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Chapter 1 

General Introduction: 
5-Hydroxytryptamine Receptors 

Abst rac t 

The neurotransmitter serotonine, 5-hydroxytryptamine (5-HT), has been linked to a variety 
of processes in the (human) body. Actually, the fact that such an important role has been reserved 
for a neurotransmitter is not that strange, because these are the molecules that provide the chemical 
basis for the communication between the different cells within highly specialised organisms such 
as the human being. The many different processes however, in which 5-HT is involved requires a 
regulation mechanism in which more than one receptor has to participate. This is indeed the case, a 
total of at least seven serotonine receptors have been recognised uptill now, some of them further 
divided in subtypes. A brief introduction about the history, classification and mechanism of action 
of 5-HT receptors is presented in this chapter. 
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Chapter 1 

1.1 Serotonine' 

1.1.1 History of 5-hydroxytryptamine 

5-Hydroxytryptamine 1 is widely distributed in both animal and plant kingdom: it occurs in 
vertebrates (including tunicates, mollusks, arthropods and coelenterates), in fruits and nuts and in 
venoms produced by scorpions or stinging plants such as nettles. Numerous synthetical or 
naturally occuring congeners of 5-HT assort pharmacological effect. Many of them, usually N- or 
O-methylated, have a hallucinogenic activity. Melatonine 2, the principal indoleamine in the pineal 
gland, is closely related to 5-HT in being its TV-acetylated and O-methylated analogue. 
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Figure 1.1 

Inspired by the vasoconstricting properties of blood, described already in 1868/ the 
compound responsible for this observation, serotonine, was isolated in 1948.4 This compound, 
released from platelets in clotting blood, was chemically characterised as 5-hydroxytryptamine and 
named serotonine refering to its origin and biological action: serum tonic substance. 

The highest concentrations of 5-HT in the body can be found in the wall of the intestine, 
mainly in the duodenum. About 90% out of the total is present in the enterochromaffin cells, that 
are located in the gastrointestinal mucosa. Enterochromaffin cells appear to be the location of the 
synthesis and most of the storage of 5-HT in the body and are the source of circulating 5-HT. 
Release of 5-HT is augmented by mechanical stretching such as that caused by food and evokes 
the peristaltic reflex. In the 1930's a study started, aimed at the distribution of those 
enterochromaffin cells in which a method was used that stained those cells with a reagent for 
indoles. The indole responding to the staining procedure was unknown, but named enteramine. 
Comparison to the vasoconstrictor substance serotonine revealed that they were chemical identical. 

Thus, although originally isolated from blood, serotonine was shown also to be present in 
the gastrointestinal tract and later studies revealed its role in the central nervous system. Serotonine 
has been recognised as a crucial compound in many processes in the body, it fulfills an important 
role as neurotransmitter as well as local hormone in the peripheral vascular system. Since it is 
present in many more sources other than blood, actually serotonine is no longer an appropiate 
name and the compound is therefore usually refered to as 5-hydroxytryptamine (5-HT). In blood 
platelets 5-HT accumulates by way of an active transport system and is then stored in secretory 
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General Introduction: 5-Hydroxytryptamine Receptors 

granules. In case of tissue damage and thus platelet aggregation, 5-HT is released again. In the 

central nervous system serotonine functions as a neurotransmitter. Appetite, memory, 

thermoregulation, sleep, sexual behavior, anxiety, depression and hallucinogenic behavior are all 

processes that have been linked with 5-HT and its function as a neurotransmitter. 

1.1.2 Biosynthesis and biodégradation of 5-hydroxytryptamine 

5-HT 1 is present in the diet, but most of it is metabolised before even entering the 
bloodstream. The occurrence of 5-HT in the human body is the result of its biosynthesis from 
dietary tryptophan 3. By the action of the enzyme tryptophan hydroxylase, present in 
enterochromaffin cells and neurons, 5-hydroxytryptophan 4 is formed. Molecular oxygen is 
required for the activity of this enzyme which catalyses the rate-limiting step in the pathway. Fast 
decarboxylation by a non-specific decarboxylase gives 5-hydroxytryptamine (5-HT). As a 
consequence of the non-specifity of this enzyme, levels of 5-HT can not be altered by manipulation 
of the amount of tryptophan since rapid decarboxylation catalysed by this decarboxylase occurs 
instead of hydroxylation, leading to tryptamine. 

C02H H O K / ^ _ / \ / C 0 2 H H Q 

NH N ^ iNM K^J NH2 ~ K^J NH2 
l_l tryptophane N L-aromatic acid H 

hydroxylase H decarboxylase 
3, L-tryptophanc ^ 4 . _ 1,5-HT 

u2 vitamin B6 

Figure 1.2: Biosynthesis of 5-HT. 

Platelets do not possess the enzymes necessary for 5-HT biosynthesis, but instead they 
become loaded with 5-HT as they pass through the intestinal circulation. This process is regulated 
by a Na+-dependent carrier mediated uptake process and constitutes the only way in which platelets 
acquire 5-HT. The same process is involved in terminating the action of 5-HT as a 
neurotransmitter, which comprises the re-uptake of 5-HT from the synapse by this transporter. In 
addition, a major pathway of terminating the action of 5-HT is provided by its degradation. 
Metabolic degradation of 5-HT 1 is mainly achieved through oxidative deamination, a process 
which is catalysed by mono-amine oxidase (Figure 1.3). The aldehyde 5 thus obtained is oxidised 
by an aldehyde dehydrogenase to afford 5-hydroxyindoleacetic acid 6 (5-HIAA), which is 
excreted via the urine. The active transport of 5-HIAA is necessary for excretion out of the brain 
and is sensitive to the non-specific transport inhibitor probenicid. Nearly all of the metabolism of 
5-HT in the brain is accounted for by 5-HIAA and, as such 5-HIAA serves as an indicator for 5-
HT production in the brain after administering probenicid. The usual total 5-HIAA excretion by a 
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normal adult is 2 - 10 mg daily. Excretion of larger amounts is observed in patients with malignant 
tumours and thus provides a diagnostic test. 

An alternative metabolic route in which aldehyde 5 is reduced by aldehyde reductase to 5-
hydroxytryptophol 8 is insignifcant under normal circumstances. Ingestion of ethanol however 
results in elevated levels of NADH, the cofactor in the reductive pathway, which thus prevails in 
the degradation of 5-hydroxyindoleacetaldehyde 5. As a result, the excretion of 5-
hydroxytryptophol 8 from the body increases and correspondingly excretion of 5-HIAA 6 
reduces. 
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Figure 1.3: Biodegradation of 5-HT. 

Other minor pathways of 5-HT metabolism exist, such as sulfation and O- or N-

methylation. For instance the biosynthesis of melatonine 2 is achieved by sequential 7V-acetylation 
and O-methylation. Melatonine induces pigment lightening in skin cells and is also thought to play 
a role in biological rhythms: it shows promise in treatment of jet lag and other sleep disturbances. 
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1.2 5-Hydroxytryptamine Receptors and their Role in the 
Central Nervous System 

1.2.1 General principles 

1.2.1.1 Neurotransmission 
The function of the autonomic nervous system is to regulate the activities that are not 

under voluntary control of the organism and thus occur below the level of consciousness. A few 
clear examples are respiration, digestion, body temperature, metabolism and sweating. Both the 
peripheral autonomic nervous system and the central nervous system consist of nerves in which a 
series of specialisations to permit synthesis, storage, release, metabolism and recognition of 
neurotransmitters have evolved. Nerves consist of highly specialised cells, neurons, which 
interact with each other at junctions called synapses. A neuron consists of a cell body with 
dendrites extending from it to receive contacts via the synapses from other neurons and an 
elongated part, the axon, that carries signals to the next synapse. The presynaptical membrane 
where the signal arrives is separated from the postsynaptical membrane by a gap (500 A), the 
synaptic cleft. Neurotransmitters are the chemical agents that play the role of information 
carriers within this cleft: nerve impulses are communicated across synapses by those small, 
diffusable molecules. Neurotransmitters are largely synthesised in the region of the axonal 
terminals and stored in synaptic vesicles. The arrival of an action potential at the presynaptical 
terminals initiates the release of a transmitter, either excitatory or inhibitory, into the synapse by 
exocytosis of the vesicle. Combination of the excitatory transmitter with postsynaptic receptors 
produces a localised depolarisation by an increase in permeability to cations, most notably Na+. 
Hyperpolarisation, increase in permeability for K+ or CI", is created when an inhibitory 
transmitter acts on postsynaptic receptors. In the first event, an action potential is created in the 
post-synaptic neuron and thereby conducted further through the nerve. The transmitter is 
enzymatically degraded or recycled either by diffusion or uptake into the presynaptical terminal. 

Direction of 
nerve impulse 

Figure 1.4: Schematic representation of a synapse. 
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In the peripheral autonomic nervous system two neurotransmitters, acetylcholine and 
norepinephedrine (noradrenaline), are responsible for the majority of signal transmission. The 
terms cholinergic and adrenergic fibers are used for those classes of neurons. In the central 
nervous system transmitters can be divide into several groups, namely amino acids, amines and 
neuropeptides. Also purines, nitric oxide and arachidonic acid derivatives have been shown to 
participate in synaptic transmission in the central nervous system. 

1.2.1.2 Receptors 

Among the most important and vital molecules in any highly specialised organism are 
cellular proteins whose function is to act as receptors for endogenous regulatory ligands, 
paricularly hormones, neurotransmitters and growth factors. Besides its function of specific ligand 
binding, receptors also propagate the ligand's regulatory signal in the target cell. Usually a cascade 
of processes takes place after this specific receptor-ligand binding has occurred. Receptors are 
present in the pre- and post-synaptical membranes where they bind neurotransmitters and are thus 
responsible for propagation of an action potential. This so called signal transduction pathway 
consists of a biochemical signal which involves effector proteins and second messengers and also 
signal amplification is often intrinsic to the system. This catalytic mode of action makes 
physiological receptors perfect targets for drugs. Several type of effects can be achieved by 
exposing a receptor to such drugs, but two major opposite effects are well defined. Drugs that bind 
to physiological receptors and mimic the effects of the endogenous regulatory compounds are 
termed agonists, opposed to antagonists which are drugs that produce effects by inhibiting the 
action of those neurotransmitters. Pharmalogical stimulation or inhibition of the synaptic 
mechanisms are however likely to affect the function of the entire neurotransmitter system. 
Receptors not only initiate the regulation of physiological and biochemical function, but are 
themselves subject to many regulatory and homeostatic controls. Continued stimilation of cells 
with agonists generally results in a state of receptor desensitisation (down regulation). This results 
in the diminishing of the original effect after the administration of the same concentration of this 
agonist. 

Receptors can be assigned to either of three functional families whose members share both 
common mechanisms of action and strikingly homologous structures. Receptors are known to sort 
their effect by either their own enzyme activity, acting as ion channels or via a G protein-coupled 
pathway. Ion channels convey their signal by altering the cell's membrane potential or ionic 
composition. They all possess several subunits which span the plasma membrane. The mode of 
association of the subunits appears to form a channel. 
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catalysis 

Figure 1.5: Structural motifs of physiological receptors (from refl). 

Members in the group of G protein-coupled receptors act by facilitating the binding of GTP to 
specific G proteins, which thereby in turn are activated to regulate the activity of specific 
effectors. These effectors include enzymes such as adenylyl cyclase and phospholipases, 
transport proteins and ion channels specific for Ca2+, K+ or Na+. G protein-coupled receptors are 
hydrophobic proteins that span the plasma membrane in seven a-helical segments. Small ligands 
have their binding site located within the bundle of membrane-spanning helices. At the 
cytoplasmic face they interact with G proteins which are bound to the inner face of the plasma 
membrane. An agonist-receptor complex activates the a unit of the G protein by facilitating GTP 
binding, which in turn is thought to dissociate from the ß,y subunits as cc-GTP subunit. 
Interactions of one of both subunits with a membrane bound effector causes the signal to be 
further transduced. An intrinsic GTPase hydrolyses the GTP to GDP, resulting in deactivation 
and recombination of the three subunits. 

1.2.2 5-HT receptor classification 

1.2.2.1 History of 5-HT receptor classification 

Appetite, memory, thermoregulation, sleep, sexual behavior, depression, pain perception 

and hallucinogenic behavior are just a few of the processes that have been linked with the 

neurotransmitter 5-hydroxytryptamine (5-HT). It is clear that the ability of 5-HT to mediate in so 

many different processes can not be explained by the interaction with receptors of the same type. 

Protein receptors that mediate the actions of 5-HT have existed in the membranes of a variety of 

animal cell types for millions of years.5 It would seem likely that during such a long period of 

time there has been ample opportunity for mutation and consequent evolutionary acceptance of 

multiple variants of receptors. Although 5-HT receptors can be potently activated by 5-HT, the 
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protein structures and consequent affinities for different compounds provided the basis for the 
identification of selective ligands for each variant. 

As early as in 1957 it was recognised that multiple types of 5-HT receptors might exist 
within the same tissue.6 The excitatory action of 5-HT on the guinea pig gut was shown to involve 
two separate mechanisms which could be independently blocked by different drugs. Part of this 
effect is due to direct action on smooth muscle and the other part to excitation of parasympatic 
nerve endings. In the original study dibenamine and morphine were used to block the respective 
effects, so the two receptors were termed D and M. Radioligand-binding studies in 1979 provided 
the first definite evidence for two distinct recognition sites for 5-HT.7 Receptors exposing a high 
affinity for [TTJ-5-HT were termed 5-HT, receptors and those with a low affinity for 5-HT, but 
high affinity for [3H]-spiperone were called 5-HT, receptors. Extensive pharmacological 
characterisations, binding studies and (ant)agonist action as well as recent cloning of receptor 
cDNA's, have provided a further evolvement of the classification. The framework of classification 
proposed in 1986 describes three main groups of receptors and is still valid today.8 Expansion to a 
number of seven subfamilies of 5-HT receptors, 5-HT, through 5-Ht7, is currently widely 
accepted.' Within these families heterogeinity exists, further subdivision has been postulated and 
in several cases proven by cloning of the genes that encode for those receptors. Four 5-HT 
families, 5-HT, through 5-HT4, with defined functions are recognised nowadays. Within the first 
two heterogeinity exists, 5-HT,A through 5-HT1D and 5-HT2A through 5-HT2C which all have been 
fully characterised with respect to all criteria of receptor characterisation as defined by Hover et 

al..5 Newly defined receptors whose cDNA has been cloned, but from which little is known about 
distribution and function include the 5-Ht,E, 5-Ht,Fand 5-Ht, through 5-Ht7 receptors.9 

All seven 5-HT receptor subtypes are expressed in distinct but often overlapping patterns 
and are coupled to different transmembrane-signaling mechanisms. The 5-HT,, 5-HT, and 5-HT4 

through 5-Ht7 receptor families are members of the superfamily of G protein-coupled receptors. 
The 5-HT, receptor on the other hand is a ligand-gated ion channel that increases permeability for 
Na+ and K+. 

1.2.2.2 5-HT, receptors 

The 5-HT, receptor was shown to exhibit heterogeneity proven by the selective labeling of 
the subtypes 5-HT,A through 5-HT]D. The 5-Ht1E and 5-Ht,F receptor have been identified, human 
cDNA's were cloned, but no functional correlations have yet been made.' The 5-HT, receptors 
share a common transduction system in being negatively coupled to adenylyl cyclase and, with 
exception of 5-HTlc, have a high affinity for 5-HT. Agonists for the 5-HT1A subtype have 
anxiolytic effects and also produce a decrease in blood pressure and heart rate. Few selective 
ligands are known for the 5-HT,B receptor but agonists have been connected to locomotion. There 
is evidence that 5-HT,B as well as 5-HT1D receptors not only function as serotonergic receptors but 
also as terminal heteroreceptors to control the release of other neurotransmitters. Sumatriptan is 
available as ding for treatment of acute migraine attacks and arylpiperazines such as buspirone are 

16 



General Introduction: 5-Hydroxytryptamine Receptors 

in development for treatment of depression as well as anxiety. The prototypic selective 5-HTIA 

agonist is 8-OH-DPAT 10 since it does not interact with any of the other 5-HT receptors. 

9, buspirone 

5 - H T I A partial agonist 

CH 3 NHCH 2 S0 2 

N(CH2CH2CH3)2 

N(CH3)2 

11, sumatriptan 

5-HT[[) agonist 

10, 8-OH-DPAT 

5-HTiA agonist 

Figure 1.6 

1.2.2.3 5-HT2 receptors 

The 5-HT, receptor was also shown to exhibit heterogeneity. The subtypes 5-HT2A 

through 5-HT2C were identified based on the criteria necessary for receptor characterisation.9 It 
was shown that the 5-HT2C receptor is identical to originally assigned 5-HTlc receptor, but 
because it was proven to be closely related to the 5-HT, receptor, nowadays it is called the 5-HT,c 

receptor. All 5-HT2 receptors are G protein-coupled and linked to phospholipase C. The 5-HT2A 

receptors present in the gastrointestinal tract are thought to correspond to the D subtype in the 
original classification. Ketanserin 12 inhibits 5-HT induced platelet aggregation, potently blocks 
5-HT2A receptors and also, but less potently, 5-HT2c receptors. Unfortunately ketanserin is not 
only selective for 5-HT2A receptors, but also has a high affinity for oc-adrenergic and histamine H, 
receptors. Several other 5-HT2A antagonists are known, but they all act as potent 5-HT2C 

antagonists too. One of the strategies in the treatment of schizophrenia is the combination of 5-
HT2A antagonism and dopamine D, blocking as is present in risperidone 13. 

12, ketanserine 

5 - H T I A antagonist 

13, risperidone 

5-HT,A/2c antagonist 

D, antagonist 

Figure 1.7 
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1.2.2.4 5-HT3 receptors 

The 5-HTj receptor is the only monoamine neurotransmitter receptor known to function as 
a ligand-operated ion channel. It corresponds to the M receptor in the original classification. 
Activation of 5-HT3 receptors influences the regulation of the cardiovascular system and control of 
intestinal tone and secretion. Antagonists influence behavior which implicates a role in psychosis, 
anxiety, cognition and eating disorders. Ondansetron 14, a 5-HT3 antagonist, has proven to be 
effective in treatment of vomiting induced by chemotherapy. 

O OCH3 

CH3 

14, ondansetron O ^ - ~ N / ~ \ ^ N H S 0 2 C H 3 16, cisapride 

5-HT3 antagonist II l ^ J 5-HT4 agonist 

N' 
CH3 

15, GR 113808 

5-HT4 antagonist 

Figure 1.8 

1.2.2.5 5-HT4 receptors 

The 5-HT4 receptor is linked to adenylyl cyclase. Not much is known regarding its 
function, but its distribution suggests a possible involvement in affective disorders, psychosis, 
motor co-ordination, arousal, visual perception and learning and memory. The antagonist GR 
113808 15 is very potent and selective for the 5-HT4 receptor. At present the 5-HT4 agonist 
cisapride 16 is being used in treatment of gastrotestinal disorders. 

1.2.2.6 5-Ht5 through 5-Ht7 receptors 

The newly cloned receptors 5-Ht, through 5-Ht7 are not recognised as true receptors, 
because their physiological functions have not been defined yet.9 Both the 5-Ht5 and 5-Ht, receptor 
display a pharmacological profile that is reminiscent of that of 5-HT, receptors in showing a 
relatively high affinity for i.e 5-CT 17 and a variety of ergolines such as LSD (Figure 1.9). The 5-
Ht6 and 5-Ht7 receptors are known to be positively linked to adenylyl cyclase. The 5-Ht6 receptor 
displays affinity for LSD and high affinities for various known antipsychotics and antidepressants 
but low affinity for 5-CT. 

A group of receptors related to the 5-HT, receptor, usually called 5-HT,-like receptors has 
been identified. They can clearly be distinguished from 5-HTIA, 5-HT,c (formerly defined as 5-
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HT1B receptor) and 5-HTlc receptors, but sometimes they are not easily distinguished from 5-HTID 

receptors. Given the operational profile of the 5-Ht5 through 5-Ht7 receptors those receptors 

represent candidates for some of the less well characterised "5-HT,-like receptors". 

H2N 
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(Et)2N Y NCH3 
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18, LSD 

non-seleclive 

F3C NHCH-5 

\ // 

19, (±)-fluoxetine (Prozac ) 

5-HT uptake inhibitor 

Figure 1.9 

1.2.2.7 5-HT uptake protein 

The 5-HT-uptake protein provides the active (re)uptake of 5-HT in the synaptic cleft and 
the platelets. This mechanism is the only way in which platelets can acquire 5-HT and in the 
neurons it constitutes a highly specific mechanism for altering synaptic availability of 5-HT. 
Inhibitors for this protein such as fluoxetine 19 (Prozac®) are used in the treatment of depression. 
When co-administered with L-hydroxytryptophan, selective 5-HT uptake inhibitors elicit a 
profound activation of serotonergic responses. 

1.3 Conc lud ing Remarks 

Not only in the view of the development of new therapeutics, but also in the classification 

of receptors, the search for selective ligands possessing a high affinity remains a topic of 

investigation. Due to its wide occurrence in nature and its variety of pharmacological effects 

serotonine (5-hydroxytryptamine) seems to be a suitable basis for the synthesis of potential drugs. 

By changing the structure of a known (non-)selective 5-HT receptor ligand, studies towards 

structure activity relationship can thus be performed in order to optimise its affinity. 
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