzamide ([123I]IBZM) to assess dopamine D2/3 receptors in the basal ganglia, 

and the non-selective [123I]2β-carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl)nortro 

pane ([123I]FP-CIT) to assess dopamine transporters (Figure 3).40 

 

 

 

 

 

 

 

 

 

While MRI is helpful in the diagnosis of AD if temporal lobe atrophy can be 

detected, SPECT imaging is useful when structural imaging is normal or equivocal or 

when MRI is not available. In 60-90% of the cases perfusion SPECT helps to distinguish 

those with AD from normal controls and those with other causes of cognitive impairment, 

particularly frontotemporal dementia.38 In addition, dopamine transporters imaging may 

be helpful to differentiate AD from dementia with Lewy bodies.39  

Generally speaking, SPECT is cheaper than PET and therefore more widely 

available.38,40 However, SPECT suffers from several drawbacks, with sensitivity being a 

main issue, since many photons are lost by absorption by the collimator. Moreover, in 

clinical studies, the spatial resolution is poorer (10-15 mm) than for PET.38,40 Another 

well-known limitation of SPECT applicability is the fact that SPECT isotopes are 

relatively large atoms and cannot be used to label some compounds due to issues of steric 

hindrance.40 On the other hand, due to the long half-life of the used isotopes, scans can be 

acquired later after injection at a time point after the washout of non-specific binding has 

occurred.         

 PET is a technique with higher sensitivity than SPECT. In PET the photons are 

naturally collimating through a physical process without using absorbing collimators. PET 

uses radiotracers that are labeled with positron emitting isotopes, such as F-18 (t1/2 = 109.8 

Figure 3. The chemical structure of some commonly used SPECT radiotracers. 
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minutes), C-11 (t1/2 = 20 minutes), and O-15 (t1/2 = 122.24 seconds). PET tracers have a 

relatively short half-life which reduces the substantially increasing long-term health risks 

associated with the ionizing radiation and therefore allows repeated PET imaging 

procedures. As the radioisotope decays in the body, the emitted positron annihilates with 

an electron. Such an event produces two 511 keV photons at almost 180 degrees to each 

other, a requirement of linear momentum conservation and the fact that the positron-

electron system (positronium) right before annihilation form essentially a zero-momentum 

frame.41 The PET detector is set up in such a way that only events are accepted in which 

both annihilation photons are detected in coincidence. Depending on the used system, two 

photons are identified as coming from a single event if they arrive at detectors within 

about 6-12 nanoseconds of one another. No collimators are required, since the two 

crystals of the photon detectors are along the line, termed line-of-response (LOR), where 

the annihilation occurred.41 Absence of physical collimators increases the sensitivity of 

PET over SPECT by about 10-50 times, as in SPECT imaging many photons are lost by 

absorption by the SPECT collimators. Attenuation correction (AC) is an essential step in 

PET and SPECT imaging, since photons emitted from deep-seated tissues have more 

chance to be absorbed or scattered than more superficially emitted photons. AC can be 

performed by using an extern (transmission) source or (co-registered) CT images.42 

[18F]Fluorodeoxyglucose ([18F]FDG) is a good example of a PET radiotracer for defining 

brain metabolic activity in AD and its pharmacological modulation43, while N-Methyl-

[11C]-2-(4′-methylamino phenyl)-6- hydroxybenzothiazole ([11C]PIB) gives specific 

information concerning the deposition of amyloid, which is thought to be related directly 

to mechanisms of neurodegeneration44 (Figure 4). 

 

 

 

  Figure 4. The chemical structure of several PET radiotracers. 
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SPECT and PET ligands for the 5-HT1A receptor  

The 5-HT1A receptor antagonist N-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl} 

N-(pyridin-2-yl)cyclohexanecarboxamide (WAY-100635) was labeled with C-11 in the 

carbonyl position or the methyl position of the anisole. Since the main metabolic pathway 

of WAY-100635 is the hydrolysis of the amide bond, a label in the cyclohexanecarbonyl 

moiety was favored.45,46 Otherwise, the lipophilic metabolite WAY-100634 carries the 

label and since it also enters the brain, and binds to α1 adrenoreceptors, it interferes with 

the preferred scintigraphic measurements.45,46,47,48,49 Using this radiotracer is has been 

shown that 5-HT1A receptor binding was reduced by 42% in the brainstem raphe nuclei 

and by 27% in mesiotemporal cortex (hippocampus-amygdala) in patients suffering from 

major depressive disorder compared to controls.45 

Although this tracer produces nice images of the 5-HT1A receptor in human brain, 

it has a major drawback as it is labeled with the isotope C-11 which has a short half-life 

time, and thus can only be used as both a cyclotron and a PET-camera are in close 

proximity. Relatively longer lived isotopes, like I-123, can be used for SPECT cameras 

where studies can be easily scheduled since these cameras are available in almost all 

hospitals. Therefore, it was highly desirable to develop I-123 analogues of WAY-100635 

like 4-iodo-N-{2-[1-(2-methoxyphenyl)piperazin-1-yl]ethyl}-N-(pyridin-2-yl)benzamide 

(p-MPPI) and 3-iodo-N-{2-[1-(2-methoxyphenyl)-piperazin-1-yl]ethyl}-N-(pyridin-2-yl) 

benzamide (m-MPPI) (Ki =2.6 and 1.7 nM, respectively). To enhance the in vivo stability 

of these compounds, the iodine was attached to an aromatic moiety instead of the 

cyclohexyl ring. However, as found for all analogues of WAY-100635 with an aromatic 

substituent, both [123I]p-MPPI and [123I]m-MPPI showed low binding potentials and rapid 

metabolism in human subjects.20,50,51,52 Until now, there is no successful SPECT tracer 

available to image 5-HT1A receptors. Instead, PET tracers labeled with a longer half-life 

time isotope than C-11 were developed such as [18F]p-MPPF. This radioligand was 

rapidly metabolized in human subjects53,54,55 and seems to be a substrate for p-glycoprotein 

(p-gp)56, probably due to the extra aromatic group.58 Alternatively, analogues with a 

saturated moiety such as in trans-[18F]-4-fluoro-N-2-[4-(2-methoxyphenyl)piperazin-1-

yl)ethyl]-N-(2-pyridyl)cyclohexanecarboxamide, ([
18

F]FCWAY) were prepared. The 

latter showed higher affinity for 5-HT1A receptor than [18F]p-MPPF, but it was unstable in 
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vivo as elimination of 18F (in the form H18F) of the cyclohexane ring was observed in 

addition to hydrolysis of the amide bond.56,57  

                Lately, N-{2-[4-(2-methoxyphenyl)piperazinyl]ethyl} -N-(2-pyridyl)-N-(4-[18F] 

fluoromethylcyclohexane)carboxamide ([18F]MefWAY) was synthesized and studied in 

vivo. Although it showed promising results, it is still used as an enantiomeric mixture.58 In 

conclusion, all the currently clinical used radiopharmaceuticals for imaging the 5-HT1A 

receptor have some limitations. Figure 5 shows the chemical structure of some well-

validated SPECT and PET radioligands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aim of this thesis  

The aim of this thesis is to develop novel metabolically stable SPECT and PET 

radiopharmaceuticals to elucidate the function of the 5-HT1A receptor in neuropsychiatric 
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 Figure 5. The chemical structure of SPECT and PET radiotracers for 5-HT1A receptor. 
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disorders. The scope of the thesis includes the design, synthesis and pharmacological 

evaluation of bridge-fused ring (BFR) analogues of WAY-100635 with a BFR system 

attached to the carboxamide such as adamantane, cubane, bicyclo[2.2.2]octane and 

bicyclo[2.2.1]heptane. Such ligands may serve as important tools to investigate the role of 

the 5-HT1A receptor in CNS disorders. 

 

Outline of the thesis  

Chapter 2 encompasses the synthesis of a variety of bridgehead iodinated WAY-

100635 analogues and their binding affinity and selectivity for the 5-HT1A receptor. It is 

expected that these analogues will be more stable in vivo, in contrast to normal aliphatic 

iodine compounds, which deiodinate quickly. A SN2-reaction is impossible and 

elimination of the iodine is unlikely since this would lead to a highly strained ring system. 

Furthermore, it is expected that the bulky structures would reduce the rate of hydrolysis of 

the amide bond. Beneficially, having WAY-100634 also attached to a bridgehead will 

keep all analogues a-chiral. Further in this chapter, a no carrier added (nca) synthesis route 

of the most promising iodinated BFR analogues ([123I]cubane analogue of WAY-100635 

and [123I]cubane analogue of O-desmethylate WAY-100635) is described, as well as the 

biodistribution of these two compounds in rats. 

Chapter 3 shows the synthesis of fluoromethyl BFR analogues of WAY-100635 

and their binding affinity and selectivity for 5-HT1A receptor. Analogues were designed in 

order to keep high affinity for the 5HT1A receptor, at least comparable to that of WAY-

100635, to avoid a-chiral structures, to prevent rapid hydrolysis of the amide bond and 

ready HF elimination and to enable labeling with F-18 in a last synthesis step. Also, to get 

a lipophilicity within the range considered optimal for brain penetration and low 

nonspecific binding.  

Chapter 4 describes the radiosynthesis and biodistribution of the most promising 

fluoromethyl WAY-100635 analogues with BFR = cubane, bicyclo[2.2.2]octane or 

bicyclo[2.2.1]heptane. The results of the biodistribution and PET studies in rats are 

described and discussed.  
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