
 

 

 University of Groningen

SSRI augmentation strategies
Cremers, Thomas Ivo Franciscus Hubert

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2002

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Cremers, T. I. F. H. (2002). SSRI augmentation strategies: pharmacodynamic and pharmacokinetic
considerations. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/c5640d8b-1c46-450a-9bc2-c1945fc50590


The relevance of the serotonergic system in depression

3

Chapter 1

The relevance of the serotonergic system in

depression



Chapter 1

4

Contents

1. Classification of Depression

2.  Neurophysiology of the serotonergic system:

2.1 Anatomy and physiology

2.2 Serotonergic receptors

2.3 Autoreceptors/Heteroreceptors

3. Neurobiology

3.1 Neurobiology of depression

3.2 Mechanism of action of SSRIs

3.3 Serotonergic augmentation strategies



The relevance of the serotonergic system in depression

5

1. Classification of depression

Depression presents itself as a diffuse cluster of psychiatric symptoms rather than strict
pathological entities, which complicates their diagnosis considerably. Diagnostic criteria, like
DSM III, IIIr and IV, may be of help to psychiatrists and physicians but high co-morbidity,
different sub-forms and incomplete symptomatology still complicates diagnosis and therapy.
Attempts to classify psychiatric disorders have been made for centuries. Whereas terms like
melancholia (depression) and mania (manic episodes) were already present in ancient history
(5 centuries B.C.), these terms do not match the psychiatric classifications which are used
nowadays. In the Diagnostic and Statistical Manual of Mental Disorders  IV (DSM), several
subdivisions are used to classify patients into a subform of the disorder (adapted from (Frances
et al. 1994)). Table 1 illustrates the complexity of the classification of depression. Given the
high complexity of subforms, it would be expected that the concurrent neurobiological
processes underlying them would be equally divers. Consequently, therapeutical intervention
in these illnesses would be equally complex. However as will be shown in the following
chapters this is not entirely true.
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Major Depression

The disorder is characterised by feelings of depressed mood or loss of
general interest for at least 2 weeks. In addition, at least five items from a 9-
item feature scale should be present. This list contains items like in-, or
hypersomnia, a marked decrease of general interest or pleasure, fatigue,
psychomotor agitation or retardation and suicidal thoughts.

Dysthymic Disorder

Dysthymic disorder might be considered as the less severe form of major
depressive disorder. The differentiation between the two disorders is
particularly difficult since most symptoms are similar. The disorder is
characterised by at least 2 years of depressed mood, accompanied by
additional depressive symptoms that do not meet the criteria for a major
depressive disorder

Depressive disorder
(not otherwise
classified)

In this classification, disorders are classified which do not meet with criteria
of other disorders like major depressive disorder, dysthymic disorder,
adjustment disorders with depressed mood and/or anxiety.

Bipolar I  and II
Disorder

This disorders are characterised by the presence of manic periods
alternating with periods of depression. Whereas in type I, manic period
prevail, type II bipolar disorder is characterised by the main presence of
depressive period.

Cyclothymic disorder

Cyclothymic disorder, like dysthymic disorder might be considered as the
less severe form of Bipolar disorders. This illness is characterised by at least
2 years of alternating periods of hypomanic and depressive periods,
however, these periods do not meet the criteria for manic periods or major
depressive periods.

Bipolar disorder (not
otherwise classified)

This disorder classifies disorders with bipolar features, but which can not be
classified as such.

Mood Disorder Due to
a General Medical
Condition

General medical conditions have been known to be able to cause severe
behavioral changes in patients. The mood disorder which patients are
classified in is characterised by a prominent and persistent disturbance in
mood that is judged to be a direct physiological consequence of a general
medical condition.

Substance induced
Mood disorder

This disorder is characterised by a prominent and persistent disturbance in
mood that is a direct consequence of drugs (like drugs of abuse, as well as
therapeutic drugs) or toxin exposure.

Mood Disorder (not
otherwhiles classified)

In this classification, patients which can not be classified according to the
coding of any of the described mood disorders even the “not otherwise
classified”, are included.

Table 1. Classification of depressive disorders according to DSM IV (Frances et al. 1994).
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2. The Serotonergic system

2.1  Anatomy and physiology

More than a century ago serotonin (5-hydroxytryptamine) was discovered in blood. The
compound was named after the vasoconstrictive properties it exerted on blood vessels (“sero”
is plasma and “tonin” is constriction). Much later serotonin was also found to be present in the
brain, and subsequently hypothesised to be a neurotransmitter. Since its discovery in CNS,
serotonin has become the target of  neuropsychopharmacology.

Neuroanatomy

Most serotonin cell bodies are located in clusters of cells which are found near the midline of
the midbrain, pons and brain stem. Using fluorescence histochemistry methods, Dahlstrom and
Fuxe (1964) have described nine serotonergic nuclei, called B1 to B9. Recent studies using
immunocytochemistry have shown additional serotonergic cells in the area postrema, caudal
part of the locus coeruleus and around the interpenducular nucleus (Figure 1.).

Figure 1. Neuroanatomy of the serotonergic system in rat-brain.

The caudal positioned nuclei (B1 and B3), project mainly to the medulla and the spinal cord.
The more rostrally positioned nuclei (B7 to B9 (median raphe (MRN), centralis superior and
dorsal raphe (DRN) respectively) are thought to innervate ascending structures, while the
intermediate located nuclei innervate ascending as well as descending structures (Figure 1.).
The majority of innervation of the ascending structures is derived from the dorsal raphe and
the median raphe, which innervate for instance the cortex, limbic system, basal ganglia and
hypothalamus. Although terminal structures are mostly “cross innervated” by these nuclei,
topographical differentiations do exist. Whereas the dorsal raphe nucleus preferentially
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innervates structures like the cortex, striatum and globus pallidus, median raphe innervation is
most predominant in medial septum and dorsal hippocampus (McQuade and Sharp 1997).
Several brain structures like ventral hippocampus are innervated by DRN as well as MRN
(McQuade and Sharp 1997). In addition, some evidence exists for reciprocal connections
between these two nuclei.

Physiology

Although high amounts of serotonin are present in the body, serotonin has to be synthesised
by the brain itself, as it can not cross the blood brain barrier under normal conditions (Sharma
et al. 1990; Sharma and Dey 1987; Sharma and Dey 1986).
Plasma tryptophan, which is mainly derived from diet, is actively transported into the brain.
Competition exists for this active transport between several aminoacids like aromatic
aminoacids (tyrosine and phenylalanine), branched chain aminoacids (leucine, isoleucine and
valine), and others (methionine and histidine). As a consequence, the amount of tryptophane
available in the brain not only depends on the plasma concentration of tryptophan, but also on
other amino-acids (Daniel et al. 1976).
Tryptophane is converted into 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase, an
enzyme which uses tetrahydrobiopterin as cofactor and which is located in serotonergic
terminals as well as perikarial cytoplasm. Hydroxylation of tryptophan is the rate limiting step
in the synthesis of serotonin (Mockus et al. 1998).
Upon formation of 5-hydroxytryptophan, the molecule is decarboxylised to form 5-
hydroxytryptamine (serotonin) by an enzyme called aromatic acid decarboxylase (AADC),
which is not regarded to be the rate limiting in the formation of serotonin (figure 2).

Figure 2. Biosynthesis and metabolism of serotonin
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Catabolism of serotonin mainly occurs by monoamine oxidase to form 5-
hydroxyindoleacetaldehyde. Oxidation of this intermediate by aldehyde dehydrogenase forms
5-hydroxyindoleaceticacid (5-HIAA), which is the predominant metabolite of serotonin in the
brain (figure 2). Similar to the formation of  5-HIAA, another metabolite, 5-
hydroxytryptophol, can also be formed by reduction after monoamine oxidation of serotonin.

Once released from the neuron, the action of serotonin is mainly terminated by re-uptake of
the molecule in the neuron. This re-uptake mechanism comprises a plasma membrane carrier,
which is capable of transporting serotonin in both directions, depending on the concentration
gradient of the transmitter.
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2.2     5-HT receptors

Due to the rapid developments in the field of molecular biology, the amount of serotonergic
receptors has expanded significantly in the last decades. Although a large quantity of these
receptors are known, pharmacologists are trying to evaluate their exact function in the CNS.
Based on structural and functional properties, seven types of serotonergic receptors have been
classified until now.  As can be observed in table 3, the amount  of subtypes of receptors is
considerable. Table 3 summarises some characteristics of these receptors.

Family Type G-

protein

Effector

pathway

Putative agonist Putative antagonist

1 5-HT1A Gi/G0 cAMP ↓,

Opening K

channels,

closing Ca

channels

(+)-8-OHDPAT,

Flesinoxan

Way 100635

1 5-HT1B Gi cAMP ↓ Species

dependent

Species dependent

1 5-HT1D Gi cAMP ↓ PNU 109,291 Ketanserin

1 5-HT1E Gi cAMP ↓ 5-CT -

1 5-HT1F Gi/Go? cAMP ↓ LY 344864 LY 334370

2 5-HT2A Gq IP3 DOI MDL 100907

2 5-HT2B - IP3 BW 723C86 LY 266097

2 5-HT2C - IP3 Ro-60-0175 SB 242084

3 5-HT3 None Ion channel 2-Me-5-HT Ondansetron

4 5-HT4 Gs cAMP ↑ Cisapride RS 39604

5 5-HT5A/B - - - -

6 5-HT6 Gs cAMP ↑ - Ro-04-6790

7 5-HT7 Gs cAMP ↑ 5-CT SB-258719

Table 3 5-HT receptor classification and it selective ligands  (adapted from Kennett. 1998)
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5-HT1 subtypes

5-HT1A

In common with all other serotonin receptors (except for 5-HT3), the 5-HT1A receptor is a
member of the 7 transmembrane G-protein coupled receptor (7-TM GPCR) superfamily.
Upon activation of the receptor, cAMP formation decreases, potassium channels are opened
or calcium channels are closed. The last two actions hyperpolarise the membrane of the
neuron, thereby decreasing their susceptibility to depolarise. Overall, the 5-HT1A receptor is
regarded as an inhibitory receptor. It is located in the raphe nuclei, but is also highly abundant
in terminal areas such as prefrontal cortex and hippocampus.

5-HT1B

Similar to the 5-HT1A receptor, the 5-HT1B receptor is a 7 transmembrane receptor and
decreases cAMP formation upon activation. Since the nomenclature of 5-HT1B and 5-HT1D

receptors has changed, numerous miscommunications have occurred. Table 4 shows present
and old nomenclature of 5-HT1B and 5-HT1D receptors.

Species Present name Old name
Human    h-5-HT1B 5-HT1Dβ

Human       5-HT1D 5-HT1Dα

Guinea Pig GP-5-HT1B 5-HT1Dβ

Guinea Pig       5-HT1D 5-HT1Dα

Rat    r-5-HT1B  5-HT1B

Rat       5-HT1D  5-HT1Dα

Table 4 Current and former nomenclature of 5-HT1B/D receptors

5-HT1B receptors differ between species. Although the 5-HT1B receptors of human, guinea pig,
calf and several other species are very similar with respect to their structure as well as affinities
for ligands, the rat 5-HT1B receptor, although slightly different of composition, differs
drastically in its affinity for ligands. However, these receptors are thought to be species
homologues with respect to their function in the brain (Wurch et al. 1997). The receptor is
located in terminal areas like the ventral hippocampus.

5-HT1D

As mentioned above, this receptor, which upon activation decreases cAMP formation, is also
subject to frequent miscommunications due to a change in nomenclature (Table 2). However,
in opposite to the 5-HT1B  receptor, this receptor is a species homologue with respect to its
composition, its functionality as well as its affinity for ligands. This receptor is found in
terminal areas like the cortex as well as in the raphe nuclei (Wurch et al. 1997; Sprouse et al.
1997).
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5-HT1E

Similar to the other receptors of the 5-HT1 receptor family, 5-HT1E receptors are negatively
coupled to the formation of cAMP. Currently no selective ligands have been reported and its
function is unknown. Human brain binding studies have reported that 5-HT1E receptors
(representing up to 60 % of 5-HT1 binding) are concentrated in the caudate putamen with
lower levels in the amygdala, frontal cortex and globus pallidus (Hoyer et al. 1994).

5-HT1F

The 5-HT1F receptor has close homology with the 5-HT1E receptor and is also negatively
linked to adenylyl cyclase. mRNA is abundant in the dorsal raphe, hippocampus and cortex of
the rat (Hoyer  et al. 1994). Although its exact function is unknown, it might be relevant in the
treatment of migraine, as the selective agonist LY 334370 was claimed to block the effects of
trigeminal nerve stimulation (Phebus et al. 1996)

5-HT2 subtypes
These receptors, comprising subdivisions into 2A,B and C, have in common that their
signalling pathway activates phosphoinisitide metabolism, which mobilises Calcium and
activates protein kinase C. Centrally, the 5-HT2A receptor is mainly found in cortex, claustrum
and basal ganglia (Hoyer et al. 1994). In man, 5-HT2B receptors are mostly located
peripherally, with high concentrations in the placenta, lung, liver, kidney, heart, intestines and
stomach. Some presence of 5-HT2B receptors has been observed in amygdala, septum,
hypothalamus and cerebellum, and stimulation of 5-HT2B receptors in rodents has been
reported to cause moderate anxiolysis (Kennett 1996; Duxon et al. 1997; Kennett. 1993). In
contrast to 5-HT2B receptors, 5-HT2C receptors, formerly called 5-HT1C receptors, are mainly
found in the central nervous system.  High levels of 5-HT2C receptors have been observed in
the chorioid plexus, cerebral cortex, hippocampus, striatum, and substantia nigra of rats as
well as humans (Barnes and Sharp. 1999; Hoyer et al. 1994). Whereas 5-HT2C receptor
agonists (mCPP) have been shown to be anxiogenic, antagonists behave as anxiolytics
(Kennett 1994; Burns et al. 1997; Abrahamowski et al. 1995). In addition, 5-HT2C

responsiveness might be decreased upon chronic treatment with antidepressants, indicating
possible relevance in antidepressant treatment (Kennett 1993)

5-HT3 subtypes
As indicated in table 3, the 5-HT3 receptor is the only ligand gated ion channel in the serotonin
receptor family. It enhances depolarisation by increasing permeability to cations. The receptor
is highly abundant in the gastric system, whereas in the CNS it is most abundant in the area
postrema, nucleus tractus solitarius, substantia gelatinosa  and nuclei of the lower brain stem.
Centrally active 5-HT3 antagonists have been reported to behave as anxiolytics (Hoyer et al.
1994).
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5-HT4 subtypes
5-HT4 receptors are positively coupled to adenylyl cyclase. The 5-HT4 receptor has been
found centrally as well as peripherally. It has been shown to be present in the nigrostriatal and
mesolimbic systems of the brain of several species among which rat and human (Barnes and
Sharp. 1999). 5-HT4 agonists have been observed to enhance cognitive performance in rats,
while 5-HT4 antagonists are reported to act as anxiolytics in animal models.

5-HT5 subtypes
The 5-HT5 receptor is probably the least understood receptor of the 5-HT class. Whereas
molecular biological research has provided evidence for 5-HT5A and 5-HT5B  subtypes, their
pharmacology is largely unknown. The presence of the 5-HT5A receptor has been observed in
hippocampus, hypothalamus, cerebral cortex, thalamus, pons, striatum, raphe and medulla. No
5-HT5A receptors have been observed in peripheral tissue (Barnes and Sharp. 1999).
Conversely, 5-HT5B receptors have been observed in peripheral tissue like heart, kidney and
lungs, though no or low levels of the receptors were found in brain tissue (Barnes and Sharp.
1999). Research focused on the pharmacology of these receptors could not elucidate second
messenger cascade related to 5-HT5 receptors, as no effects were observed on IP3 nor on
cAMP formation (Barnes and Sharp. 1999).

5-HT6 subtypes
These receptors appear to be largely confined to the CNS, though some have been observed in
peripheral structures like stomach and adrenal gland as well. High levels of 5-HT6 mRNA have
been observed in the caudate nucleus, olfactory tubercle, nucleus accumbens and
hippocampus. Their activation has been shown to enhance cAMP formation. The relevance in
anxiety and depression of this receptor could not be unequivocally observed using 5-HT6

knockout mice. However, the animals tended to show enhanced anxiety in behavioral
paradigms (Barnes and Sharp. 1999).

5-HT7 subtypes
Though being the newest child of molecular biology the 5-HT7 receptor has already gained a
lot of interest. Four splice variants have been found (5-HT7(a) to 5-HT7(d) ) in humans as well as
rats. However, their exact pharmacological relevance has not been elucidated yet. This
receptor is highly abundant in the SCN raphe nuclei, thalamus, hypothalamus and
hippocampus. Somewhat lower levels have been observed in regions like the cerebral cortex
and amygdala. Although no data exist on the relevance of 5-HT7 agonists and antagonists
regarding their implication in anxiety and depression, the observation that 5-HT7 receptors
were downregulated upon chronic treatment with SSRIs might indicate relevance of these
receptors in depression and anxiety (Barnes and Sharp. 1999). Interestingly, it has been
speculated that the 5-HT7 receptor may play a role in the control of circadian rhythm.
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2.3 Autoreceptors / Heteroceptors

The activity of the serotonergic neuron is modulated by itself and several other systems by
means of auto- and heteroceptors. Until now, the existence of at least 3 self-inhibitory
receptors have been well established.

Autoreceptors

5-HT1A  autoreceptors
5-HT1A autoreceptors are present on the cell bodies of the dorsal and median raphe nuclei.
Serotonergic nerve terminals, however, are devoid of 5-HT1A  autoreceptors. Using
electrophysiological recording to measure firing rates of serotonergic neurons in the DRN as
well as MRN, several authors have shown that the firing rate of serotonergic neurons is
decreased upon activation of these autoreceptors with selective 5-HT1A agonists. These effects
were shown to be reversed by putative 5-HT1A antagonists. This decreased firing rate is
caused by a 5-HT1A mediated opening of potassium channels, which in turn decreases the
ability of serotonergic neurons to depolarise.
In addition to the effects of 5-HT1A  autoreceptor activation on neuronal firing, it has been
shown, using microdialysis methods in freely moving animals, that activation of these
receptors in the raphe decreases extracellular levels of serotonin in terminal areas. The same is
true in the raphe area itself in response to the decreased firing rate. This effect, similar to the
decrease in neuronal firing rate, could also be reversed by selective 5-HT1A  antagonists
(Bosker et al.1996).
In addition to the inhibitory responses mediated by somatodendritically located 5-HT1A

receptors, the serotonergic system is also restrained by a long feedback loop. Although the
precise mechanisms underlying this mechanism are not exactly known, it has been shown to be
mediated by post-synaptic located 5-HT1A  receptors in several parts of the brain (Ceci et al.
1994; Bosker et al. 1997; Casanovas et al.1999; Bosker et al. 2001).

5-HT1B autoreceptors
5-HT1B autoreceptors are present on the terminals of serotonergic neurons. Upon activation of
these receptors, release, as well as synthesis, of serotonin is directly inhibited. Infusion of 5-
HT1B agonists, while measuring extracellular levels of serotonin, has been shown to decrease
levels of serotonin in several terminal areas in the brain. This effect could be blocked by
administration of selective 5-HT1B antagonists, indicative of its functionality as a terminal
autoreceptor (Sharp et al. 1989; Hjorth and Tao 1991; Bosker et al. 1995).

5-HT1D autoreceptors
Although this receptor has been shown to be present in terminal areas, as well as in raphe
regions, its function is not yet fully clear. In terminal regions it has been shown that this
receptor does not predominantly control serotonin release, and might therefore be regarded as
being of minor importance as compared to terminal 5-HT1B autoreceptors (Moret and Briley
1997). In raphe regions, it was hypothesised that the 5-HT1D receptor might have an
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autoreceptor function in controlling serotonin release. Although several studies have shown its
relevance in controlling serotonin levels in the raphe, its relevance with regard to overall
serotonin cell firing remains to be elucidated (Sprouse et al. 1997; el Mansari  and Blier 1996;
Starkey and Skingle 1994).

Other 5-HT receptors as autoreceptors:

5-HT2

Although local infusion of the 5-HT2 agonist DOI is devoid of any effects on serotonin release
in rat prefrontal cortex, it has been shown that systemic administration of this compound
decreases serotonin levels in the cortex. In addition, it also induced decreased neuronal firing
in DRN. This effect however, could not be antagonised by co-administration of the 5-HT2

antagonist ketanserin (Wright et al.1990; Moret and Briley 1997). As the decrease established
by the agonist could not be blocked by its concurrent antagonist, it is unlikely that 5-HT2

receptors are directly involved in serotonin release.

5-HT3

Local administration of the putative 5-HT3 agonist 2-methyl-5-HT has been shown to dose-
dependently increase hippocampal 5-HT levels (Martin et al.1992). Administration of various
putative 5-HT3 antagonists, however, has yielded controversial results on extracellular levels
of 5-HT as measured with microdialysis. Ondansetron and (s)-zacopride, do not modify
cortical 5-HT release, whereas (r)-zacopride decreased 5-HT in a dose dependent manner in
rat prefrontal cortex, though all compounds are putative 5-HT3 antagonists (Barnes et al.
1992). In ventral hippocampus, local infusion of 5-HT3 antagonist MDL 72222 did not have
any effect, but completely blocked the increase in 5-HT levels established by a local infusion of
5-HT3 agonist 2-methyl-5-HT (Martin et al.1992). Thus, 5-HT3 receptors might act as
receptors which facilitate 5-HT release. Whether these receptors are located on the
serotonergic neurons is unknown.

5-HT4

Systemic administration as well as local infusion of 5-HT4 agonists renzapride and 5-
methoxytryptamine has been shown to increase extracellular levels of 5-HT in ventral
hippocampus. Conversely, systemic and local application of 5-HT4 antagonist GR 125487D
decreases extracellular levels of 5-HT. In addition, it also prevents the increase in 5-HT levels
established by local and systemic administration of the agonist renzapride (Ge and Barnes
1996). Taken together, these data indicate that 5-HT4 receptors, similar to 5-HT3 receptors,
might act as facilitatory receptors on serotonin release, though their presence on serotonergic
terminals has not been proven yet.
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Heteroceptors:

The serotonergic system receives several innervations and conversely innervates numerous
systems. The present section merely illustrates a number of connections, as an overview of the
complete interaction patterns would be beyond the scope of this thesis. For a more concise
overview the reader is referred to several reviews on the interactions of the serotonergic
system within the brain (Kennett 1998; Barnes and Sharp 1999).

Adrenergic:
Alpha 1 heteroceptors are located on the cell bodies within the serotonergic nuclei. Several
authors have shown that these receptors are tonically activated by norepinephrine and exert a
driving force on serotonergic cell firing, especially within the DRN (Hjorth et al.1995). The
origin of the noradrenergic innervation, although initially speculated to be derived from the
locus coeruleus, remains somewhat unclear. The innervation might be derived from other
brainstem nuclei.

Alpha 2 heteroceptors are also present on serotonergic neurons, though their presence is
restricted to terminal areas were they, similar to 5-HT1B receptors, regulate serotonin release
directly (Tao and Hjorth 1992, de Boer et al.1996).

GABA-ergic receptors:
GABAA receptors are present in the MRN and DRN nuclei. Their activation causes a decrease
in firing rate of the serotonergic neurons in those nuclei. Whereas the serotonergic cells in the
DRN are believed to be tonically inhibited by GABA, this seems not to be the case for the
MRN nucleus (Tao and Auerbach. 1996).

GABAB receptors are located in the DRN and terminal areas like the nucleus accumbens.
Although not tonically inhibited, stimulation of these receptors decreases 5-HT release in
terminal areas, and decrease 5-HT neuronal firing in DRN (Tao and Auerbach. 1996).

Dopaminergic receptors:
Dopamine 1 (D1) receptors have been studied with respect to their possible contribution in
regulating serotonin release. In the striatum, no effect on extracellular 5-HT levels was
observed when D1 agonists were infused locally. Upon local infusion of mixed DA D1/D2

agonist apomorphine, an increase of serotonin release was observed in the DRN. This effect
however, could not be blocked simultaneous application of the selective D1 antagonist SCH
23390, indicative of absence of D1 receptors in DRN modulating serotonin release (Ferre and
Artigas. 1993).
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In contrast to D1 receptors, D2 receptors have been shown to be involved in serotonin release.
As mentioned above, local infusion, as well as systemic administration of the mixed D1/D2

agonist apomorphine, or the D2 selective agonist LY 171,555 increased 5-HT levels in DRN.
This could be blocked by local administration of the selective D2 antagonist raclopride. These
data indicate that D2 receptors exert a facilitating role on serotonin release in DRN (Ferre et
al.1993) Local infusion of the D2 agonist sulpiride was shown to have little or no effect on 5-
HT release in VTA. This observation, in addition to the absence of effects of local
administration of D2 agonists in striatum in serotonin extracellular levels, do not indicate the
presence of functional D2 receptors on serotonergic nerve terminals (Chen and Reith, 1995).
In vitro experiments have shown that dopamine enhances excitability of dorsal raphe neurons,

this effect was found to be D2 mediated (Haj-Dahmane 2001).
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3. Neurobiology

3.1 Neurobiology of depression with respect to the serotonergic system

Several decades ago it was discovered that monoamine oxidase inhibitors were effective
antidepressants. Soon tricyclic antidepressants were also found to be effective in this disorder
and since their pharmacological effects comprised monoamine re-uptake inhibition, it was
hypothesised that a deficiency in monoamines might be responsible for the occurence of
depression. This hypothesis as proposed by Bunney and Davis, as well as by Schildkraut in
1965 is known as the monoamine hypothesis of depression.
Although a large amount of research has been devoted to the evaluation of this hypothesis,
several discrepancies have been encountered. As antidepressants have been shown to exert
their monoamine enhancing effects immediately upon administration (Fuller 1994), the clinical
onset of action of these compounds is typically delayed for several weeks. In addition, several
antidepressants (like tianeptine and iprindole) have no inhibitory effects on re-uptake inhibition
although they do exert antidepressant activity. Thirdly, several monoamine re-uptake inhibitors
like cocaine do not posses antidepressant activity. Although apparently several features still
have to be addressed with regard to the precise relevance of monoamine deficiency in
depression, the involvement of monoamines in the pharmacology of depression has been well
established.

Relevance of deficits in serotonergic transmission in major depression

Although, as mentioned above, the monoamine hypothesis is not conclusive, several features
indicate that deficits in serotonergic neurotransmission are involved in the pathophysiology of
depression. These indications can be divided into peripheral and central parameters, depending
on the technique of evaluation.
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Peripheral parameters:

Plasma parameters:

As methods for evaluation of in vivo brain pharmacology like PET have only become available
very recently, brain dysfunction has been evaluated mainly by measuring peripheral
parameters.
Blood platelet dysfunction in the storage and or re-uptake of serotonin has been used for
evaluation of dysfunctional serotonin transmission in several studies. In the majority of studies,
lower uptake of serotonin was observed (Meltzer and Arora. 1991).
The content of plasma or platelet serotonin has also been studied by several groups. Several
studies have shown that 5-HT was lowered in plasma as well as platelets in depressed patients
(Sarrias et al. 1987).

Precursor availability:

The amount of the precursor of serotonin, the aminoacid L-tryptophan, has been measured in
plasma in order to look for a correlation with the presence of depression. In several studies
lowered plasma concentrations were observed in depressed patients when compared to
controls (Maes et al. 1990). Furthermore, as observed in a different study, a reduction in L-
TRP availability by dietary exclusion can induce lowering of mood (Young et al. 1985).

Neuro-endocrine parameters:

The neuro-endocrine relationship has been used for studying serotonergic neurotransmission
(Charney et al. 1982). In these experiments, neuro-hormones (cortisol, prolactin and growth
hormone) responses are measured. The release of these hormones is hypothesised to be
influenced by central serotonin neurotransmission. Differences in changes in these neuro-
endocrine parameters upon administration of serotonergic compounds is thought to reflect
differences in CNS serotonergic transmission.

Precursors:

When the serotonin precursor L-tryptophan was administered in high doses to untreated
depressed patients, an attenuated increase in prolactin and growth hormone levels was
observed in depressed patients, indicative of subsensitive post-synaptic receptors in depression
(Deakin et al. 1990; Charney et al.1984). Conversely, administration of L-tryptophan to
patients treated with various antidepressant agents was shown to result in enhanced levels of
prolactin. This observation would indicate that responsiveness of postsynaptic receptors is
enhanced after antidepressant treatment (Charney and Delgado. 1992).
Administration of the serotonin precursor 5-hydroxytryptophan was found to induce enhanced
levels of cortisol in depressed patients. This observation was believed to be related to post-
synaptic hypersensitivity (Meltzer et al. 1984). As simultaneously an inverse relation was
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observed between CSF levels of 5-HIAA, it was suggested that the cortisol effects were
related to decreased serotonergic 5-HT metabolism (Koyama et al.1987).

Fenfluramine:

In untreated patients Siever et al. (1984) observed blunted effects of the serotonin releaser
fenfluramine on serum prolactin levels. In addition, reduced prolactin responses to
fenfluramine challenges were also observed in depressed patients with a history of suicide
attempts (Coccaro et al. 1989). Enhanced levels of prolactin after administration of
fenfluramine have also been shown to be augmented after chronic treatment of patients with
antidepressants (O'Keane et al. 1992). These observations would be indicative of decreased
postsynaptic receptor sensitivity during depression, a feature which is reversed by chronic
treatment with antidepressants.

5-HT1A  agonists:

5-HT1A agonists have been shown to enhance plasma levels of cortisol and adrenocorticotropic
hormone (ACTH) upon systemic administration. The 5-HT1A agonist ipsapirone induced a
decreased elevation of cortisol and ACTH in unmedicated depressed patients. This
observation was explained by a disrupted interaction of the serotonergic ligand and
hypothalamic-pituitary-adrenal axis (HPA-axis) (Lesch et al. 1990). In depressed patients it
has been hypothesised that the increased levels of cortisol during baseline might be responsible
for the downregulated sensitivity and responsivity of the post-synaptic 5-HT1A receptor
(Deakin et al. 1990).

Central parameters:

As studies on brain function in psychiatric illnesses have been restricted to the available
methods and minimal invasiveness, most work on brain dysfunction has been performed in
CSF fluid and post-mortem tissue. Only since the development of PET it has become possible
to evaluate brain function in patients.

5-hydroxy-indole-acetic acid in cerebrospinal fluid (CSF):

Most investigators have observed decreased CSF levels in depressed patients when compared
to normal controls. This observation was thought to indicate decreased serotonin metabolism
in the brain of depressed patients (Van Praag and Korf. 1971; Van Praag et al. 1970; Sjostrom
1973; Goodwin et al.1977; Bowers 1976). More recent studies, however, have been unable to
observe similar relations, and found more evidence for low CSF 5-HIAA  levels to be related
to violence, and suicide, rather than depression (Faustman et al. 1991).
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Post-mortem brain tissue:

Monoamine content
Reports on 5-HT levels measured in post-mortem brain tissue has been somewhat conflicting.
Whereas most studies indicate that 5-HIAA levels (and hence metabolic breakdown) are lower
in raphe nuclei of depressed patients (Meltzer et al. 1984; Beskow et al. 1976), conflicting
results exist on 5-HIAA and 5-HT content in other parts of the brain (Cheetham et al.1989).
However, post-mortem artefacts and therapy induced changes in content may have
complicated the results.

5-HT1A  receptors
Results on 5-HT1A  receptors in post-mortem tissue has been observed to be inconsistent.
Several studies finding no change in receptors of people who committed suicide (Stockmeier
et al. 1997; Lowther et al. 1997; Arranz et al. 1994; Matsubara et al. 1991; Dillon et al. 1991;
Yates and Ferrier 1990). However, others have reported increased 5-HT1A receptors in
cortical areas.(Arrango et al. 1995; Joyce et al.1993). In addition, elevated numbers of 5-HT1A

receptors were also observed in raphe regions of suicides with major depression (Stockmeier
et al. 1998).

5-HT2 receptors
Several studies have shown that 5-HT2 receptor binding sites are increased in frontal cortex of
depressed patients (Arora and Meltzer 1989; Arango et al. 1992). The decreased receptor
density, which was observed in a different study, might be related to the use of antidepressants
which reduce 5-HT2 receptor binding (Cheetham et al. 1988).

Serotonin-Reuptake
[3H]Imipramine binding as an index of serotonin re-uptake-site density was observed to be
reduced in brain tissue of depressed patients unrelated to the cause of death (Stanley et al.
1982; Langer et al. 1981; Langer et al. 1981). However, regional dependent changes in
imipramine binding were also observed (Gross-isseroff et al. 1989).

PET studies:

Analysis of the binding potential of the 5-HT1A antagonist WAY 100635 in depressed patients
using PET suprisingly showed decreased 5-HT1A receptors in several brain areas (among
which frontal cortex and raphe regions). Treatment with SSRIs did not change binding
potential of central 5-HT1A receptors (Drevets et al. 1999; Sargent et al. 2000).
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3.2 The mechanism of action of selective serotonin re-uptake inhibitors

Serotonin re-uptake inhibitors enhance serotonin levels by inhibiting re-uptake of serotonin
which is released by serotonergic neurons. Brain extracellular serotonin levels has been
frequently shown to be enhanced upon acute administration of SSRIs in animals (Fuller.
1994). In addition, it was found that this effect was dependent on the dose of  the SSRI
administered (Hjorth et al. 1997). However, the clinical onset of action of these substances in
depressed patients is typically delayed for 2 to 4 weeks. In addition to the absence of any
direct correlation between the apparent serotonin enhancing capacities of SSRIs, no
conclusive relationship between plasma levels and therapeutic response has ever been
observed. However, clinical effective plasma levels have been identified (Devoto et al. 1992).
This apparent differentiation between the acute and chronic effects of SSRIs has been
hypothesised to be due to the induction of several pharmacological changes in the brain upon
chronic treatment with SSRIs. Several changes in brain function have been observed in animals
and humans upon chronic treatment (Baker and Greenshaw 1989). Although this thesis
primarily focuses on the function of serotonergic autoreceptors like 5-HT1A, 1B and 1D) several
other changes in brain pharmacology have also been observed and could, of course, influence
the therapy of depression and anxiety. For instance the sensitivity of several serotonergic
receptors (5-HT4, 5-HT7) has been shown to be decreased upon chronic treatment with
antidepressants (Sleight et al. 1995; Bijak et al.1997). Additionally, chronic treatment of
animals with SSRIs has also been shown to induce subsensitivity of β-adrenoceptors, a feature
which was formerly believed to be restricted to the response of norepinephrinergic
antidepressants (Petersen and Mork. 1996). Also changes in glutamatergic, as well as GABA-
ergic neurotransmission have been observed after treatment with SSRIs. Whereas changes in
glycine functionality on the NMDA receptor complex were observed for glutamatergic
neurotransmission, decreased binding on GABAB receptors were observed when the GABA-
ergic system was studied (Creese and Sibley 1981; Lloyd et al. 1985; Pilc and Lloyd 1984).
Changes in serotonergic autoreceptor function in time has been hypothesised to be related to
the onset of action of antidepressant treatment with SSRIs. As mentioned before, serotonergic
neurotransmission is controlled by auto-inhibitory mechanisms, which, to some extent, all are
subject to gradual adaptation upon chronic treatment with SSRIs.
5-HT1A receptors have been observed to be desensitised upon chronic treatment with SSRIs in
several studies, though other researchers have failed to show these effects, thus questioning
the robustness of this effect (Le Poul et al. 1995; Hjorth and Auerbach 1994; Bosker et al.
1995; Invernizzi et al. 1994). The desensitisation was neither reflected in decreased numbers
of receptors nor was it due to decreased affinity of the receptors for 5-HT1A ligands (Goodwin
1996; Maura and Raiteri 1984), indicating some dysfunction of the signal-transmission of the
receptor.
Desensitisation of 5-HT1B and 1D receptor has also been associated with the onset of action of
SSRIs. However, only few studies have shown these effects, though most researchers have not
been able to observe any changes in function of these receptors when studied after chronic
treatment (Auerbach and Hjorth 1995; Bosker et al. 1995; Bosker et al.1995; Gobbi et al.
1997; Davidson and Stamford 1997; Chaput et al. 1986). Similar to the absence of changes in
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ex vivo receptor parameters in 5-HT1A  receptors, no changes were observed in 5-HT1B affinity
and amount of receptors after treatment  (Gobbi et al. 1997). As most studies have been
performed after cessation of SSRI treatment, observation of desensitisation of serotonergic 5-
HT1B/D receptors might have been hindered by rapid resensitisation, as was hypothesised in a
recent study (Anthony et al. 2000).
In addition to desensitisation of serotonergic autoreceptors during chronic treatment as
described above, several authors have observed desensitisation of the re-uptake site of
serotonin during chronic treatment (Pineyro et al. 1994). This observation, in combination
with the changes in autoreceptor function as described above, has prompted several
researchers to correlate the onset of action of SSRIs to decreased autorestraining function of
the serotonergic system as a consequence of  chronic SSRI treatment. Along this line,
enhancing serotonergic neurotransmission above SSRI induced serotonergic elevation would
increase therapeutic efficacy as well as accelerate to onset of action.
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