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Aim of this thesis

Depression is a complex disorder and it is likely that many neurotransmitter systems are
involved in its pathology. Yet, research has primarily focused on mono-aminergic systems for
the last decades.  Through the years a large body of evidence has emerged for an involvement
of monoamines (serotonin in particular) in depression. However, it may be somewhat naïve to
believe that depression is merely based upon dysfunction of the serotonergic system, which
can be cured by drugs that normalise an inappropriate functioning serotonergic system.
In the first 2 chapters an introduction to depression and current insights in biochemistry and
clinical relevance is given. Chapter 1 will focus on the classification of sub-forms of
depression, as this illness presents itself as a cluster of symptoms, rather than a pathological
entity. A closer look will be taken at the neurophysiology of the serotonergic system, including
the function of auto- and heteroreceptors. Then, the evidence that has been gathered for a role
of serotonin in the neurobiology of depression will be discussed. Subsequently, the underlying
mechanism of the therapeutic effects of Selective Serotonin Re-uptake Inhibitors (SSRIs) will
be discussed. Specific attention will be paid to the desensitisation hypothesis and strategies to
improve therapy that can be derived from it. In chapter 2, the clinical consequences of the
therapeutic armentarium in depression will be discussed in light of its pharmacology,
pharmacokinetics and short and long-term clinical efficacy.
Although accumulating data is apparently indicating that there is relevance in enhancing
functionality of the serotonergic system, still the underlying pharmacology is not fully
understood. The current thesis adresses this topic by evaluating the effects of chronic
treatment with SSRIs in several brain areas, as well as comparing these effects to the acute
effects that are observed when SSRIs are co-administered with serotonin autoreceptor
antagonists. Furthermore, several clinical trials have focussed on the evaluation of the
beneficial effects of co-administration. These trials might have neglected several
pharmacodynamic as well as pharmacokinetic considerations in their design. The present thesis
will scrutenize these events in light of the relevance  of poly-pharmacy and relevance of plasma
concentrations. Finally an alternative method for augmentation of the effects of SSRIs will be
presented and evaluated with regard to its mechanism of action.
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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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Introduction

History
Once the therapeutic effects of iproniazid and imipramine in major depression were
recognized, pharmaceutical companies intensified research programs to develop superior
antidepressants. Progress has undeniably been made with respect to side effects and safety. We
are only on the verge, however, of dealing with issues such as efficacy and onset of action.
The first class of antidepressants, to which iproniazid and pargyline belong, increase
norepinephrine, dopamine, and serotonin levels in the brain by interfering with their metabolic
pathways through inhibition of the mitochondrial enzyme monoamine oxidase (MAO). MAO
inhibitors (MAOIs) are effective in major depression, although they do have pronounced side
effects. Moreover, their mechanism of action is prone to hazardous interactions that
occasionally lead to hypertensive crises, serotonin syndrome, and severe intoxications.
The second class of antidepressants, tricyclic antidepressants (TCAs) such as imipramine,
block the reuptake of monoamines. TCAs are effective antidepressants and interactions with
other exogenous compounds are less severe than with the MAOIs. Nevertheless, many
unwanted side effects have been reported, most of which are related to the complex
pharmacological profile of TCAs. The most serious unwanted side effect is that TCAs are not
safe in overdose, which may lead to life-threatening situations.
Several classes of antidepressants have evolved from the classic tricyclic antidepressants,
which may be superior in terms of safety profile and lack of side effects. With regard to
efficacy, however, little progress has been made. All antidepressants have a delayed onset of
action (2-6 weeks) and the percentage of nonresponders is relatively large (30-40%). Research
is therefore increasingly focused on improving efficacy and onset of action. In order to reach
this goal, several pharmacological concepts have been investigated over the last decades. The
present chapter discusses these concepts, which range from single- to multiple-action
strategies.

Confounding factors in antidepressant research

Subclassification and comorbidity
The clinical evaluation of antidepressant drugs is hampered by the multiplicity of the disease
itself. Depression is an ‘umbrella’ term for several clusters of clinical symptoms. Great effort
has been made to develop a structural subclassification system, e.g. DSM-IV. Diagnostic
criteria may be too coarse, however, to guarantee that a coherent group of patients is entering
the clinical studies.
An extra confounding factor is comorbidity with anxiety and other psychiatric disorders, which
blurs the boundaries of the illness and further complicates rational treatment. Better insight
into the biological mechanisms underlying the different subforms of depression and comorbid
disease will hopefully help to improve the diagnostic criteria.



Clinical efficacy of antidepressants in depression

35

Response and onset of action
Evaluation of antidepressant activity is also complicated by differences in design and scoring
methods between clinical studies. Rating scales, such as the Hamilton Rating Scale for
Depression (HAM-D), may improve objectivity but substantial differences between open and
controlled trials have often been reported. In addition, although objective scoring is improved
by rating scales, differences in scoring between investigators enhances noise, which in turn
increases the statistical power needed to show differences in efficacy when antidepressant
drugs are compared.

Co-medication
Ideally, a drug’s therapeutic effect is measured in a biological matrix that is free of interfering
exogenous substances. In practice, depressed patients are seldom drug-naive. An extensive
washout period certainly helps, but pharmacological interference cannot be excluded
completely; this phenomenon is sometimes neglected in the overall outcome analysis.
Moreover, participants in clinical trials often receive additional medication to relieve the
symptoms of comorbid disease. Benzodiazepines are likely to interfere with the pharmacology
of an antidepressant, which complicates its clinical evaluation considerably. Although
undesirable, this situation is sometimes inevitable.

Etiology, gender, genetics, and pharmacokinetics
Several other factors may influence the pharmacology of antidepressants. Differences in
etiology, gender, genetics and pharmacokinetics potentially complicate the evaluation process,
but are often neglected or not examined due to low statistical power. Confounding factors like
these will certainly gain increased attention in future studies.
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Antidepressant drugs

Classical antidepressants
MAOIs  and TCAs belong to the first generation of antidepressant drugs. Several
augmentation strategies to improve the therapeutic efficacy of these drugs have been
attempted in the past, but these strategies are beyond the scope of this chapter and will
therefore not be discussed here.

1. Selective compounds: SSRIs

 Several lines of evidence indicate an involvement of serotonin in depression. The notion that
LSD, a potent serotonin receptor antagonist, could induce mood changes in humans gave rise
to the idea that serotonin could be involved in the etiology of mood disorders (Schildkraut
1965, Woolley and Shaw 1963, Gaddum 1963). This idea was strengthened by the observation
that reserpine, a monoamine depleter, was able to induce depressive symptoms in humans
(Carlsson et al. 1957). The effectiveness of MAOIs and TCAs in the treatment of depression
gave further support for a role of serotonin in depression. Finally, this insight has resulted in
the development of a new generation of antidepressants, the selective serotonin reuptake
inhibitors (SSRIs, structures 1).

SSRIs and the serotonergic system
The serotonergic innervation of the brain mainly originates in the dorsal raphe nucleus (DRN)
and the median raphe nucleus (MRN). These nuclei innervate a variety of structures within the
brain, with a topical organization with respect to several brain areas. Whereas the prefrontal
cortex is mainly innervated by the DRN, the dorsal hippocampus is mostly innervated by the
MRN.
SSRIs increase extracellular levels of serotonin immediately upon administration (Fuller 1994).
Yet their therapeutic effect is typically delayed for several weeks. This apparent discrepancy
may be explained as follows. At least two types of serotonin (5-HT) autoreceptor are found
on the serotonergic neuron. 5-HT1A receptors are present in the somatodendritic area;
activation of these receptors decreases neuronal firing, which results in less serotonin being
released from the axon terminals. 5-HT1B receptors are located on the terminals of serotonin
neurons; when they are activated, serotonin release is directly inhibited. There is growing
evidence that postsynaptic 5-HT1A receptors are also involved in the control of serotonin
release, through a large feedback loop from terminal to cell body region (Bosker et al. 1997).
It is very likely that these autorestraining processes counteract the initial effect of SSRIs.
Following chronic administration of SSRIs it has been shown that at least the 5-HT1A

receptors (presynaptically as well as postsynaptically) desensitize (Cremers et al. 2000).
Arguably, this adaptive process enhances the effect of the SSRI on serotonergic
neurotransmission. This cascade of events may partly explain the delayed onset of action of
SSRIs.
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SSRIs and pharmacokinetics
The pharmacokinetics of SSRIs are generally well documented, although no correlation has
been found between plasma levels and the antidepressant effect. Clinically effective plasma
levels have been described, however (Baumann and Rochat 1995).
The SSRIs form a heterogeneous group in terms of affinity for liver enzymes. Citalopram does
not influence the metabolism of other drugs, while other SSRIs have prominent interactions
(Sproule et al. 1997).

Clinical trials: SSRI versus TCA and SSRI versus SSRI
Many studies have been performed to evaluate the efficacy of SSRIs in the treatment of
various subtypes of depression. An elaborate discussion of individual studies is beyond the
scope of this chapter, however.
Several meta-analyses of short-term comparative studies have investigated the efficacy of
SSRIs compared with TCAs in major depression (Anderson 1998, Anderson and Tomenson
1995, Bech and Cialdella 1992, Bech 1989, Mendlewicz 1992, Montgomery et al. 1994, Song
et al. 1993, Steffens et al. 1997, Tignol et al. 1992). The majority of these papers did not
observe differences in efficacy between the two classes of antidepressant drugs. In one meta-
analysis (Anderson 1998) it was found that some TCAs, in particular amitriptyline, may be
more effective than SSRIs in depressed patients. A study of combined fluvoxamine data
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showed that the response rate with this antidepressant was comparable to that seen with
tricyclics and tetracyclics (Mendlewicz 1992).
Most short-term, controlled, comparative studies on efficacy did not reveal differences among
the various SSRIs in the treatment of major depression (Aguglia et al.1993, Bennie et al.1995,
De Wilde et al.1993,  Eskelius et al.1997, Franchini et al. 1997,Geretsegger et al.1994,
Haffmans et al.1996, Kiev and Feiger 1997, Patris et al.1996, Rapaport et al.1996, Tignol
1993). Some studies, however, did find indications for an earlier onset of action of citalopram
and paroxetine compared with fluoxetine (De Wilde et al.1993, Geretsegger et al 1994, Patris
et al. 1996, Tignol 1993).

Tolerability and long-term efficacy
Several studies have analyzed the adverse-effect profile of SSRIs. In addition to
gastrointestinal effects, headaches and ‘stimulant adverse effects’ like agitation, anxiety, and
insomnia were frequently reported (Baldwin and Johnson 1995, Boyer and Blumhardt 1992,
Cooper 1988, Doogan 1991, Wagner et al.1994).
Since depression is a chronic recurrent condition, long-term treatment is often required in
order to minimize the chance of relapse. Several studies have been performed on relapse
during placebo treatment, after initial successful treatment with SSRIs. All studies show that
chronic treatment with SSRIs was superior with respect to reappearance of depression and the
time to relapse. No evidence was found for differences between SSRIs or between SSRIs and
TCAs in terms of relapse features (Anderson and Tomenson 1995, Doogan and Caillard 1992,
Franchini et al.1997, Keller et al.1998a, Keller et al.1998b, Montgomery and Dunbar 1993a,
Montgomery et al. 1993b, Montgomery and Kasper 1995a, Robert and Montgomery 1995,
Rush et al.1998).
Although the long-term efficacies of SSRIs and TCAs are similar, the tolerance of SSRIs is
clearly superior to TCAs (Song et al.1993, Montgomery et al. 1994, Anderson and Tomenson
1995, Anderson 1998, Meanna et al. 1992).

Augmentation with 5-HT1A receptor antagonists
SSRIs are believed to exert their antidepressant effect partly through desensitization of 5-HT1A

receptors (Blier et al.1987). Following this line of thought, it was hypothesized that co-
administration with a 5-HT1A receptor antagonist would instantaneously mimic this
desensitization, thereby enhancing efficacy and reducing the lag time of the antidepressant
treatment (Artigas 1993). Since selective 5-HT1A receptor antagonists were not available for
clinical use, investigators have used the mixed ß-adrenoceptor/5-HT1A receptor antagonist
pindolol in order to test this hypothesis (stucture 1.5).
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Evaluation of this hypothesis has yielded mixed results depending on the setup of the clinical
trial.
The first trials on the effect of co-administration of pindolol with SSRIs in patients suffering
from major depression have all been performed in an open and not placebo-controlled manner.
All open trials on co-administration of pindolol with several different SSRIs have reported
positive effects on latency to improvement and effectiveness in refractory depression (table 1).
In line with the hypothesis, no  augmenting effects were observed when pindolol was co-
administered with tricyclic antidepressant drugs devoid of serotonin reuptake inhibitory
properties.
In contrast with these preliminary studies, double-blind placebo controlled trials have yielded
controversial results (table 2). When increased efficacy was evaluated versus placebo based on
reductions in HAM-D scores or respons rate at end-point, only 3 out of 9 studies were in
support of enhanced efficacy. A decreased latency in therapeutic respons was only observed in
5 out of 9 cases, whereas no superiority was observed in treatment resistance.
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SSRI Dose SSRI Dose pindolol Number

of

subjects

Treatment

resistance (TR)

or treatment (T)

Outcome

(response)

Reference

Paroxetine 20 mg/day 2.5 mg t.i.d. 7 T 5/7 Artigas et al.

1994

Paroxetine 20 mg/day 2.5 mg t.i.d. 9 T 7/9 Blier and

Bergeron 1995

Paroxetine 20 mg/day 2.5 mg t.i.d. 3 T 1/3 Blier et al. 1997

Paroxetine 20-40

mg/day

2.5 mg t.i.d. 3 TR 3/3 Artigas et al.

1994

Paroxetine 20-40

Mg/day

2.5 mg t.i.d. 8 TR ∆-HAMD

32-10

Blier and

Bergeron 1995

Paroxetine 20-40

mg/day

2.5 mg t.i.d. 3 TR 1/3 Dinan and Scott

1996

Fluoxetine 20-40

mg/day

2.5 mg t.i.d. 3 TR ∆-HAMD

29-11

Blier and

Bergeron 1995

Fluoxetine 20-60

mg/day

2.5 mg t.i.d. 6 TR 1/6 Dinan and Scott

1996

Fluvoxamine 50-100

mg/day

2.5 mg t.i.d. 8 T 0/8 Blier et al. 1997

Fluvoxamine 200 mg/day 2.5 mg t.i.d. 1 TR 1/1 Artigas et al.

1994

Sertraline 50-100

mg/day

2.5 mg t.i.d. 5 TR 0/5 Blier and

Bergeron 1995

Sertraline 50-100

mg/day

2.5 mg t.i.d. 4 TR ¼ Dinan and Scott

1996

Trimipamine 75-100

mg/day

2.5 mg t.i.d. 5 T 0/5 Blier et al. 1997

Moclobemide 900 mg/day 2.5 mg t.i.d. 2 TR 0/2 Blier and

Bergeron 1995

Nefazodone 100 mg/day 2.5 mg t.i.d. 20 T 15/20 Barkish et al.

1997

Phenelzine 60 mg/day 2.5 mg t.i.d. 1 TR 1/1 Artigas et al.

1994

Imipramine 200 mg/day 2.5 mg t.i.d. 1 TR 1/1 Artigas et al.

1994

Table 1. Efficacy of pindolol co-administration in open trials
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SSRI Dose SSRI Dose pindolol Duration

of study

(weeks)

Number

of

subjects

Treatment

resistance

(TR) or

treatment (T)

Increased

efficacy

Decrease

d latency

Reference

Fluoxetine 40 mg/day 2.5 mg t.i.d. 1.5 28 TR - - Perez et

al. 1999

Fluoxetine 20-40

mg/day

2.5 mg t.i.d. 2 8 T - - Moreno et

al. 1997

Fluoxetine 20 mg/day 2.5 mg t.i.d. 5 21 30 % TR + - Maes et

al. 1999

Fluoxetine 20 mg/day 2.5 mg t.i.d. 6 86 50 % TR - - Berman et

al. 1997,

1999

Fluoxetine 20 mg/day 2.5 mg t.i.d. 6 111 T + + Perez et

al. 1997

Paroxetine 20 mg/day 2.5 mg t.i.d. 6 80 T - + Tome et

al. 1997

Paroxetine 20 mg/day 2.5 mg t.i.d. 4 63 T + + Zanardi et

al. 1997

Paroxetine 20 mg/day 5 mg t.i.d. 4 100 T - + Bordet et

al. 1998

Paroxetine 40 mg/day 2.5 mg t.i.d. 1.5 20 TR - - Perez et

al. 1999

Fluvoxam

ine

200 mg/day 2.5 mg t.i.d. 1.5 6 TR - - Perez et

al. 1999

Clomipra

mine

150 mg/day 2.5 mg t.i.d. 1.5 26 TR - - Perez et

al. 1999

Table 2. Efficacy of pindolol co-administration in double-blind placebo-controlled clinical
trials

Although several trials have observed beneficial effects of co-administration of pindolol with
SSRIs, there is increasing evidence that these effects may not be due to antagonism of
somatodendritic 5-HT1A receptors by pindolol. Several preclinical studies indicate that
pindolol has agonistic properties at 5-HT1A receptors in the raphe nuclei in vivo. Moreover,
plasma levels of pindolol are low and the drug does not penetrate the brain easily due to its
polar character. It is therefore questionable whether the dose of pindolol used in clinical
studies is sufficient to mimic desensitization of 5-HT1A autoreceptors. More studies with
specific and potent 5-HT1A receptor antagonists are definitely needed to support this
interesting concept.
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Augmentation with 5-HT1A  receptor agonists
5-HT1A receptor partial agonists have weak antidepressant properties. Preclinical studies have
shown that 5-HT1A receptor agonists induce rapid desensitization of 5-HT1A receptors (Kreiss
and Lucki 1997). Theoretically, co-administration with a 5-HT1A receptor partial agonist may
improve the efficacy and lag time of an SSRI, depending on the size and rate of desensitization
induced by the 5-HT1A receptor partial agonist.
Clinical evaluation of this concept has shown beneficial effects, although the evidence is not
conclusive (Bouwer and Stein 1997, Jacobsen 1991, Joffe and Schuller 1993, Harvey and
Ballon 1995, Landen et al. 1998). More studies are needed to explore this interesting but
somewhat paradoxical idea.

2. Selective norepinephrine reuptake inhibitors (reboxetine)

As with serotonin, a role for norepinephrine in depression was suggested by the depressogenic
features of reserpine. Abundant evidence is present linking dysfunction of the
norepinephrinergic system to depression (Leonard 1997b). In addition, several TCAs are also
very potent norepinephrine reuptake inhibitors.
The idea that inhibition of norepinephrine uptake, alongside serotonin reuptake inhibition,
could be beneficial in treating depression prompted the development of selective
norepinephrine reuptake inhibitors, of which reboxetine is currently the only marketed drug
(structure 2.1).

Reboxetine and the noradrenergic system
The noradrenergic system originates mainly in the locus coeruleus. α2-autoreceptors are
located on both axon terminals and cell bodies, thus establishing an effective self-regulation
system similar to that seen in the serotonergic neuron.
Post-mortem studies of the frontal cortex of suicide victims revealed that both the density and
affinity of these receptors were increased (Callado et al. 1998, Meanna et al. 1992). In
addition, α2- adrenoceptors may become supersensitive during depression (Charney et al.
1981, Spyraki and Fibiger 1980).
Although chronic administration of desimipramine has been shown to effectively reduce the
supersensitivity of α2 -adrenoceptors, a recent preclinical study with reboxetine failed to
demonstrate changes in receptor function following chronic treatment (Charney et al.1981,
Sacchetti et al. 1999).

β-adrenoceptors are located postsynaptically. Upregulation of these receptors has consistently
been observed in patients with depression, whereas downregulation of these receptors is
regarded as a marker for antidepressant activity (Leonard 1997a).

The relevance of α2- and β-adrenoceptor downregulation/desensitization for reboxetine’s
antidepressant effect has yet to be established.
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Pharmacokinetics of reboxetine
Reboxetine is administered on a daily basis at a dose ranging from 8 to 20 mg. Due to its
relative short half-life, the daily dose must be divided over the day. The bioavailability of
reboxetine is more than 60%, and it has no active metabolites (Table 3)

Dose

(mg/day)

Bioavailabil

ity

Protein

binding

Vd (l/kg) Half-life

range (h)

Steady state

(ng/ml)

Active

metabolites

Reboxetine 8-20 >60 97 0.5 12-16 50-160 No

Venlafaxine 75-225 92 27 2-23 2-11 50-150 Yes

Milnacipran 50-200 85 13 5.3 8 No

Trazodone 200-600 60-80 89-95 5-9 700-1600 Yes

Nefazodone 50-600 >20 99 0.2-1 2-8 150-1000 Yes

Mirtazapine 15-45 50 85 4.5 13-34 20-40 No

Table3: Pharmacokinetic summary of newer antidepressants. Data from (Aguglia et al. 1993,
Davis et al. 1997, Landsay de Vane 1998, Reboxetine package insert 1997, Spencer and Wilde
1998, Venlafaxine package insert 1999).

Reboxetine versus TCAs
Several trials have investigated the efficacy of reboxetine compared with TCAs. In one short-
term study, reboxetine was found to be at least as effective as imipramine (Montgomery
1997). Analysis of pooled data from four double-blind outpatient studies also showed no
differences between reboxetine and imipramine (Massana and Moller 1998a). Another study,
comparing imipramine and reboxetine in depressed and dysthymic elderly patients, reported
better efficacy of reboxetine in dysthymic patients but not in depressed patients (Dubini et al.
1997, Katona et al. 1999).
Only one short-term study has compared reboxetine with desimipramine. Equal or superior
activity of reboxetine was observed (Montgomery 1997).
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Reboxetine versus SSRIs
Fluoxetine is the only SSRI that has been compared with reboxetine. Short-term evaluation
has shown that the efficacy of reboxetine is similar to fluoxetine (Massana 1998b,
Montgomery 1997). Pooling of four double-blind comparison studies, however, revealed
increased efficacy of reboxetine compared with fluoxetine in depressed outpatients imipramine
(Massana and Moller 1998a).
Subset analysis on severe depression in several trials showed that reboxetine was superior to
fluoxetine (Massana 1998, Montgomery 1999a).

Tolerability and long-term efficacy
Reboxetine has been shown to be well tolerated in short-term studies. Adverse events, which
have been more frequently observed in reboxetine- versus placebo-treated patients, were dry
mouth, constipation, insomnia, increased sweating, tachycardia, vertigo, urinary hesitancy
and/or retention, and impotence (Mucci 1997).
Comparison of reboxetine with imipramine and desimipramine revealed a beneficial profile
with respect to a number of common side effects like hypotension, dry mouth, and tremor
(Ban et al. 1998, Berzewski et al. 1997). When reboxetine was compared with fluoxetine,
patients were observed to be less likely to experience ‘stimulant adverse effects’ as well as
gastrointestinal effects (Mucci 1999).
Reboxetine was shown to be effective in the long-term treatment of depression, given its
superior efficacy in a 1-year placebo-controlled study (Montgomery 1997).
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Multiple action compounds

Rationale
Anderson and colleagues have compared the efficacy of SSRIs and TCAs. No overall
differences were found between the groups, although amitriptyline was superior in efficacy
compared with SSRIs (Anderson 1998, Anderson and Tomenson 1994). Similar results were
found when the SSRI fluoxetine was compared with nortriptyline (Roose et al.1994). Based
on the high affinity of these compounds for both the serotonin and norepinephrine reuptake
site, it was speculated that compounds acting on both serotonin and norepinephrine would be
superior to single-action antidepressants such as the SSRIs and reboxetine (see Chapter 5).
This idea has prompted the development of a group of dual-action antidepressants, which can
be subdivided as follows:

I)  dual-action reuptake inhibitors (venlafaxine, milnacipran, nomifensin*, and
    Bupropion*)
II) receptor antagonist/reuptake inhibitors (trazodone and nefazodone)
III) heterocyclics with no affinity for the re-uptake site (mirtazapine).

* This chapter is focusing on serotonin and norepinephrine. The dopamine reuptake inhibitors
nomifensine and bupropion will therefore not be discussed here.

3.1 Serotonin-norepinephrine reuptake inhibitors: venlafaxine

Pharmacology of venlafaxine
Venlafaxine has considerable affinity for both the norepinephrine and serotonin reuptake sites,
and is therefore called a serotonin-norepinephrine reuptake inhibitor (SNRI)(structure 3.1).
The mechanism of action may be deduced from the SSRIs and reboxetine, insofar as
venlafaxine can desensitize serotonin autoreceptors and may induce rapid β- adrenoceptor
desensitization. In contrast to the classical TCAs, venlafaxine does not bind to histaminergic,
cholinergic, or adrenergic receptors, thereby avoiding side effects such as hypotension and
sedation.

Pharmacokinetics of venlafaxine
Venlafaxine is marketed as regular venlafaxine (venlafaxine-IR). Due to the fast elimination of
venlafaxine (elimination half-life of four hours), it is also available in an extended-release
formulation (venlafaxine-XR) that enables venlafaxine to be administered once daily.
Venlafaxine does not substantially inhibit CYP2C9, 2D6, 1A2, 3A3, and 3A4, and is therefore
not likely to interfere with the metabolism of other drugs (Ereshefsky 1996).
Venlafaxine has an ascending dose-response curve (Preskorn 1994). This observation is
consistent with preclinical data demonstrating that norepinephrine uptake inhibition is seen at
doses exceeding those for serotonin reuptake inhibition. Clinical observations also strengthen
this idea. Norepinephrine uptake inhibition becomes relevant at doses above 150 mg/day, and
clinical superiority with respect to SSRIs is apparent at doses from 225 mg/day (Muth et al.
1986, Clerc et al. 1994).
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Venlafaxine versus TCAs
Venlafaxine (25-75 mg twice daily) has been compared with imipramine in a double-blind 13-
week study in outpatients with mild-to-moderate intensity (Lecrubrier et al. 1997). Compared
with imipramine, venlafaxine-treated patients showed greater reductions in Montgomery-
Asberg Depression Rating Scale (MADRS) total scores from week 4 until the end of the
study, showing a significant difference in favor of venlafaxine at week 4. Additionally,
response rates and clinical global impression (CGI) indices over time were superior for
venlafaxine recipients compared with imipramine recipients.
Venlafaxine-XR has been compared with TCAs in a meta-analysis (Einarson et al. 1999).
Therapeutic success was defined as a 50% decrease in HAM-D or MADRS scores. Using this
approach, the authors showed that venlafaxine-XR was significantly superior to TCAs.

Venlafaxine versus SSRIs
Several trials have been conducted comparing venlafaxine and venlafaxine-XR with SSRIs. A
number of these studies indicate that venlafaxine could be superior to SSRIs.
In a 6-week study comparing venlafaxine with fluoxetine in severely depressed inpatients,
superior efficacy was observed for venlafaxine (Clerc et al 1994), while an 8-week study also
revealed an enhanced response in patients on venlafaxine compared with fluoxetine (Dierick et
al. 1995). Another study, however, did not find that the efficacy of venlafaxine was superior to
fluoxetine in depressive outpatients (Costa e Silva 1998).
Venlafaxine-XR enhances tolerability and ease of administration. A study investigating the
efficacy of venlafaxine-XR versus fluoxetine suggests that venlafaxine-XR brings about
greater remission than fluoxetine. In addition, CGI indices were higher in venlafaxine- versus
fluoxetine-treated patients (Rudolph and Derivan 1997). Additionally, a meta-analysis has
shown that venlafaxine-XR was superior to SSRIs as a group when success rates based on
criteria of a 50% decrease in HAM-D and MADRS scores were evaluated (Einarson et al.
1999).

Tolerability and long-term efficacy
As venlafaxine is a very potent inhibitor of serotonin reuptake, it shares several adverse events
in common with the SSRIs. The most common adverse events are nausea, dizziness, and
somnolence. Just like SSRIs, venlafaxine can induce sexual dysfunction after several weeks of
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treatment. When the daily dose of venlafaxine exceeds 225 mg, adverse events may be induced
that differ from SSRIs (e.g. hypertension, sweating, and tremors).
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3.2 Noradrenaline/serotonin reuptake inhibitors: milnacipran

Pharmacology of milnacipran
Like venlafaxine, milnacipran blocks norepinephrine reuptake sites in addition to serotonin
reuptake sites (structure 3.2). Arguably, its mechanism of action is comparable to that of
venlafaxine. Differences in efficacy between milnacipran and venlafaxine may be attributed to
different pharmacokinetics.

Pharmacokinetics of milnacipran
The bioavailability of milnacipran after oral administration is around 85%. The variation in
plasma levels between patients is low, and steady-state conditions are realized with a single
daily dose. No active metabolites have been found in humans (Table 3).

Milnacipran versus TCAs

Several clinical trials have compared milnacipran with amitriptyline, imipramine, and
clomipramine.
Milnacipran was found to be inferior or equal to amitriptyline, depending on the milnacipran
dose used in the trials. At a dose of 50 mg/day, milnacipran was clearly inferior to
amitriptyline in terms of onset of action and efficacy after 4 weeks. At a dose of 100 mg/day,
onset of action was still inferior but the efficacy after four weeks was comparable to
amitriptyline (Ansseau et al. 1989a). Evaluation was based on reductions in MADRS and
HDRS (Hamilton Depression Rating Scale) scores, as well as CGI efficacy scores. In a later
trial that compared milnacipran 200 mg/day with amitriptyline, CGI efficacy scores were
significantly greater in milnacipran-treated patients than in amitriptyline-treated patients
(Ansseau et al. 1989b).
Several studies have compared the efficacy of imipramine, clomipramine, and milnacipran in
major depression (Clerc et al.1990, Kasper et al.  1996, Matsubara et al. 1996, Puech et al.
1997, Steen and den Boer 1997, Yamashita et al. 1995). Despite the suboptimal dose of
milnacipran (50 mg/day), pooled data from these studies did not reveal significant differences
between milnacipran and the two tricyclic antidepressants. HDRS and/or MADRS scores were
used to assess antidepressant efficacy (Kasper et al. 1996).
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Figure 3.2  Milnacipran
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In a Japanese trial, treatment with milnacipran (50-150 mg/day) was superior to imipramine
after one week of treatment, although no differences were observed at the end of the study
(week 4) (Yamashita et al. 1995, Matsubara et al. 1996). Analysis was based on the following
scales: HDRS, CGI, and CPRGDRSDUC (Clinical Psychopharmacology Research Group
Depression Rating Scale for Doctor’s Use). The efficacy of milnacipran (50 mg/day) versus
imipramine in elderly people was not significantly different in terms of HDRS, MADRS
scores, and other indices in an 8-week trial (Tignol et al 1998).
The efficacies of milnacipran and clomipramine were comparable in several trials, albeit with a
slight advantage demonstrated for clomipramine. In one study, where milnacipran (100
mg/day) was compared with clomipramine in major depressive patients, no differences were
observed at any time during 3 weeks of treatment (Clerc et al. 1990). Two trials, each lasting
26 weeks, have yielded controversial results. In the first study, no clinical efficacy of either
milnacipran or clomipramine could be demonstrated, probably due to the high withdrawal
rates and the inclusion of therapy-resistant patients (Steen and den Boer 1997). The second
trial, however, clearly favored clomipramine in terms of end-point efficacy, onset of action,
and response in severely depressed patients. Interestingly, both studies used an optimal dose of
milnacipran 200 mg/day. Significant differences were found in the latter study in terms of the
HDRS scores. MADRS and CGI scores were slightly in favor of clomipramine but the
differences were not significant (Leinonen 1997).

Milnacipran versus SSRIs
Milnacipran has been compared with fluoxetine and fluvoxamine in several clinical trials
(Ansseau et al. 1994, Ansseau et al. 1991,Guelfi et al. 1997, Lopez-Ibor et al. 1996
No differences were observed at the end-point (12 weeks) when milnacipran (50 and 100 mg
twice daily) was compared with fluoxetine, in terms of HDRS, MADRS, and CGI scores.
Milnacipran recipients responded more rapidly than fluoxetine recipients, however, as
measured by reductions in HDRS and MADRS scores at week 4 (Guelfi et al. 1997, Lopez-
Ibor 1996). In another study, fluoxetine was superior to milnacipran (100mg once daily) after
6 weeks in outpatients suffering from major depression. Reductions in MADRS, HDRS, and
CGI scores were significantly different between fluoxetine and milnacipran recipients. Since
milnacipran was dosed once daily in this study, and the usual dosage is twice daily,
pharmacokinetics may explain the unfavorable results seen with milnacipran (Ansseau et al.
1994).
A comparison of fluvoxamine with milnacipran (75-100 twice daily), either with or without a
loading dose, did not produce any significant differences in reductions of MADRS, HDRS, or
CGI scores after 4 weeks in major depressive inpatients (Ansseau et al. 1991). Milnacipran (50
mg twice daily) produced larger reductions in MADRS but not in HDRS scores when
compared with fluvoxamine (Lopez-Ibor 1996).
When data from two comparative studies of milnacipran (50 mg twice daily) versus either
fluoxetine or fluvoxamine were pooled, they indicated significantly better results for
milnacipran than for the SSRIs. Reductions in HDRS and MADRS scores were significantly
greater for milnacipran (Lopez-Ibor 1996).
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Tolerability and long-term efficacy
Milnacipran was associated with a higher incidence of vertigo, sweating, anxiety, hot flushes,
and dysuria when compared with placebo. When the adverse effects of TCAs were compared
with those of milnacipran, patients on TCAs reported a significantly greater number of events
of dry mouth, constipation, tremor, sweating, somnolence, tiredness, and vertigo. Only nausea
was observed more frequently in SSRI-treated patients than in milnacipran-treated patients
(Puech et al. 1997).



Clinical efficacy of antidepressants in depression

51

4.1 Mixed serotonin antagonist/reuptake inhibitors: trazodone

Pharmacology of trazodone
Trazodone is a potent 5-HT2A and 5-HT2C receptor antagonist (structure 4.1). In addition, it is
a weak inhibitor of serotonin reuptake (Table 2). Its metabolite, mCPP, is an agonist at 5-
HT2C receptors but an antagonist at 5-HT2A receptors, thus it partly counteracts the effect of
trazodone (Fiorella et al. 1995). Taking into account its pharmacokinetic profile, the
antidepressant effect of trazodone is most likely related to serotonin reuptake inhibition.
Nevertheless, antagonism of 5-HT2 receptors may be beneficial, since these receptors are
upregulated in suicide patients with a history of depression (Mann et al. 1986).

5-HT NE DA α1 α2 H HT2a HT1a Musc

Reboxetine 10702 82 >10,0003 10,0002 43,0002 14002 62502      -- 39002

Venlafaxine 392 2132 28002 39,9212 >100,0002 12,9092 >100,0002 >100,0002 29,9662

Milnacipran 111 441 >100001 >10,0001 >10,0001 >10,0001 >10,0001 >10,0001 >10,0001

Trazodone 1583 83003 71003 122 1062 292 202 422 12,1882

Nefazodone 2003  3573 3573 62 842 302 72 522 4,5692

Mirtazapine 4,7623 >10,0003 >10,0003 5003 1403 0.13 163 7143 6663

Table 2. In-vitro affinities for receptors and synaptisome reuptake inhibition. Data are IC50
1,

Ki
2, and Kd

3 values (nM). Data from (Davis et al.1997, Vanlafaxine package insert 1999,
Montgomery 1999b, Owens et al. 1997, Spencer and Wilde 1998, Moret et al. 1985, Taylor et
al. 1995).
5-HT; potency on serotonergic re-uptake inhibition. NE ; potency on norepinephrine re-uptake inhibition. DA ;

potency on dopaminergic re-uptake inhibition. α1&2,  H, HT2a, HT1A and Musc.; potencies on alpha adrenergic

1 and 2, histaminergic, serotonin 2A and 1A and muscarinergic receptors.

Pharmacokinetics of trazodone
Trazodone has a short elimination half-life. The daily dose of 200-600 mg  must therefore be
divided over the day (Table 1).
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Figure 4.1  Trazodone
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Trazodone versus TCAs
A meta-analysis has compared the efficacy of trazodone with imipramine. Using  HDRS rating
scales, no differences were found between the two drugs (Workmann and Short 1993).
Moreover, a review of 25 clinical studies on the efficacy of trazodone in depression has
reported equal efficacy for imipramine and trazodone Patten 1992). Additionally, other TCAs
did not differ significantly in terms of efficacy when compared with trazodone (Marek et al.
1992).

Trazodone versus SSRIs
Trazodone has good antidepressant properties compared with SSRIs, but it has no effect in
panic disorder and OCD (Obsessive Compulsive Disorder) (Marek et al. 1992, Pigott et al.
1992).

Tolerability and long-term efficacy
Dizziness, drowsiness, dry mouth, and nausea are the most frequently reported adverse effects
when trazodone was compared with placebo.
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4.2 Mixed serotonin antagonist/reuptake inhibitors: nefazodone

Pharmacology of nefazodone
Nefazodone is a potent 5-HT2A receptor antagonist with moderate antagonism at the α1 –
adrenoceptors (structure 4.2). It has a considerable affinity for serotonin and norepinephrine
reuptake sites too, but these properties were recognized much later (Table 4). Nefazodone
may be superior to TCAs in combining serotonin and norepinephrine reuptake inhibition with
5-HT2A receptor antagonism. Upregulation has been reported for 5-HT2A receptors in suicide
victims with a history of depression (Mann et al. 1986).

Pharmacokinetics of nefazodone
Nefazodone is absorbed rapidly and completely after oral administration. Due to extensive
first-pass metabolism, the bioavailability of nefazodone is approximately 20%. Nefazodone is
widely distributed throughout the body, including the central nervous system. The volume of
distribution ranges from 0.22 to 0.87 l/kg. Nefazodone is metabolized into several
pharmacologically active metabolites such as hydroxynefazodone, mCPP, p-
hydroxynefazodone, and a triazoledione metabolite (Davis et al. 1997). The daily dose of
nefazodone is 50-600 mg, given once or in two divided doses. As with milnacipran, it has an
ascending dose-response curve. Nefazodone’s efficacy at lower doses (300-400 mg/day) may
be comparable to that of the SSRIs, but it could exceed the latter’s efficacy at higher doses
(500mg/day). Analysis of data in the literature has shown that higher doses of nefazodone (>
500 mg/day) do not improve antidepressant efficacy (Dale Horst and Preskorn 1998).

Nefazodone versus TCAs
Nefazodone has been compared with imipramine and amitriptyline (Cohn et al. 1996, D’Amico
et al. 1990, Fawcett et al. 1995, Feighner et al. 1996, Fountaine et al. 1994, Marcus and
Mendels 1996, Mendels et al. 1995, van  Moffaert et al. 1994).
Several trials have reported a similar overall clinical efficacy for imipramine and nefazodone
(Cohn et al. 1996, Fountaine et al. 1994, Rickels et al. 1994, Rickels et al. 1995). The efficacy
of nefazodone appeared to be critically related to the dose. At high dosages (100-600
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Figure 4.2  Nefazodone
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mg/day), nefazodone was as effective as imipramine, whereas low dosages (50-300 mg/day)
were less efficacious (Fountaine et al. 1994, Mendels et al 1995, van Moffaert et al. 1994).
Amitriptyline has shown superior efficacy compared with nefazodone in patients with
moderate-to-severe depression and in bipolar affective disorder (Ansseau et al. 1994b).

Nefazodone versus SSRIs
Nefazodone has been compared with paroxetine, sertraline, and fluoxetine in several clinical
trials (Armitage et al 1996, Baldwin et al 1996, Cassano et al. 1993, Feiger et al. 1996, Rioux
et al. 1996). No indications for differences in efficacy have been observed between nefazodone
and any of the SSRIs.

Tolerability and long-term efficacy
 The most frequently reported adverse events observed with nefazodone are nausea,
somnolence, dry mouth, dizziness, constipation, asthenia, light-headedness, and blurred vision.
Compared with TCAs, nefazodone was observed to induce less dry mouth, constipation, and
blurred vision. No abnormal weight gain has been observed with nefazodone, although weight
gain was reported for TCAs and trazodone.
When nefazodone was compared with SSRIs, more activating symptoms (agitation, anxiety,
tremor, insomnia, and nervousness), diarrhea, sweating, anorexia, nausea, and male sexual
dysfunction were observed in SSRI versus nefazodone recipients. Dry mouth, dizziness,
constipation, visual disturbances, and confusion were more common in  nefazodone versus
SSRI recipients (Davis et al. 1997).
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5.1 Mixed serotonin/noradrenaline antagonist: mirtazapine

Pharmacology of mirtazapine
It is thought that the dual mode of action of mirtazapine operates via the blockade of α2-
adrenoceptors in combination with 5-HT2 and 5-HT3 receptor antagonism (structure 5.1). This
mechanism of action refers to the interplay between the norepinephrine system and the
serotonin system in the brain. The norepinephrine neuron carries α2-autoreceptors in the
terminal as well as in the cell body region.

Antagonism of these receptors by mirtazapine has been shown to enhance norepinephrine
neurotransmission. Noradrenaline interacts with the serotonergic system in two ways. First,
α2-heteroceptors are present on the terminals of serotonin neurons, activation of which
attenuates serotonin release. Second, α1-heteroceptors are present in the cell body region of
the serotonergic system, activation of which increases the firing rate of the serotonergic
neurons, thus enhancing serotonin neurotransmission. Mirtazapine blocks presynaptic α2-
adrenoceptors, which enhances noradrenaline release in the raphe nuclei. Arguably,  α1-
adrenoceptors on serotonin cell bodies in the raphe nuclei become increasingly activated,
thereby enhancing the firing rate of the serotonergic neurons. Antagonism of 5-HT2 and 5-HT3

receptors has been hypothesized to further concentrate the enhanced serotonin
neurotransmission towards 5-HT1A receptors.

Pharmacokinetics of mirtazapine
The pharmacokinetic parameters of patients have been summarized in Table 1. Based on the
recommended daily dose of 15-45 mg, average steady-state plasma levels of mirtazapine range
between 30-300 nM.  Since protein binding of mirtazapine is approximately 85%, free
mirtazapine levels will be between 4.5 and 45 nM. The free brain concentration of mirtazapine
will maximally range between 4.5 and 45 nM. Since mirtazapine is not a very potent α2-
adrenoceptor antagonist (Ki ~ 100nM, Kd ~ 140 nM), binding of mirtazapine to these
receptors will not be substantial at clinical doses. The latter argument may urge for a
reconsideration of the proposed mechanism.
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Mirtazapine does not inhibit CYP450 enzymes and is therefore not expected to interact with
the metabolism of other drugs (Table 3).

1A2 2C 2D6 3A4

Reboxetine 0 0 0 0

Venlafaxine 0 0 0 (+) 0

Milnacipran 0 0 0 0

Trazodone 0 0 0 ++++

Nefazodone 0 0 0 ++++

Mirtazapine 0 0 0 0

Table 5: Relative inhibition of CYP450. Data from (Spencer and Wilde 1998, Lindsay de
Vane 1998).

Clinical trials: mirtazapine versus TCAs
Comparisons of mirtazapine with tricyclic antidepressants have mainly focused on
amitriptyline, imipramine, clomipramine, and doxepine. In a review by Davis and Wilde (Davis
and Wilde 1996), it was reported that mirtazapine has a similar efficacy to TCAs in both
outpatients and inpatients with major depression.
Several trials comparing mirtazapine with amitriptyline have observed similar HDRS response
rates between the two compounds (Bremner 1995, Mullin et al. 1996, Smith et al 1990,
Zivkov and de Jongh 1995). Concurrent meta-analyses have confirmed the equal efficacy of
both drugs (Stahl et al. 1997, Fawcett and Barkin 1998, Kasper et al 1997, Kasper 1995).
Although efficacy was observed to be similar, relapse rates were lower and sustained
remission rates were higher for mirtazapine in a placebo-controlled continuation trial
(Montgomery et al 1998).
Mirtazapine has been compared with imipramine in inpatients in a study that claimed a
superior response rate for imipramine (Bruijn et al . 1996). When the efficacy on several
symptom clusters was investigated, mirtazapine appeared to be effective in clusters related to
anxiety and sleep, whereas imipramine was effective on core symptoms of depression (Bruijn
et al 1999)
No indications for a different efficacy for mirtazapine and clomipramine were found in two
double-blind randomized trials (Richou et al. 1995, Peyron 1996).
Response rates at study end-point were similar in mirtazapine and doxepine recipients in a
double-blind multicenter trial (Martilla et al. 1995).

Clinical trials: mirtazapine versus SSRIs
Mirtazapine had a superior onset of action compared with fluoxetine. The reductions in HAM-
D score were significantly greater at weeks 3 and 4. Response rates (>50% reduction in
HAM-D score) were also significantly higher at week 4 (Wheatley et al. 1998).
When compared with paroxetine, mirtazapine was significantly superior in terms of reduction
in HDRS scores at various time points (Benkert et al. 1998). The decrease in HAM-D score
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was higher for mirtazapine at week 1. Mirtazapine was also significantly superior to fluoxetine
at weeks 1 and 4 when responder dates were evaluated.
A multicenter, double-blind, randomized study in inpatients and outpatients with major
depressive disorder has compared mirtazapine with citalopram. The decrease in baseline
MADRS scores was greater for mirtazapine than for citalopram at week 2. Additional scorings
such as the Hamilton Rating Scale for Anxiety (HAM-A) and CGI also showed superior
reductions for mirtazapine versus citalopram at week 2. Response rates, as defined by CGI,
were better for mirtazapine at weeks 1 and 2 (Agren et al. 1998).

Tolerability and long-term efficacy
The results of clinical trials suggest that patients are more likely to comply with mirtazapine
than with TCA treatment. An overview of the available data showed that amitriptyline was
inferior to mirtazapine in terms of long-term dropouts due to adverse events (Montgomery
1995b).
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Conclusions
The latest generation of antidepressants may have several advantages in comparison to
MAOIs, TCAs, and SSRIs.

• Safety profile and interaction with the metabolism of other drugs are much improved
compared with MAOIs and TCAs.

• Unfortunately, elimination rates (except for mirtazapine) have increased, making it
necessary to use multiple daily doses. By using extended-release formulations such as
venlafaxine-XR, however, the inconvenient multiple dosages can be avoided. On the
other hand, rapid elimination is beneficial when patients change antidepressants.

• Selective norepinephrine reuptake inhibition (Reboxetine) may be superior to selective
inhibition of the serotonin reuptake site, although enhanced efficacy with respect to
TCAs has not been observed in the majority of comparative studies.

• Clinical studies have shown that some, but not all, of the multiple-action
antidepressants tend to have better short-term efficacy than TCAs and SSRIs (Table
4).

• The mixed serotonin/norepinephrine reuptake inhibitor venlafaxine has shown superior
efficacy compared with TCAs and SSRIs in the majority of short-term trials.
Unexpectedly, milnacipran, with almost the same pharmacological profile as
venlafaxine, was not found to be superior to the SSRIs and TCAs. The less convincing
results for milnacipran may be related to the pharmacokinetic properties of the
compound.

• Although not reviewed in this chapter, combined dopaminergic/noradrenergic
compounds (nomifensine and bupropion) do not seem to be superior to SSRIs and
TCAs in depression. These drugs, although originally marketed for depression, have
both been withdrawn as antidepressants and were therefore not evaluated extensively.

• Antidepressants with a mixed profile of Selective Serotonin Reuptake inhibition and 5-
HT1A antagonism and agonism could have beneficial effects over SSRIs, though their
exact efficacy has to be evaluated with selective and potent ligands. Comparison versus
TCA’s has not been performed yet.

• The mixed serotonin antagonist/reuptake inhibitors nefazodone and trazodone do not
have an advantage over regular treatment with TCAs and SSRIs. Trazodone may be as
effective, or slightly superior to, TCAs whereas nefazodone has equal or inferior
efficacy compared with TCAs. Compared with SSRIs, nefazodone was equally
effective.

• Mirtazapine is comparable to the TCAs on short-term efficacy, but a majority of
studies indicate that mirtazapine is superior to SSRIs.
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TCA SSRI

TCA TCA = SSRI

SSRI TCA = SSRI

SSRI + 5-HT1A

antagonist

Combination > SSRI

SSRI + 5-HT1A

agonist

Combination > SSRI

Reboxetine TCA = Reboxetine Reboxetine > SSRI

Venlafaxine Venlafaxine  > TCA Venlafaxine  > SSRI

Milnacipran Milnacipran < TCA Milnacipran > SSRI

Trazodone Trazodone = TCA Trazodone = SSRI

Nefazodone Nefazodone < TCA Nefazodone = SSRI

Mirtazapine Mirtazapine = TCA Mirtazapine > SSRI

Table 4. Short-term comparative efficacy of new antidepressants versus tricyclic
antidepressants and selective serotonin reuptake inhibitors based on reduction in HDRS and
CGI.

In conclusion, it can be stated that the majority of new antidepressants tend to be superior to
SSRIs in short-term trials. Compared with the TCAs, venlafaxine may be the only multiple-
action compound with somewhat better antidepressant properties.
Depression is a recurrent condition. Future trials should therefore evaluate the efficacy of
newer antidepressants over a longer period of time (years), thereby evaluating patient
compliance as well as sustained antidepressant efficacy. In addition, patient sub-group analysis
of trials would indicate the long- and short-term efficacies of antidepressants over the
depression sub-population. Only in this way can the clinical efficacy of the new antidepressants
be evaluated thoroughly.
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Abstract

Pharmacokinetic and pharmacodynamic parameters of the selective serotonin re-uptake
inhibitor (SSRI) citalopram [1-(3-dimethylaminopropyl) -1-(4-fluorophenyl)-5-
phtalancarbonitril] were determined in order to find optimal conditions for augmentation of
its effect on extracellular serotonin (5-HT) through blockade of 5-HT1A and 5-HT1B

autoreceptors. Citalopram dose-dependently (0.3 to 10 µmol/kg s.c.) increased serotonin
levels in ventral hippocampus of conscious rats. At plasma levels above approximately 0.15
µM, the effect of citalopram on extracellular 5-HT was augmented by both a 5-HT1A (Way
100635, 1 micromol/kg s.c. (N-[2-[4-(2-mehoxyphenyl)-1-piperazinyl]ethyl]-N-(2-
pyridil)cyclohexanecarboxamide trihydrochloride)) and a 5-HT1B receptor antagonist (GR
127935, 1 µmol/kg s.c., (2’-methyl-4’-(5-methyl-[1,2,4]oxadiazol-3-yl)biphenyl-4-carboxylic
acid [4-methoxy]-3-(4-methylpiperazin-1-yl)phenyl]amide)). However, at plasma levels of
the SSRI below 0.15 µM, the effects of the antagonists diverged viz. the 5-HT1B  receptor
antagonist was still able to potentiate citalopram’s effect on extracellular 5-HT, while the 5-
HT1A receptor antagonist was no longer effective. These results suggest that in contrast to 5-
HT1B autoreceptors, indirect activation of 5-HT1A autoreceptors by citalopram is critically
related to the dose of SSRI administered. The latter may have consequences for SSRI
augmentation strategies with 5-HT1A receptor antagonists in the therapy of depression and
anxiety disorders.
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1. Introduction

Selective serotonin re-uptake inhibitors (SSRIs) increase brain extracellular serotonin (5-HT)
concentrations in animals acutely following administration (Fuller, 1994). In contrast, the
clinical effects of these substances are typically delayed for several weeks (Baumann, 1992;
Fuller, 1994). This notion suggests the occurrence of adaptive changes triggered by the
sustained elevated 5-HT levels. Several lines of evidence suggest that these changes involve
desensitization of 5-HT autoreceptors. Attenuation of auto-inhibitory processes increases the
overall serotonergic neurotransmission, and this process has been hypothesized to underlie
the therapeutic effects of SSRIs (Blier et al., 1987).

At least three types of presynaptic 5-HT receptor regulatory mechanisms are known.
Somatodendritic 5-HT1A autoreceptor activation decreases 5-HT release in terminal areas via
inhibition of serotonergic cell firing (Arborelius et al., 1994; Bosker et al., 1994). Several
authors have reported a reduced inhibitory effect of the 5-HT1A  receptor agonist 8-hydroxy-2-
(di-n-propylamino)tetraline (8-OH-DPAT) on terminal 5-HT release or raphe nuclei cell
firing following chronic treatment with SSRIs (Invernizzi et al., 1994; Kreiss and Lucki,
1995; Le Poul et al., 1995). Others, however, failed to observe any such effects (Hjorth and
Auerbach, 1994; Bosker et al., 1995).
Activation of terminal 5-HT1B receptors (formerly 5-HT1Dβ) also decreases 5-HT release
(Bosker et al., 1995). Similarly, data concerning 5-HT1B autoreceptor desensitization
following chronic treatment with SSRIs are controversial (Chaput et al., 1986; Auerbach and
Hjorth, 1995; Bosker et al., 1995; Moret and Briley, 1996; Davidson and Stamford, 1997).
The third type of regulatory mechanism may be through somatodendritic 5-HT1D (formerly 5-
HT1Dα) receptors (Starkey and Skingle, 1994; Sprouse et al., 1997). Activation of these
receptors decreases 5-HT release in the cell body region, which may indirectly influence
terminal 5-HT release through interplay with somatodendritic 5-HT1A autoreceptors.

In contrast to receptor density and affinity, which can be adequately assessed by means of in-
vitro binding studies (Bmax and Kd), the desensitization of auto-inhibitory processes can only
be measured in functional models, for example by using microdialysis or electrophysiological
methods. In addition to using selective 5-HT1A and 5-HT1B receptor agonists, the SSRIs
themselves can be used as probes for measuring desensitization processes. Eventually, the
attenuation of release-restraining processes will lead to an additional increase of extracellular
5-HT. Using this latter approach, microdialysis studies have indeed reported additional
increases in extracellular 5-HT following chronic treatment with SSRIs (Invernizzi et al.,
1994; Auerbach and Hjorth, 1995), although another study failed to observe these effects
(Bosker, et al. 1995). In addition, an electrophysiological study has reported that inhibition of
dorsal raphe nucleus 5-HT cell firing by citalopram was time-dependently abolished during
chronic treatment (Chaput et al., 1986).

Apart from differences in animal strains (Schoups and De Potter, 1988), the discrepant
findings may have a variety of causes. For instance, McQuade et al. (McQuade and Sharp,
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1997) have demonstrated that forebrain regions are not evenly innervated by dorsal raphe
nucleus and median raphe nucleus. It can be speculated that 5-HT1A  autoreceptors on 5-HT
cell bodies within these nuclei differ in their susceptibility to desensitization, which may
explain some of the discrepancies (Kreiss and Lucki, 1994; Kreiss and Lucki., 1997).
An obvious source of variance are differences in dose regimen of the SSRIs used in the
studies. Since plasma half-lives of drugs in rodents are generally much shorter than in
humans, multiple or very high doses are not uncommon in order to mimic human  plasma
levels. Pharmacologically inactive, strongly fluctuating or even toxic plasma levels thus
established, may have contributed to the varying results.

An alternative approach to test Blier’s desensitization hypothesis (Blier et al., 1987) is the
administration of SSRIs with concomitant autoreceptor blockade. Arguably, blocking the
autoreceptors instantaneously mimics the desensitization process. Animal studies have
demonstrated that co-administration of a 5-HT1A receptor antagonist causes an additional
increase of extracellular serotonin levels (Hjorth, 1993; Hjorth et al., 1996; Gobert et al.,
1997), which is afterall the basis of Blier’s hypothesis. Consequently, co-administration of an
SSRI and 5-HT1A  and/or 5-HT1B antagonists should accelerate the onset of therapeutic effect.
Following this line of thought, clinical studies have reported on hastening and/or
improvement of response to antidepressant treatment by co-administration of the β-
adrenoceptor and 5-HT1A/B receptor antagonist pindolol.
Several groups have indeed claimed a more rapid onset of action, larger reductions in
Hamilton depression scores in time, and sometimes beneficial effects in therapy resistant
depression (Artigas et al., 1994; Perez et al., 1997; McAskill et al., 1998). On the other hand
several equally well executed studies were not able to support these findings (Berman et al.,
1997; McAskill et al., 1998).
To explain this discrepancy several explanations have been advanced such as differences in
patient groups, different properties of the SSRIs, etc.
An alternative explanation may be found in varying SSRI plasma levels between patients,
which may lead to different degrees of autoreceptor activation. Arguably, this would lead to a
substantial variation in antagonist effect between patients.

In the present study, the contribution of 5-HT1A and 5-HT1B autoreceptors in restraining SSRI
evoked 5-HT release in rat ventral hippocampus was investigated by co-administration of
selective antagonists and different doses of citalopram, currently the most selective serotonin
re-uptake inhibitor (Hyttel, 1994). The selective 5-HT1A and 5-HT1B receptor antagonists
used in the study were WAY 100635 and GR 127935, respectively. In addition, citalopram
plasma concentrations were measured to relate brain pharmacology with plasma levels of the
SSRI.
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2. Materials and Methods

2.1 Animals

Male albino rats of a Wistar-derived strain (285-320 g; Harlan, Zeist, The Netherlands) were
used for the experiments. Upon surgery, rats were housed individually in plastic cages (35 x
35 x 40 cm), and had free access to food and water. Animals were kept on a 12 h light
schedule (light on 7:00 a.m.). The experiments are concordant with the declarations of
Helsinki and were approved by the animal care committee of the faculty of mathematics and
natural science of the University of Groningen .

2.2  Drugs

The following drugs were used: Citalopram hydrobromide [1-(3-dimethylaminopropyl) -1-(4-
fluorophenyl)-5-phtalancarbonitril] (kindly donated by Lundbeck (Denmark), courtesy Dr.
Sanchez), Way 100635 (N-[2-[4-(2-mehoxyphenyl)-1-piperazinyl]ethyl]-N-(2-
pyridil)cyclohexanecarboxamide trihydrochloride) and (GR 127935 2’-methyl-4’-(5-methyl-
[1,2,4]oxadiazol-3-yl)biphenyl-4-carboxylic acid [4-methoxy]-3-(4-methylpiperazin-1-
yl)phenyl]amide) (both compound were synthesized in our laboratory, courtesy Dr. Y. Liao
and Mrs. M. Mensonides). Drugs were dissolved in saline except for GR 127935, which was
dissolved in saline with a drop of acetic acid. Substances were injected subcutaneously in a
volume of 1 ml per kg.

2.3 Surgery

Microdialysis experiments were performed using home made I-shaped probes, made of
polyacrylonitrile / sodium methyl sulfonate copolymer dialysis fiber (i.d. 220 µm, o.d. 0.31
µm, AN 69, Hospal, Italy).The exposed length of the membranes was 4 mm.
Preceding surgery rats were anesthetized by means of an intraperitoneal injection of 400
mg/kg chloral hydrate. Lidocaine-HCl, 10 % (m/v) was used for local anesthesia. Rats were
placed in a stereotaxic frame (Kopf, USA), and probes were inserted into the ventral
hippocampus (coordinates: IA: +3.7 mm, lateral : +4.8 mm, ventral: -8.0 mm from the dura
mater, Paxinos and Watson, 1982) and secured with dental cement.

Pharmacokinetic experiments were performed in a separate group of rats without
microdialysis probes. Apart from this, conditions were comparable with the microdialysis
animals, including anaesthesia. Blood was drawn through a canula made of  silicon tubing,
which was inserted into the right jugular vein for 3.8 mm, during chloralhydrate anaesthesia.
The tubing was transferred subcutaneously to the scull of the rat, and a stainless steel inlet
was connected to the tubing. The inlet was mounted on the skull with dental cement and
surgical screws. After insertion, canulas were filled with a PVP solution (55 %
polyvinylpyrrolidon in 500 IE/ml heparin) in saline to prevent blood clotting.
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2.4 Microdialysis experiments

Rats were allowed to recover for at least 24 h. Probes were perfused with artificial
cerebrospinal fluid containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, and 1.2 mM
MgCl2, at a flow-rate of 1.5 µl / min (Harvard apparatus, South Natick, Ma., USA). Samples
were collected on-line in a 20 µl loop and injected automatically onto the column every 15
min.

2.5 Pharmacokinetic experiments

Preceding the experiments, rats were allowed to recover from surgery for 24 h. Blood
samples (0.35 ml) were drawn at 0, 15, 30, 60, 120, 240 and 360 min after injection of
citalopram (3 and 10 µmol/kg s.c.). Samples were transferred to 1.5 ml eppendorf vials,
containing 5 µl heparin (500 IE/ml saline), mixed and immediately transferred to a chilled
centrifuge (MSE, England), and centrifuged for 15 min at 3,000 rpm.
To measure citalopram plasma concentrations at the dose of  0.1 µmol/kg, it appeared
necessary to introduce a concentration step. To this end animals were anesthetized by ether
anesthesia  30 min after receiving the citalopram injection. Vacutainers (Becton Dickinson,
England) were used in order to obtain at least 5 ml of plasma by means of cardiac puncture.

2.6 Analysis

2.6.1. Serotonin analysis:
5-HT was analyzed using high pressure liquid chromatography (HPLC) with electrochemical
detection. The HPLC pump (Shimadzu LC-10 AD liquid chromatograph) was connected to a
reversed phase column (phenomenex hypersil 3 : 3 µm, 100 x 2.0 mm, C18, Bester,
Amstelveen, the Netherlands) followed by an electrochemical detector (Antec Leyden,
Leiden, the Netherlands), working at a potential setting of 500 mV vs. Ag/AgCl reference.
The mobile phase consisted of 5 g/l di-ammoniumsulfate, 500 mg/l ethylene diamino tetra
acetic acid (EDTA), 50 mg/l heptane sulphonic acid, 30 µl/l of triethylamine and 4.5 % v/v
MeOH at a pH of 4.65. Flow-rate of the mobile phase was 0.4 ml/min. The detection limit
was 1-2 fmol 5-HT per 20 µl sample (signal to noise ratio 2).

2.6.2. Citalopram analysis:
Citalopram was measured according to Øyehaug et al. (1982), with minor modifications.
Briefly, to 150 µl plasma samples 75 µl of the internal standard LU 10-202 (2 µM) and 30 µl
of 1N NaOH were added. Samples were extracted twice by mechanically shaking for 3 min.
with 3 ml of diethyl ether. The ether layers were then transferred to 10 ml evaporating tubes,
and 150 µl of 0.1 N HCl was added. The ether was evaporated in a water-bath at 40 °C under
a stream of nitrogen. The HCl layer was washed once with 0.5 ml ether. 50 µl samples were
injected onto the column. Extraction recovery of  citalopram, metabolites and internal
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standard were approximately 95 %. Citalopram plasma levels were corrected for recovery of
the internal standard.
With the experiments in which 5 ml plasma was obtained via the vacutainer, a similar
protocol was used, but the plasma sample was now extracted three times with 10 ml of ether.
After extraction, the combined ether layers were evaporated into 150 µl of 0.1 N HCl,
thereby concentrating the samples 33.3 times. Under these conditions, relative recovery of the
extraction for citalopram, metabolites and internal standard was lower and amounted to
approximately 70 %. Citalopram plasma levels were corrected for recovery of the internal
standard.
An HPLC/auto-injector (1084B Liquid Chromatograph, Hewlett-Packard) was used, in
combination with a fluorescence detector (470 Scanning Fluorescence detector, Waters,
England) operating at an absorption wavelength of 240 nm, an emission  wavelength of 296
nm, and a slit-width of 12 nm. Separation was performed using a Supelcosil HPLC column (5
µm, C18, 250 x 46 mm,  Supelco, the Netherlands), at ambient temperature. The mobile
phase consisted of 46 % v/v acetonitrile, 54 % v/v potassium dihydrogen phosphate buffer
(4.3 g/l), and 30 µl/l  triethylamine, at a pH value of 3.0. Flow-rate in this system was 0.75
ml/min. The detection limits for “on column injections” of  citalopram, desmethyl-citalopram
and didesmethyl-citalopram were 8, 7  and 5 nM, respectively  (signal to noise = 2).

2.7 Data presentation and statistics

Four consecutive microdialysis samples with less then 20 % variation were taken as control
and set at 100 %. Data are presented as percentages of control level (mean + S.E.M.).
Statistical analysis was performed using Sigmastat for windows (Jandel Corporation).
Treatment effects were compared using two way analysis of variance (ANOVA) for repeated
measurements, followed by Dunnett’s test. Level of significance level was set at p<0.05.
Dose response curves and ED50s were calculated using origin software.
Pharmacokinetic data were fitted using Multifit (copyright Dr. J.H. Proost, Dept. of
pharmacokinetics and drug delivery, University of Groningen, the Netherlands).
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3. Results

3.1 Pharmacokinetic experiments

Plasma levels were determined of 3 doses of citalopram (0.1, 3 and 10 µmol/kg).
Subcutaneous administration of 10 µmol/kg citalopram rapidly established plasma levels of
about 0.5 µM. During the time span of the pharmacological experiment (240 min.), plasma
levels gradually decreases to about 0.15 µM. Following  administration of 3 µmol/kg
citalopram, plasma levels of about 0.13 µM were found to occur within 15 min. After 240
min. plasma levels decreased to approximately 0.01 µM (Fig. 1). Desmethyl- and
didesmethyl metabolites of citalopram could not be detected in the plasma after
administration of either dose.
The three doses of citalopram showed a linear relation with the respective plasma
concentrations (Fig. 2). From the plasma time-concentration profile after 10 µmol/kg s.c.
citalopram, several pharmacokinetic parameters were calculated. T1/2 was 110 + 13 min,
volume of distribution 20 + 4 l/kg, and clearance 0.13 + 0.02 l/kg/min.

Figure 1. Plasmaconcentrations in time following subcutaneous injection of 3.0 (n=4,�) and
10 µmol/kg (n=4,�) citalopram. Min, mean and max denote the respective minimal, mean
and maximal borders of the human clinically effective therapeutic window.
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3.2 Pharmacodynamic experiments

3.2.1. Basal extracellular 5-HT levels

Basal levels of 5-HT in ventral hippocampus were 7.8 + 0.7 fmol/15 min fraction (mean +
S.E.M., n = 72). No significant differences were observed between the different treatment
groups.

Figure 2. Linear relationship between the administered dose of citalopram and the plasma
concentration measured at t=30 min. (n=4) (r =1.00).

3.2.2 Effect of subcutaneous administration of citalopram on extracellular 5-HT levels

Subcutaneous administration of 0.1, 0.3, 1.0, 3.0 and 10.0 µmol/kg citalopram dose-
dependently increased extracellular 5-HT in ventral hippocampus (Fig 3).
A dose of 0.1 µmol / kg citalopram had no significant effect on extracellular 5-HT in ventral
hippocampus (F(1,116)=0.729, P > 0.05)). The next dose induced a short lasting increase of
extracellular 5-HT to about 225 % of control values (F(1,107)=2.66, P < 0.05)). Post-hoc
analysis revealed that the effect was significant at t=60 min. Increasing the dose to 1 µmol/kg
elevated 5-HT levels significantly to 275 % for the remainder of the experiment
(F(1,121)=5.26, P < 0.05)). Post-hoc analysis revealed significant increases from t=90 to 120
min. A dose of  3 µmol/kg elicited an increase in extracellular 5-HT of 350 %
(F(1,121)=22.3, P < 0.05)). Post-hoc analysis revealed significant differences from t=30 to
t=150 min. A dose of 10 µmol/kg  increased 5-HT to a comparable extent (F(1,131)=18.8, P
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< 0.05)). Post-hoc analysis revealed significant effects from t=45 to t=150. From the dose
response curve, using the area under the curve (AUC) from t=0 to t=150 min, the half-
maximal dose was estimated to be 0.62 µmol/kg (Fig 4).

Figure 3. Effect of subcutaneous administration of citalopram on extracellular levels of 5-HT
in ventral hippocampus of conscious and freely moving rats. Citalopram or vehicle was
administered at t=0 min:  Saline ( n = 7 ; �), Citalopram 0.1 µmol/kg (n = 5; �), Citalopram
0.3 µmol/kg (n = 4 ; �), Citalopram 1.0 µmol/kg (n = 5 ; �), Citalopram 3.0 µmol/kg (n = 5
; �), Citalopram 10 µmol/kg (n = 6 ; ++++ ).

3.2.3. Effect of co-administration of the 5-HT1A receptor antagonist WAY 100635 and
citalopram on extracellular 5-HT levels

A low dose of citalopram (1 µmol/kg) increased 5-HT levels, but co-administration of the 5-
HT1A antagonist did not potentiate this effect (F(1,117)=1.129, P > 0.05))(Fig. 5). Co-
administration of an intermediate dose of citalopram (3 µmol/kg) and the 5-HT1A receptor
antagonist showed a tendency towards an additional increase. However, this effect was not
statistically significant (F(1,108)=0.648, P > 0.05)) (Fig. 6). At a dose of 10 µmol/kg
citalopram, the increase in extracellular 5-HT was significantly augmented by the 5-HT1A

receptor antagonist (F(1,118)=2.71, P < 0.05))(Fig.7).
From the AUC (0 to 150 min ) it can be seen that augmentation by WAY 100635 occurs at
doses of the SSRI exceeding 3 µmol/kg (Fig. 8).
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Figure 4.  Dose-response curve of citalopram induced  5-HT increases in ventral
hippocampus. release. Data were calculated as area under the curve (AUC), from t=0 to
t=150 min. Dose 1.0, 3.0 and 10 µmol/kg elicit an statistical difference in AUC vs. Saline
AUC (P < 0.05). The calculated ED50 of this effect was 0.62 µmol/kg s.c..

3.2.4. Effect of co-administration of the 5-HT1B receptor antagonist GR 127935  and
citalopram on extracellular 5-HT levels

Co-administration of the selective 5-HT1B receptor antagonist GR 127935 clearly potentiated
the citalopram induced increase in extracellular 5-HT. The effect was already significant at a
dose of 1 µmol/kg of citalopram (F(1,79) = 3.09, P < 0.05)) (Fig. 5). Augmentation was
observed to become progressively stronger when the dose of citalopram was increased
(citalopram 3 µmol/kg s.c. (F(1,107) = 2.73, P < 0.05), citalopram 10 µmol/kg s.c. (F(1,118)
= 14.6, P < 0.05) (Fig. 5 and 6, respectively). Conversion of these data into AUCs (0 to 150
min) clearly shows that augmentation by the 5-HT1B receptor antagonist is already evident at
low doses of the SSRI, while under the same conditions the 5-HT1A receptor antagonist is
devoid of effect (Fig. 8).
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Figure 5. Effects of citalopram 1.0 µmol/kg and WAY 100635 1.0 µmol/kg or GR 127935
1.0 µmol/kg, alone, or co-administered, on extracellular 5-HT levels in ventral hippocampus.
Citalopram 1.0 µmol/kg (�, n = 5), WAY 100635 (�, n = 3), citalopram 1.0 µmol/kg and
WAY 100635 1.0 µmol/kg (�, n = 6 ), GR 127935 (�, n = 4), citalopram 1.0 µmol/kg and
GR 127935 1.0 µmol/kg (� , n = 5) (* P < 0.05).
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4. Discussion

The present study clearly demonstrates that in contrast to a 5-HT1B receptor antagonist,
augmentation by a 5-HT1A antagonist critically depends on the dose of citalopram. Several
microdialysis studies have investigated the acute effects of SSRIs on extracellular 5-HT
levels, but none of them has related these data to plasma concentrations of the SSRI. To our
knowledge, this is the first microdialysis study is the first in which measurement of
pharmacodynamic effects of a selective serotonin re-uptake inhibitor is combined with an
estimation of some of its pharmacokinetic parameters.

Figure 6. Effects of citalopram 3.0 µmol/kg and WAY 100635 1.0 µmol/kg or GR 127935
1.0 µmol/kg, on extracellular 5-HT levels in ventral hippocampus. Citalopram 3.0 µmol/kg
(�, n = 5), citalopram 3.0 µmol/kg and Way 100635 1.0 µmol/kg (�, n = 5), citalopram 3.0
µmol/kg and GR 127935 1.0 µmol/kg (�, n = 5) (* P < 0.05).

4.1 Pharmacokinetic experiments
Restrictions imposed by the detection limit of the citalopram assay and the maximal amount
of plasma that could reasonably be taken from the canula in the jugular vein made it
necessary to use cardiac puncture (5 ml) for the lowest dose of citalopram. Concentration of
these samples enabled us to estimate plasma levels even at the lowest dose of citalopram (0.1
µ mol/kg). Due to large variation of citalopram plasma levels 15 min. after injection, blood
samples were taken 30 min after administration. Citalopram plasma levels measured at this
timepoint displayed a linear relationship with the corresponding doses of 0.1, 3.0 and 10.0
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µmol/kg. In principle the plasma levels of all other doses used in the present study can be
estimated from this linear relation.
Evaluation of treatment studies with citalopram in major depression indicates that clinically
effective plasma levels range between 0.12 µM and 0.88 µM (Baumann, 1992). In the present
study in rats similar plasma levels of citalopram were obtained only at doses of 3 and 10
µmol/kg. At the highest dose of citalopram, plasma levels were maintained within this range
for at least 4 h. Due to rapid elimination in rats, plasma levels of the lower dose already
dropped below 0.12 µM after 45 min. The pharmacokinetic parameters after 10 µmol/kg
citalopram, are somewhat different from the data initially published by Overø et al, and
indicate a faster elimination in the present study (Fredricson Overø, 1982). Different rat
strains, route of administration and protocols may be responsible for this discrepancy
(Fredricson Overø, 1982).
Although it is realized that pharmacokinetics and pharmacodynamics differ between rats and
humans, we used the reported clinically effective plasma levels as a starting point for our
experiments.
In vivo citalopram is metabolized into several metabolites, of which the desmethyl and the
didesmethyl analogues are the most prominent (Oyehaug et al., 1982).
Plasma levels of the metabolites, in depressive patients treated with citalopram under steady
state conditions, have been reported to be at about 2-3 times lower as with the parent
compound (Baumann, 1992). Compared to citalopram, the metabolites have a 10 times lower
affinity for the 5-HT re-uptake site. Arguably, their pharmacological effects, if any, will not
be predominant (Hyttel, 1994). In the present study we could not detect any of the citalopram
metabolites.       

4.2 Pharmacological experiments
In the present study, systemic administration of citalopram induced a dose dependent increase
of extracellular 5-HT levels in the ventral hippocampus of the rat. This observation is in
agreement with several other studies (Bel and Artigas, 1992; Hjorth et al., 1997; Invernizzi et
al., 1997; Romero and Artigas, 1997; Gundlah et al., 1998), (review by Fuller (1994)). At
higher doses, the effect of citalopram reached a plateau value. Suprisingly, citalopram plasma
concentrations at this plateau value were in the same range as reported for clinically effective
plasma levels (Baumann, 1992).
The relation between dose of the SSRI and its effect on extracellular 5-HT levels has not very
well been investigated. Hjorth et al., using doses of citalopram comparable to those in the
present study, reported that increasing the citalopram dose from  0.5 to 5 mg/kg (1.25 and
12.5 µmol/kg resp.) did not proportionally increase its effect on 5-HT levels in the ventral
hippocampus (Hjorth et al., 1997). The latter indicates that plateau values had been reached
somewhere between these doses, which is in agreement with our data.
In the present study, administration of  0.1 µmol/kg citalopram had no effect on 5-HT levels
in the ventral hippocampus. The next dose of 0.3 µmol/kg transiently increased extracellular
5-HT. Plasma level of citalopram  (t=30 min) at the lowest dose was approximately 10 nM.
This plasma value should be kept in mind when performing chronic experiments with
citalopram. If experiments after cessation of chronic treatment are performed when plasma
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levels are still above this value, effects of pharmacological probes may be interfered by
residual effects of the SSRI.

Figure 7. Effects of citalopram 10.0 µmol/kg and WAY 100635 1.0 µmol/kg or GR 127935
1.0 µmol/kg, on extracellular 5-HT levels in ventral hippocampus. Citalopram 10.0 µmol/kg
(�, n = 6), citalopram 10.0 µmol/kg and WAY 100635  1.0 µmol/kg (�, n = 5), citalopram
10.0 µmol/kg and GR 127935 1.0 µmol/kg (�, n = 5) (* P < 0.05).

Activation of somatodendritic 5-HT1A autoreceptors reduces neuronal firing of 5-HT raphe
nuclei cells (Arborelius et al., 1994). SSRIs have been shown to increase  extracellular 5-HT
in both terminal and cell body areas. The increase in extracellular 5-HT in the cell body
region activates 5-HT1A autoreceptors, thereby decreasing 5-HT neuronal firing (Chaput et
al., 1986).The latter process counteracts the primary effect of the SSRI. In theory co-
administration of a 5-HT1A receptor antagonist should prevent this secondary effect of the
SSRI. Indeed, several studies have shown that co-administration of a 5-HT1A receptor
antagonist potentiates the effect of an SSRI on extracellular 5-HT (Hjorth et al., 1996; Gobert
et al., 1997; Gundlah et al., 1997). The present study corroborates and extends these findings.
The 5-HT1A receptor antagonist WAY 100635 potentiated the effect of citalopram on
extracellular 5-HT, but the effect appeared critically dependent on the plasma level of the
SSRI. Apparently a certain level of feedback regulation is necessary to show the effect of a 5-
HT1A receptor antagonist. This finding supports the study by Hjorth et al. (1997), wherein
WAY 100635 augmented the effect of a high, but not a low dose of citalopram.
In addition to the dependence of augmentation on the SSRI plasma level, Hjorth et al also
showed that this effect is critically dependent on the dose of 5-HT1A antagonist (Hjorth et al.,
1997). In order to eliminate the possibility that augmentation remained absent due to
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insufficient presence of 5-HT1A antagonist, a supramaximal dose was administered. Co-
administration of an even higher amount of Way 100635 (10 µmol/kg) revealed that the
augmentation was maximal with regard to the dose of 5-HT1A antagonist administered (data
not shown).

Figure 8. Effects of citalopram 10 µmol/kg, alone, or combined with WAY 100635 1.0
µmol/kg or GR 127935 1.0 µmol/kg. Data are presented as AUC from t=0 to 150 min.
Citalopram (�), citalopram combined with WAY 100635 (�), citalopram combined with
GR127935 (�). Min  denotes entrance of plasma citalopram levels in the therapeutic window.

In addition to the somatodendritic 5-HT1A autoreceptor mediated feedback, 5-HT release is
also controlled by 5-HT1B terminal autoreceptors. Accordingly, simultaneous systemic
administration of the putative 5-HT1B receptor antagonist GR127935 and an SSRI has been
shown to augment the effect of the latter on extracellular 5-HT ( Rollema et al., 1996; Gobert
et al., 1997; Sharp et al., 1997).
In contrast with WAY 100635, augmentation by GR 127935 appeared independent of the
dose of citalopram. Apparently the level of feedback regulation is less critical for 5-HT1B

receptor antagonists.
Notably, GR 127935 also has moderate to high affinity for 5-HT1D receptors, suggesting that
there is room for at least partial involvement of somatodendritic 5-HT1D autoreceptors in the
observed effects (Sprouse et al., 1997). Arguably, blockade of the somatodendritic 5-HT1D

autoreceptors further increases 5-HT levels in the cell body region. Theoretically, this will
lead to an increased activation of 5-HT1A autoreceptors in the same area, thereby decreasing
firing rate and terminal 5-HT release. The latter effect would counteract the effect of GR
127935 through terminal 5-HT1B autoreceptors. Anyhow, the strong potentiation of the effect
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of citalopram by GR 127935 suggests that an effect through 5-HT1D receptors, if any, is of
minor importance at this dose of antagonist.

 Arguably, pharmacokinetic interactions between citalopram and the 5-HT receptor
antagonists could also play a role. However, citalopram concentrations, measured locally in
the brain by means of microdialysis, were not affected by co-administration of either WAY
100635 or GR 127935, which contradicts any putative influence of the antagonists on the bio-
availability of citalopram (data not shown). In theory, citalopram could also influence the
availability of the 5-HT antagonists in the brain. For this reason a supra maximal antagonist
dose of WAY 100635 was chosen to minimize the risk that an increased availability of the
antagonist  would further enhance the effect on 5-HT levels. Although no effort was made to
relate the effects of GR 127935 to its dose, it can be stated that the observed effects of the
compound would be even stronger at higher doses, thereby decreasing the necessity to use of
a higher dose in the present study. Moreover, citalopram has been shown to lack important
pharmacokinetic interactions through inhibition of cytochrome p450 iso-enzymes, which
renders increase of availability of the antagonist rather unlikely (Sproule et al., 1997).

4.3 Pharmacodynamic and pharmacokinetic considerations
In the present study potentiation of citalopram’s effect on extracellular 5-HT by the 5-HT1A

receptor antagonist WAY 100635 appeared critically dependent on the plasma levels of the
SSRI. It is of note that augmentation could only be observed when the effect of citalopram
had reached its plateau value. Much to our surprise, the corresponding citalopram plasma
levels were similar to clinically effective plasma levels of the drug. Despite the fact that it is
difficult or even impossible to extrapolate data obtained from rats to humans, this still may
have implications for SSRI augmentation studies with 5-HT1A receptor antagonists in
depressed patients.
For example, pindolol augmentation studies in major depression have yielded mixed results
(McAskill, et al. 1998), which may be partly due to differences in SSRI plasma levels
between patients. It can be speculated that patients with high SSRI plasma concentrations
would benefit more from the addition of pindolol than patients with lower plasma values.

Selective 5-HT1B receptor antagonists may have great potential in SSRI augmentation
strategies. The present study indicates that this type of augmentation is more prominent than
through 5-HT1A receptors and is not restricted to clinically effective plasma levels of the
SSRI. It can be argued that they may be superior to 5-HT1A receptor antagonists in hastening
response to antidepressant treatment. Moreover, they may be beneficial for patients with low
SSRI plasma levels, viz. rapid metabolizers. An additional argument for this combination
could be the use of a lower dose of the SSRI, which may diminish side effects.
In view of the latter considerations we expect that pharmacokinetics will become increasingly
important in future clinical studies.

Assessment of pharmacokinetic parameters is also indispensable in pre-clinical studies. For
example, desensitization of somatodendritic 5-HT1A autoreceptors is believed to be the result
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of chronic activation of this receptor type. It can be argued that SSRI plasma concentrations
should be kept within the therapeutic window to insure permanent activation. Evaluation of
chronic treatment studies suggests a relation between the latter criterion and desensitization
of 5-HT1A autoreceptors (Chaput et al., 1986; Moret and Briley, 1990; Invernizzi et al., 1994;
Moret and Briley, 1996). Authors who failed to maintain SSRI levels within the therapeutic
window, consequently failed to observe effects upon chronic treatment (Hjorth and
Auerbach, 1994; Auerbach and Hjorth, 1995; Bosker et al., 1995; Gundlah et al., 1997).
One might suppose that the relation found in the present study between 5-HT1A  and 5-HT1B

receptor antagonist’s effects and SSRI plasma levels may be indicative for the occurrence of
desensitization processes. Following this reasoning, 5-HT1B receptors would desensitize
irrespective of SSRI plasma levels. This happens not to be the case. Desensitization of
terminal 5-HT1B receptors is even more controversial than is the case with 5-HT1A

autoreceptors (Chaput et al., 1986; Auerbach and Hjorth, 1995; Bosker et al., 1995; Bosker et
al., 1995). Apparently, differences in animal strain, SSRI and brain area also play an
important role in explaining discrepant findings.

4.4 Conclusion
The effect of citalopram on extracellular 5-HT is potentiated by a 5-HT1A and a 5-HT1B

receptor antagonist, albeit in a different dose range of the SSRI. Moreover, the study
indicates that assessment of SSRI pharmacokinetics could be important for evaluating their
pharmacological effects in relation to the clinical effects. It should be realized that
extrapolation to human studies should be done carefully, taking into account differences in
brain SSRI concentrations, receptor phamacology and neuroanatomy.
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Abstract

Rats were chronically treated with the selective serotonin re-uptake inhibitor citalopram [1-
(3-dimethylaminopropyl)-1-(4-fluorophenyl)-5-phtalancarbonitril], by means of osmotic
minipumps. Using an infusion concentration of 50 mg/ml citalopram, steady state plasma
concentrations of approximately 0.3 µM citalopram were maintained for 15 days. Citalopram
plasma levels dropped below pharmacologically active concentrations 48 h after removal of
the minipumps. Although chronic treatment with citalopram did induce an attenuated
response by extracellular levels of  5-HT (5-hydroxytryptamine) after systemic administration
of the 5-HT1A receptor agonist 8-OH-DPAT (8-hydroxy-2-(di-n-propylamino)tetralin), no
effect of chronic citalopram treatment was observed when 5-HT1B receptor function was
evaluated with a local infusion of 5-HT1B/D receptor agonist, sumatriptan (3-[2-
dimethylamino]ethyl-N-methyl-1H-indole-5methane sulphonamide). Controversially, no
augmentation  of the  increase of 5-HT levels was observed upon systemic administration of
citalopram. It is concluded that, although chronic treatment with citalopram does induce
desensitisation of 5-HT1A receptors, the absence of augmented effects of citalopram on 5-HT
levels indicates that other mechanisms compensate for the loss of autoreceptor control.
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1. Introduction

Selective serotonin re-uptake inhibitors increase brain extracellular 5-HT (5-
hydroxytryptamine)  levels immediately upon administration (Fuller, 1994). The concurrent
antidepressant effect in patients is, however, delayed for several weeks (Baumann, 1992).

Changes in brain pharmacology during chronic treatment of animals with selective serotonin
re-uptake inhibitors has been a topic of research for many years. Most of the studies
investigating adaptation of the serotonergic system upon chronic treatment of animals with
selective serotonin re-uptake inhibitors have focused on the evaluation of desensitisation of 5-
HT autoreceptors.

Somatodendritic 5-HT1A autoreceptors decrease neuronal firing upon activation (Arborelius
et al., 1994). Several authors have shown that selective serotonin re-uptake inhibitors activate
these receptors indirectly by increasing extracellular levels of 5-HT in raphe nuclei. The
extent of this activation, however, is related to the dose of selective serotonin re-uptake
inhibitor used (Hjorth et al., 1997, Cremers et al., 2000). Although some authors reported that
the decrease of extracellular 5-HT after systemic administration of the 5-HT1A receptor
agonist, 8-OH-DPAT (8-hydroxy-2-(di-n-propylamino)tetralin), was attenuated upon chronic
treatment of animals with selective serotonin re-uptake inhibitors (Invernizzi et al., 1994;
Kreiss and Lucki, 1995; Le Poul et al., 1995), others have failed to observe similar effects
(Hjorth and Auerbach, 1994; Bosker et al., 1995a,b).

Like the discrepancies regarding possible desensitisation of 5-HT1A autoreceptors,
desensitisation of 5-HT1B receptors located on the serotonergic nerve terminals, is also
somewhat controversial. Although an initial electrophysiological study provided evidence for
desensitisation of 5-HT1B receptors upon chronic treatment with selective serotonin re-uptake
inhibitors (Chaput et al., 1986), various studies using microdialysis could not confirm this
conclusion (Auerbach and Hjorth, 1995; Bosker et al., 1995a,b; Moret and Briley, 1996;
Davidson and Stamford, 1997).

There might be several reasons for these controversial results. First, species and animal
strains may differ in their susceptibility to desensitisation (Schoups and De Potter, 1988).
Secondly, as elimination of substances in animals, especially rodents, is much faster than in
humans, chronic treatment regimens are characterised by high and multiple dosing of the
drugs. Although a relation between the antidepressant effect and plasma levels of the
selective serotonin re-uptake inhibitors is not well established, clinically effective plasma
levels have been reported (Baumann, 1992). In this respect we have recently demonstrated
that selective serotonin re-uptake inhibitor induced 5-HT1A activation is critically dependent
on the plasma levels of the selective serotonin re-uptake inhibitor (Cremers et al., 2000).
However, in animal studies on chronic treatment with selective serotonin re-uptake inhibitors,
little attention was given to the role of plasma levels. Therefore the controversial data
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regarding desensitisation of autoreceptors might be explained by inadequacy of plasma levels
of the selective serotonin re-uptake inhibitor during the chronic treatment.

In the present microdialysis study, desensitisation of autoreceptors was studied after chronic
treatment of rats with citalopram [1-(3-dimethylaminopropyl)-1-(4-fluorophenyl)-5-
phtalancarbonitril]. To achieve stable plasma levels, citalopram was administered by means
of osmotic minipumps. Plasma concentrations of citalopram and its less potent des- and
didesmethyl metabolites were followed during the 15-day period. After a wash-out period of
2 days was determined, possible changes in 5-HT receptor sensitivity were challenged by
recording the effects of administration of the 5-HT1A receptor agonist, 8-OH-DPAT, the 5-
HT1B/D  receptor agonist, sumatriptan (3-[2-dimethylamino]ethyl-N-methyl-1H-indole-
5methane sulphonamide), or citalopram itself, on extracellular 5-HT in the ventral
hippocampus.
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2. Materials and Methods

2.1. Animals and drug administration

Male albino rats of a Wistar-derived strain (285-320 g; Harlan, Zeist, The Netherlands) were
used for the experiments. The rats were housed in plastic cages (35 x 35 x 40 cm), and had
free access to food and water. The experiments conformed with the declarations of  Helsinki
and were approved by the animal care committee of the Faculty of Mathematics and Natural
Science of the University of Groningen .

The following drugs were used: citalopram hydrobromide [1-(3-dimethylaminopropyl)-1-(4-
fluorophenyl)-5-phtalancarbonitril] , des-, didesmethyl metabolites and internal standard [1-
(3-dimethylaminopropyl)-1-(4-bromophenyl)-5-phtalancarbonitril] (kindly donated by
Lundbeck (Denmark), courtesy of Dr. Sanchez), (+)-8-OH-DPAT (8-hydroxy-2-(di-n-
propylamino)tetralin) (RBI, Natick,USA), sumatriptan  (3-[2-dimethylamino]ethyl-N-methyl-
1H-indole-5methane sulphonamide). (Glaxo Wellcome,UK.).

2.2. Surgery

Osmotic minipumps (2ML2 Alzet, USA, 5 µl/h, 2 weeks) were filled with 50 mg/ml
citalopram hydrobromide under aseptic conditions. During brief isoflurane anaesthesia (2.5
%, 400ml/min N2O, 600 ml/min O2), minipumps were implanted subcutaneously on the left
side of the back of the rat. In a subgroup, 4 rats were provided with an additional jugular vein
canula in order to determine plasma citalopram levels during and after 15 days of treatment.

After 15 days, the rats were anaesthetised with chloral hydrate (400 mg/kg), and the osmotic
minipumps were removed. The remaining subcutaneous cavity was flushed twice with 5 ml
of sterile saline. Home-made I-shaped microdialysis probes, made of polyacrylonitrile /
sodium methyl sulfonate copolymer dialysis fiber (i.d. 220 µm, o.d. 0.31 µm, AN 69, Hospal,
Italy) were implanted bilaterally in the ventral hippocampus. The exposed length of the
membranes was 4 mm. Lidocaine-HCl, 10 % (m/v) was used for local anaesthesia. The rats
were placed in a stereotaxic frame (Kopf, USA), and probes were inserted into the ventral
hippocampus (co-ordinates: IA: +3.7 mm, lateral : +4.8 mm, ventral: -8.0 mm from the dura
mater, Paxinos and Watson, 1982) and secured with dental cement.

2.3. Pharmacokinetic and microdialysis experiments

Blood samples (0.35 ml) were drawn on day 3, 7, 12, 15,16,17 after implantation of the
osmotic minipumps. Samples were transferred to 1.5-ml Eppendorf vials, containing 5 µl
heparin (500 IE/ml saline), mixed and immediately centrifuged for 15 min at 3,000 rpm at 4
ºC (Chillspin, MSE, England). Plasma samples were stored at -80 ºC until analysis.
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The rats were allowed to recover for at least 48 h after insertion of the microdialysis probes.
The probes were perfused with Ringer solution containing 147 mM NaCl, 3.0 mM KCl, 1.2
mM CaCl2, and 1.2 mM MgCl2, at a flowrate of 1.5 µl / min (Harvard apparatus, South
Natick, Ma., USA). Samples were collected on-line in a 20-µl loop and injected automatically
onto the column every 15 min.

2.4. Analysis

2.4.1. Serotonin
5-HT was analysed using high pressure liquid chromatography (HPLC) with electrochemical
detection. The HPLC pump (Shimadzu LC-10 AD liquid chromatograph) was connected to a
reversed phase column (Phenomenex hypersil 3 : C18 , 3 µm, 100 x 2.0 mm, C18, Bester,
Amstelveen, the Netherlands) followed by an electrochemical detector (Antec Leyden,
Leiden, the Netherlands), working at a potential setting of 500 mV vs. Ag/AgCl reference.
The mobile phase consisted of 5 g/l di-ammoniumsulfate, 500 mg/l ethylene diamino tetra
acetic acid (EDTA), 50 mg/l heptane sulphonic acid, 30 µl/l of triethylamine, and 4.5 % v/v
methanol, at a pH of 4.65. The flow-rate of the mobile phase was 0.4 ml/min. The detection
limit was 0.2 fmol 5-HT per 20-µl sample (signal to noise ratio 2).

2.4.2. Citalopram
Citalopram was measured according to Øyehaug et al. (1982), with minor modifications.
Briefly, 75 µl of the internal standard LU 10-202 (2 µM) and 30 µl of 1N NaOH were added
to 150 µl plasma samples. Samples were extracted twice by mechanically shaking for 3 min
with 3 ml of diethyl ether. The ether layers were then transferred to 10-ml evaporating tubes,
and 150 µl of 0.1 N HCl was added. The ether was evaporated in a water-bath at 40 °C under
a stream of nitrogen. The HCl layer was washed once with 0.5 ml ether. Samples, 50 µl, were
injected onto the column. Extraction recovery of  citalopram, metabolites and internal
standard was approximately 95 %. Plasma levels were corrected for recovery of the internal
standard.
An HPLC/auto-injector (1084B Liquid Chromatograph, Hewlett-Packard) was used, in
combination with a fluorescence detector (470 Scanning Fluorescence detector, Waters,
England) operating at an absorption wavelength of 240 nm, an emission  wavelength of 296
nm, and a slit-width of 12 nm. Separation was performed using a Supelcosil HPLC column (5
µm, C18, 250 x 46 mm,  Supelco, the Netherlands), at ambient temperature. The mobile
phase consisted of 46 % v/v acetonitrile, 54 % v/v potassium dihydrogen phosphate buffer
(4.3 g/l), and 1mM tetramethylammonium, at pH 3.0. The flowrate in this system was 0.75
ml/min. The detection limits for “on column injections” of  citalopram, desmethyl-citalopram
and didesmethyl-citalopram were 5, 5  and 3 nM, respectively  (signal to noise = 2).



Desensitisation of serotonergic autoreceptors upon pharmacokinetically monitored chronic treatment with
citalopram

99

2.5. Data presentation and statistics

Four consecutive microdialysis samples with less than 20 % variation were taken as control,
and set at 100 %. The data are presented as percentages of the control level (mean + S.E.M.).
Statistical analysis was performed using Sigmastat for Windows (Jandel Corporation).
Treatment effects were compared using two-way analysis of variance (ANOVA) for repeated
measurements, followed by the Mann-Whitney Rank Sum Test. Significance was set at
P<0.05.
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3. Results

3.1. Citalopram plasma levels
Infusion rate calculations, based on acute subcutaneous administration of citalopram
(Clcalculated= 0.142 l/min), predicted that plasma levels of 500 nM would be obtained when the
osmotic minipumps were filled with 100 mg/ml. Empirical evaluation showed, however, that
these plasma levels were around 1 µM (data not shown).
Figure 1 shows that treatment of rats with osmotic minipumps (50 mg/ml citalopram),
resulted in stable citalopram plasma levels of around 0.3 µM (0.30 + 0.03 µM, Fig. 1).
Desmethyl- and di-desmethyl metabolites were found to be around 0.065 and 0.2 µM
respectively).
Upon removal of the minipumps, a gradual decline in plasma levels of citalopram and
metabolites was observed. After 48 h, the plasma levels of citalopram had dropped to below 9
nM.

Figure 1. Plasma levels of citalopram (�), desmethylmetabolite (�),  and didesmethyl
metabolite (�) (n=4), during subcutaneous infusion of 0.25 mg/h citalopram by means of
osmotic minipumps. The arrow denotes removal of the minipumps.

3.2. Basal 5-HT Levels
The basal levels of 5-HT in dialysates did not differ between citalopram- and saline-treated
rats 48 h after removal of the minipumps: saline-treated rats 6.66 + 0.82 fmol/sample (n=26);
citalopram-treated rats 7.26 + 0.56 fmol/sample (n=27); P=0.219, n.s.).

3.3. 8-OH-DPAT challenge
The effect of 8-OH-DPAT (0.1 mg/kg s.c.), that clearly decreased 5-HT levels in ventral
hippocampus, was completely abolished after chronic treatment of the animals with
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citalopram (F(1,108)=2.65 P<0.05). Post hoc analysis revealed significant differences from
t=30 to t=90 min (Fig.2).
After subcutaneous administration of a higher dose of 8-OH-DPAT (0.2 mg/kg), 5-HT levels
decreased to about 40 % of the controls. Chronic pretreatment with citalopram did not
prevent the maximum effect, but attenuated the effect on 5-HT levels during  the rebound
phase (F(1,83)=2.64 P<0.05. The effects were significantly different from t=90 to t=135 (Fig.
3).

Figure 2. Effect of chronic treatment of rats for 15 days with citalopram on 5-HT1Areceptor
agonist (+)-8-HO-DPAT 0.1 mg/kg-induced decrease in 5-HT levels. Citalopram-treated (n =
5; �), saline-treated (n = 8 ; �). *  P<0.05.

3.4. Sumatriptan  challenge
Local infusion of 500 nM of sumatriptan in the ventral hippocampus for 60 min decreased the
levels of 5-HT to about 50 % of the controls. No significant differences were observed
between citalopram- and saline-treated animals (F(1,128)=0.389, n.s.) (Fig. 4).
Local infusion of 1000 nM of sumatriptan for 60 min decreased the levels of 5-HT to about
30 % of the controls. Again, no significant differences were observed between citalopram-
and saline-treated animals (F(1,175)=1.549, n.s.) (Fig. 5).

3.5. Citalopram challenge
No differences were found between treated and untreated animals after systemic
administration of 10 µmol/kg citalopram (F(1,98)=0.959, n.s.). The maximum increase in
both groups was about 450 %. No differences in time-effect were observed (Fig. 6).
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Figure 3. Effect of chronic treatment of rats for 15 days with citalopram on 5-HT1A receptor
agonist (+)-8-HODPAT 0.2-mg/kg induced decrease in 5-HT levels. Citalopram-treated (n =
6 ; �), saline-treated (n = 6 ; �). *  P<0.05.
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4. Discussion

Desensitisation of 5-HT autoreceptors upon chronic treatment of animals with selective
serotonin re-uptake inhibitors has been a topic of interest for several years. Although various
studies have found evidence for the occurrence of these processes, others have consistently
failed to show any of these effects. As pharmacokinetic measurements are not common in
pharmacological research, dose regimens used were based on estimates rather than on
pharmacokinetic data. The present study showed that, if a properly pharmacokinetically
validated chronic treatment regimen is used, 5-HT1A autoreceptor desensitisation can be
observed.

Figure 4. Effect of chronic treatment of rats for 15 days with citalopram on the decrease in 5-
HT levels produced by local infusion of 500 nM of 5-HT1B/D receptor agonist, sumatriptan.
Citalopram-treated (n = 4; �), saline-treated (n = 8; �).

Recent work has shown that selective serotonin re-uptake inhibitor induced activation of 5-
HT autoreceptors is critically related to the dose and concurrent plasma- and brain levels of
the selective serotonin re-uptake inhibitor as well as the autoreceptor antagonist (Hjorth et al.,
1997). In a previous study, we have shown that activation of 5-HT1A autoreceptors is only
observed on acute administration of citalopram when plasma levels of citalopram are above
150 nM. Selective serotonin re-uptake inhibitor-induced activation of 5-HT1B receptors was
already observed at much lower plasma levels of the selective serotonin re-uptake inhibitor
(Cremers et al., 2000).
As elimination of exogenous substances is in general much faster in rodents than in humans,
chronic treatment of animals with selective serotonin re-uptake inhibitors is characterised by
daily multiple high dosing. Consequently, high plasma levels followed by a rapid decline to
low and inactive concentrations might explain why several authors have failed to observe any
desensitisation of 5-HT autoreceptors. As plasma levels of the selective serotonin re-uptake
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inhibitor are critically important and fluctuations in plasma levels are inherent to systemic
administration, the present study made use of osmotic minipumps in an attempt to achieve
stable plasma levels, which were shown to produce autoreceptor activation .

Figure 5. Effect of chronic treatment of rats for 15 days with citalopram on the decrease in 5-
HT levels produced by local infusion of 1000 nM of 5-HT1B/D receptor agonist, sumatriptan.
Citalopram-treated (n = 8; �), saline-treated (n = 8; �).

From pharmacokinetic data obtained after acute subcutaneous administration of citalopram,
we calculated which infusion concentration was needed to establish citalopram plasma levels
known to activate both autoreceptors. From the time-concentration profile of acutely
administratered 10 µmol/kg citalopram in rats who received surgery under isoflurane
anaesthesia, a clearance (Cl) of 0.142 l/min was calculated (data not shown). Calculating the
infusion rate (Ro) with the equation Ro=Css X Cl, we first evaluated minipumps filled with
100 mg/ml saline (aiming at a steady state (Css) of 500 nM in 300-gram rats). The plasma
levels, however, were found to be around 1 µM, which was above clinically effective
concentrations. Lowering the infusion concentration to 50 mg/ml was found to produce stable
plasma levels for 2 weeks, ensuring chronic activation of autoreceptors. In addition, these
levels were also within the limits of clinically effective plasma levels of citalopram in
humans (0.12 µM-0.84 µM (Baumann, 1992)). Desmethyl and didesmethyl metabolites of
citalopram were quantified during chronic treatment. The drug-to-metabolites ratios observed
in rats were somewhat different from those observed in humans. Whereas, in rats, the ratio
between parent, desmethyl and didesmethyl was about 10-1-5  respectively, the
corresponding ratios in humans are about 10-5-1, respectively. However, as the affinity of the
metabolites for the re-uptake site is at least 10 times lower than that of the parent compound,
their effects, if any, will not be predominant (Hyttel, 1994).
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Figure 6. Effect of chronic treatment of rats for 15 days with citalopram on citalopram
induced increase in 5-HT levels. Citalopram-treated (n = 4; �), saline-treated (n = 5; �).

Upon removal of the minipumps the T1/2 value for elimination was dramatically increased (2
days, vs 2 h (Cremers et al., 2000). Apparently, the pharmacokinetic parameters of citalopram
change after chronic treatment because of redistribution in the body. This dramatic decrease
in elimination has consequences for chronic experiments, as pharmacological challenges on
termination of the treatment should be postponed until selective serotonin re-uptake inhibitor
concentrations are below pharmacologically active levels. In a previous study (Cremers et al.,
2000) we determined the threshold of the pharmacologically active plasma level to be around
9 nM. Forty eight hours after removal of the minipumps, the plasma levels of citalopram
were indeed below this border. Although the didesmethyl metabolite did not reach this limit
within 48 h, due to lower affinity for the 5-HT re-uptake side (Hyttel, 1994), it is assumed to
be without interfering effects. It is of interest to note that the basal 5-HT levels 48 h after
removal of the minipumps did not different between saline-and citalopram-treated rats, which
also indicates the absence of interfering amounts of residual citalopram.
Systemic administration of the putative 5-HT1A receptor agonist, 8-OH-DPAT, had marked
dose-dependent effects after chronic treatment with citalopram. Whereas the effect of a 0.1
mg/kg dose was completely abolished after chronic treatment, administration of 0.2 mg/kg
produced near similar maximal responses, with the citalopram-treated rats showing a faster
recovery of 5-HT levels. Apparently, chronic treatment of animals with citalopram induces a
shift in the response curve of 5-HT1A receptor agonists, indicative of somatodendritic 5-HT1A

receptor desensitisation. Although as mentioned above, not all authors have observed this
desensitisation upon chronic treatment. Several authors also found attenuated effects of 8-
OH-DPAT after chronic treatment with selective serotonin re-uptake inhibitors (Invernizzi et
al., 1994; Kreiss and Lucki, 1995; Le Poul et al., 1995). Extrapolating the data on citalopram
pharmacokinetics to the chronic treatment regimens used in these latter experiments, shows
that researchers using higher and frequent doses were more likely to find these effects than
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when lower doses were used (Chaput et al., 1986; Moret and Briley, 1990; Invernizzi et al.,
1994; Moret and Briley, 1996). Although in the present study the effect of 8-OH-DPAT was
indeed abolished, or at least attenuated, it cannot be neglected that this attenuation could have
been due to decreased availability of the agonist. Differences in elimination due to induction
of kinetics, however, should not be very relevant, as citalopram is described to be without
major interaction with other drugs (Sproule et al., 1997). The possibility of blunted
absorption due to tissue necrosis produced by the osmotic minipump was eliminated by
injection of the agonist on the side contralateral to the area were the osmotic minipump was
positioned. Although there are no reasons to suspect lower bioavailability of the agonist in
citalopram- vs. saline-treated rats, local application in the raphe, or pharmacokinetic
experiments should elucidate this point.
Local administration of two concentrations of the 5-HT1B/D receptor agonist, sumatriptan,
decreased 5-HT levels equally in citalopram- and saline-treated rats. Chronic treatment of rats
with plasma levels which were shown to activate 5-HT1B receptors apparently does not
desensititize these autoreceptors (Cremers et al., 2000). Chaput et al. (1986), using an indirect
electrophysiological approach, found evidence for desensitisation of this receptor, but no
study using the microdialysis method has ever shown desensitisation of this receptor
(Auerbach and Hjorth, 1995; Bosker et al., 1995a,b; Moret and Briley, 1996; Davidson and
Stamford, 1997). As 5-HT1B receptors have been shown to be activated by low doses of
selective serotonin re-uptake inhibitor (Rollema et al., 1996, Cremers et al., 2000), faster
desensitisation than of 5-HT1A receptors would be expected. Rapid resensitisation of the 5-
HT1B receptor is a possible explanation for the observed absence of effects. As the current
protocol was based on challenge of the system after elimination of the selective serotonin re-
uptake inhibitor, such effects cannot be excluded.
Although terminal 5-HT1B receptors apparently were not desensitised in our setup, the 5-
HT1A receptors were. This would mean that, upon challenge with a dose of selective
serotonin re-uptake inhibitor which activates 5-HT1A as well as 5-HT1B receptors, selective
serotonin re-uptake inhibitor-evoked increases in 5-HT levels would be augmented in
citalopram-treated animals. However, in our experiments this effect was not observed. There
might be several reasons for this observation. First, since citalopram treatment induced a shift
in 5-HT1A receptor agonist-induced response, rather than abolished the effect, any remaining
5-HT1A autoreceptor function might have sufficed to preserve proper autoreceptor function.
Treatment of animals for longer periods should elucidate whether this would lead to
enhancement of the shift in receptor function, with consecutive augmentation of selective
serotonin re-uptake inhibitor-induced effects. Second, as desensitisation of the serotonin
transporter has been described after chronic administration of selective serotonin re-uptake
inhibitor, this effect might counteract the desensitisation of autoreceptors (Blier and
Bouchard, 1994). Chronic treatment with selective serotonin re-uptake inhibitor would then
be a “resetting of the system”, rather than an enhancement of serotonergic neurotransmission.
Based on this possibility, chronic treatment of animals with selective serotonin re-uptake
inhibitors followed by physiological activation of the serotonergic system should be tried in
order to unravel the function of desensitisation of the 5-HT1A autoreceptor.
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In conclusion, the present study demonstrated that rational chronic treatment is only possible
if it is accompanied by proper pharmacokinetic validation. Several discrepancies in the
literature regarding effects after chronic treatment with drugs might be strongly related to
failure to produce relevant and stable plasma levels of drugs in animals. In addition, if stable
and relevant plasma levels are ensured, pharmacological changes would be easier to
extrapolate to a clinical setting.
Although, in the present study, 5-HT1A desensitisation was observed, no augmented 5-HT
levels were observed after a single selective serotonin re-uptake inhibitor challenge. If this
augmentation were not relevant for the antidepressive action, but instead, the desensitisation
of 5-HT1A receptors which control the firing rate of the serotonergic system, co-
administration of a 5-HT1A receptor antagonist with selective serotonin re-uptake inhibitors
would be more useful than co-administration of a 5-HT1B receptor antagonist.
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Abstract

The mechanism of action of selective serotonin reuptake inhibitors (SSRIs) has been
hypothesised to relate to the induction of enhanced serotonergic neurotransmission due to
desensitisation of autoreceptors. However, little is known of regional differences in
autoreceptor control.
Using dual probe microdialysis the acute and chronic effects of the SSRI citalopram on
serotonin release in four brain structures were studied. Increasing doses of citalopram in
combination with the 5-HT1A receptor antagonist Way 100635 or the 5-HT1B/D receptor
antagonist GR 127935 were used to investigate the participation of the autoreceptors in the
effects of the SSRI on serotonin release.
In all four areas we found a dose dependent increase of extracellular serotonin, reaching a
plateau value at citalopram doses exceeding 3 µmol/kg. Depending on the dose of citalopram
the increase in extracellular serotonin in the dorsal raphe-prefrontal cortex system appeared to
be restrained through 5-HT1A autoreceptors, however, the contribution of 5-HT1B/D receptors
was negligible. In contrast, the increase in extracellular serotonin in the median raphe-dorsal
hippocampus system was counteracted by both types of autoreceptors. At low doses of
citalopram the 5-HT1A receptor played the most prominent role, however at higher doses it
was surpassed by the 5-HT1B/D receptor.
Chronic treatment produced a rather different picture; whereas the dorsal hippocampus 5-HT
levels were relatively insensitive to chronic treatment, while major changes were observed in
both the median and dorsal raphe nucleus and the median prefrontal cortex.
The present study shows that the participation of autoreceptors in the effect of citalopram is
dependent on the brain area and the dose of SSRI. After chronic treatment, the observed
effects can only partly be explained by functional changes of 5-HT1A and 5-HT1B receptors.
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1. Introduction

The clinical efficacy of selective serotonin re-uptake inhibitors (SSRIs) in several psychiatric
syndromes such as depression and anxiety disorders has been established in several large-scale
clinical trials. Their therapeutic effect is typically delayed for 2 to 4 weeks and can therefore
not readily be explained by the immediate  effect on serotonin re-uptake. It has been
hypothesised that the delay in clinical efficacy relates to the time needed to desensitise several
serotonin receptors throughout the brain (Blier et al. 1987).
Serotonergic neurotransmission is subject to several auto-inhibitory processes. Activation of
5-HT1A receptors located within the raphe nuclei inhibits serotonergic neuronal firing
(Arborelius et al. 1994). Administration of SSRIs apparently increases serotonin levels within
these nuclei to such extent that serotonergic neuronal firing is decreased through activation of
5-HT1A receptors (Arborelius et al. 1995). This secondary effect counteracts the effect of
reuptake inhibition on serotonin levels. However, the persistent activation of these receptors
either directly by 5-HT1A agonists or indirectly by SSRIs, has been reported to desensitise
these receptors resulting in an increased levels of 5-HT (Invernizzi et al. 1994; Kreiss and
Lucki 1997). As the time period of chronic treatment with antidepressants needed for
desensitisation of 5-HT1A autoreceptors was similar to the latency time observed in patients
(2-4 weeks), it was hypothesised that these adaptive changes might be partly responsible for
the delayed onset of the therapeutic effect.
5-HT1B receptors are located on the nerve terminals of serotonergic neurons. Activation of
these receptors directly inhibits the release of serotonin. Desensitisation of 5-HT1B

autoreceptors following chronic antidepressant treatment has also been reported, but this
initial observation (Blier et al. 1988) appeared difficult to reproduce by other groups (Gobbi et
al. 1997; Auerbach and Hjorth 1995; Bosker et al. 1995).
Next to somatodendritic 5-HT1A receptors, the raphe nuclei have also been shown to posses 5-
HT1D receptors (Pineyro et al. 1995). The precise function of these receptors has not been
conclusively shown, but part of their function may be regulation of serotonin release within the
raphe nuclei (Sprouse et al. 1997; Pineyro and Blier 1996; Starkey and Skingle 1994; Pineyro
et al. 1995). Research is seriously hindered by the lack of selective compounds for this
receptor subtype. As a consequence little is known how they respond to chronic treatment
with SSRIs.
Most research on serotonin release of the serotonergic system during acute and chronic
treatment with SSRIs has been focussed on the function of the autoreceptors. Nevertheless,
several studies have suggested that serotonin release in terminal areas is also under control of
postsynaptic 5-HT1A receptors through a neuronal feedback loop projecting back to the raphe
nuclei (Casanovas et al. 1999; Bosker et al. 1997; Ceci et al. 1994).
The concept of serotonin autoreceptor desensitisation has lead several research groups to
propose that co-administration of SSRIs with a 5-HT1A receptor antagonist might decrease the
latency time of SSRIs, and improve their clinical efficacy (Artigas 1993, Hjorth 1993).
However, clinical evaluation of this augmentation strategy has been hindered by the absence of
clinically available selective and potent 5-HT1A antagonists. This may be one of the reasons
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that clinical studies with the mixed beta/5-HT1A receptor antagonist pindolol have yielded
contradictory results (review Nelson 2000).
Augmentation with 5-HT1A and 5-HT1B/D receptor antagonists in the treatment of depression
show great promise. However, the exact effects of these approaches on extracellular serotonin
in various brain regions, especially in relation to the dose of SSRI, are not unequivocally
established (Cremers et al. 2000; Romero and Artigas 1997).

Using dual probe microdialysis we have measured the effect of increasing doses of the SSRI
citalopram on extracellular serotonin in the dorsal raphe nucleus and prefrontal cortex, an area
which is believed to be preferentialy innervated by the dorsal raphe nucleus. In addition we
also measured extracellular serotonin in the median raphe nucleus and dorsal hippocampus.
Furthermore, the role of  autoreceptors was studied by co-administration of citalopram with a
5-HT1A or a 5-HT1B receptor antagonist.
In a second part of the study, animals were chronically treated with citalopram vs. saline
(osmotic minipumps, (Cremers et al. 2000)). The effect of chronic treatment with citalopram
on basal and SSRI-evoked levels of 5-HT was evaluated.

The following questions were evaluated;

---First, are the citalopram dose-response curves comparable for all measured areas?
---Second, are there differences in autoreceptor restrainment?
---Third, are there differences in chronic treatment effects between the four brain  areas
mentioned and if so can they be explained by changes in autoreceptor function?
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2. Materials and Methods

2.1 Animals

Male albino rats of a Wistar-derived strain (285-320 g; Harlan, Zeist, The Netherlands) were
used for the experiments. Upon surgery, rats were housed individually in plastic cages (35 x
35 x 40 cm), and had free access to food and water. Animals were kept on a 12 h light
schedule (light on 7:00 a.m.). The experiments are concordant with the declarations of
Helsinki and were approved by the animal care committee of the faculty of mathematics and
natural science of the University of Groningen .

2.2  Drugs

The following drugs were used: Citalopram hydrobromide (kindly donated by Lundbeck
(Denmark), courtesy Dr. Sanchez), Way 100635 and GR 127935 (both compound were
synthesised in our laboratory, courtesy Dr. Y. Liao and Mrs M. Mensonides). Drugs were
dissolved in saline except for GR 127935, which was dissolved in saline with a drop of acetic
acid. Substances were injected subcutaneously in a volume of 1 ml per kg.

2.3 Surgery

acute;
Microdialysis of brain serotonin levels was performed using home made I-shaped probes,
made of polyacrylonitrile / sodium methyl sulfonate copolymer dialysis fiber (i.d. 220 µm, o.d.
0.31 µm, AN 69, Hospal, Italy). The exposed length of the membranes was 2 mm for dorsal
hippocampus, 4 mm for prefrontal cortex, 2 mm for median raphe nucleus and 1.5 mm for
dorsal raphe nucleus. Preceding surgery rats were anaesthetised by means of an intraperitoneal
injection of Ketamine/xylazine 50/8 mg/kg i.p.), after premedication with 5mg/kg s.c. of
midazolam. Lidocaine-HCl, 10 % (m/v) was used for local anaesthesia. Rats were placed in a
stereotaxic frame (Kopf, USA), and probes were inserted into Dorsal Raphe Nucleus (DRN, L
-1.4 mm; IA: +1.2 mm, V: -7.0 mm angle 10o), Median Raphe Nucleus (MRN, L –1.4 mm;
IA: +1.2 mm, V: -9.0 mm angle 10o), medial Prefrontal Cortex (PFC, L –0.9 mm; AP: +3.5
mm  relative to bregma; V: -6.0 mm from Dura Mater) and Dorsal Hippocampus (D Hippo, L:
-2.9 mm; AP: -4.0 relative to bregma; V: -5.5 from the skull and the toothbar set at +5.0 mm
(Paxinos and Watson, 1982).
After insertion, probes were secured with dental cement.
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Chronic treatment;
Osmotic minipumps (2ML2 Alzet, USA, 5 µl/h, 2 weeks) were filled with 50 mg/ml
citalopram hydrobromide under aseptic conditions. During brief isoflurane anaesthesia (2.5 %,
400ml/min N2O, 600 ml/min O2), minipumps were implanted subcutaneously on the left side
of the back of the rat.
After 15 days, the rats were anaesthetised and intracerebral probes were implanted as
described above. During this surgery also the osmotic minipumps were removed and the
remaining subcutaneous cavity was flushed twice with 5 ml of sterile saline.

2.4 Microdialysis experiments

Rats were allowed to recover for at least 24 h. Probes were perfused with artificial
cerebrospinal fluid containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, and 1.2 mM
MgCl2, at a flow-rate of 1.5 µl / min (Harvard apparatus, South Natick, Ma., USA). 15 minute
microdialysis samples were collected in HPLC vials containing 7.5 µl 0.02 M acetic acid for
serotonin analysis.

2.5 Serotonin analysis
Twenty-µl microdialysate samples were injected via an autoinjector (CMA/200 refrigerated
microsampler, CMA, Sweden) into a 100 x 2.0 mm C18 Hypersil 3 µm column (Bester,
Amstelveen, the Netherlands) and separated with a mobile phase consisting of 5 g/L di-
ammoniumsulfate, 500 mg/L EDTA, 50 mg/L heptane sulphonic acid, 4 % methanol v/v, and
30 µl/L of triethylamine, pH  4.65 at  0.4 ml/min (Shimadzu LC-10 AD) 5-HT was detected
amperometrically at a glassy carbon electrode at 500 mV vs Ag/AgCl (Antec Leyden, Leiden,
The Netherlands). The detection limit was 0.5 fmol 5-HT per 20 µl sample (signal to noise
ratio 3).

2.6 Data presentation and statistics

Four consecutive microdialysis samples with less then 20 % variation were taken as control
and set at 100 %. Data are presented as areas under the curve (AUC) calculated as percentage
times minutes over a period of 150 minutes after injection, or as percentages of control level
(mean + S.E.M.) in time. Statistical analysis was performed using Sigmastat for windows
(SPSS, Jandel Corporation). AUC data were compared using Mann Whitney Rank Sum test.
Effects observed after chronic treatment were compared using two way analysis of variance
(ANOVA) for repeated measurements, followed by Mann Whitney rank sum test. Level of
significance level was set at p<0.05.
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3. Results

3.1 Medial Prefrontal Cortex
Acute: Basal levels of 5-HT in prefrontal cortex were 4.66 +0.30 fmol/sample (n=71). Acute
administration of increasing doses of citalopram enhanced 5-HT levels in prefrontal cortex
dose dependently. A plateau was reached at doses of citalopram exceeding 3 µmol/kg. Co-
administration of citalopram with the 5-HT1A antagonist Way 100635 augmented the SSRI
induced increase in 5-HT levels. This enhancement occurred irrespective of the dose of
citalopram administered (1 µmol/kg (P=0.0016) and 10 µmol/kg (P=0.0104) µmol/kg). The
putative 5-HT1B/D antagonist GR 127935 failed to enhance 5-HT levels when co-administered
with citalopram (fig1).

Fig 1. Effect of citalopram (µmol/kg s.c.), alone or combined with 5-HT1A antagonist Way
100635 1 µmol/kg s.c., or 5-HT1B/D antagonist GR 127935 1 µmol/kg s.c. on 5-HT levels in
prefrontal cortex (data are area under the curve; % X min, * P < 0.05 ). � = citalopram and
saline (saline n =7, cit 0.1 µmol/kg n = 4, cit 0.3 µmol/kg n=3, cit 1 µmol/kg n= 5, cit 3
µmol/kg n=6, cit 10 µmol/kg n=7), � = citalopram and Way  100635 (cit 0.1 µmol/kg and
way n= 4, cit 1 µmol/kg and way n=8, cit 10 µmol/kg and way n=8), � = citalopram and GR
127935 (cit 0.1 µmol/kg and GR n= 4, cit 1 µmol/kg and GR n=5, cit 10 µmol/kg and GR
n=4)
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Fig 2. Effect of chronic treatment for 15 days with citalopram (�, b, n= 5) or saline (�, a,
n=4) on effect of subcutaneous challenge of 10 µmol/kg citalopram on 5-HT levels in
prefrontal cortex (inlay absolute outputs (fmol/sample), * P < 0.05).

Chronic: After chronic treatment for 14 days, basal levels of 5-HT were significantly
increased (P = 0.049) for the citalopram group compared to saline treated animals, amounting
to 6.46 + 1.28 fmol/sample (n=5) and 3.43 + 0.87 fmol/sample ( n=4), respectively. A
challenge with 10 µmol/kg s.c. of citalopram showed a similar relative increase of 5-HT levels
in saline and citalopram treated animals(F (1,95) = 1.08 P= 0.38)(fig2.)

3.2 Dorsal Raphe Nucleus
Acute: Basal levels of serotonin in dorsal raphe nucleus were 12.32 +2.05 fmol/sample (n=48).
The dose effect curve of citalopram in the dorsal raphe was comparable with the one observed
in the median prefrontal cortex, also levelling off at doses exceeding 3 µmol/kg s.c.. Whereas
the 5-HT1A antagonist Way 100635 enhanced 5-HT levels in prefrontal cortex at low- as well
as at high doses, augmentation of 5-HT levels in DRN was only observed at the highest dose
of the re-uptake inhibitor (P=0.0025). Similar to median prefrontal cortex, co-administration
of the  5-HT1B/D receptor antagonist GR 127935 did not significantly augment the effect of
citalopram in the dorsal raphe at any dose tested (fig 3.).
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Fig 3. Effect of citalopram (µmol/kg s.c.), alone or combined with 5-HT1A antagonist Way
100635 1 µmol/kg s.c., or 5-HT1B/D antagonist GR 127935 1 µmol/kg s.c. on 5-HT levels in
Dorsal Raphe Nucleus (data are area under the curve; % X min, * P < 0.05 ). � = citalopram
and saline (saline n = 5, cit 0.1 µmol/kg n = 3, cit 0.3 µmol/kg n = 3, cit 1 µmol/kg n = 5, cit 3
µmol/kg n = 3, cit 10 µmol/kg n = 7), � = citalopram and Way  100635 (cit 0.1 µmol/kg and
way n = 5, cit 1 µmol/kg and way n = 6, cit 10 µmol/kg and way n = 5), � = citalopram and
GR 127935 (cit 0.1 µmol/kg and GR n = 6, cit 1 µmol/kg and GR n = 6, cit 10 µmol/kg and
GR n = 4)

Chronic: No significant differences in basal output levels in DRN were observed
between animals chronically treated with saline (22.35 + 13.7 fmol/sample, n=4) and
citalopram (25.30 + 4.91 fmol/sample, n=6). A challenge with 10 µmol/kg s.c. of citalopram
showed a similar relative increase of 5-HT levels in saline and citalopram treated animals
(F(1,96) = 0.63) (fig 4).

3.3 Dorsal Hippocampus
Acute: Basal output levels from dorsal hippocampal were 2.94 + 0.4 fmol/sample (n=44).
Systemic administration of citalopram elevated 5-HT levels in a dose dependent fashion.
Again, a plateau was attained with doses of citalopram exceeding 3 µmol/kg. Simultaneous
administration of citalopram and the 5-HT1A receptor antagonist yielded augmented levels of
5-HT, but this depended on the dose of SSRI used. Whereas at a dose of 1µmol/kg of
citalopram Way 100635 enhanced the increased levels of 5-HT (P = 0.0159) no augmentation
was observed when Way was combined with 10 µmol/kg of the SSRI. When citalopram was
combined with the 5-HT1B/D receptor antagonist GR 127935 augmentation was seen at any
dose of citalopram (1 µmol/kg s.c., P = 0.0095; 10 µmol/kg s.c., P = 0.0286) (fig 5.).
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Fig 4. Effect of chronic treatment for 15 days with citalopram (�, b, n = 6) or saline (�, a, n
= 4) on effect of subcutaneous challenge of 10 µmol/kg citalopram on 5-HT levels in Dorsal
Raphe Nucleus (inlay absolute outputs (fmol/sample), * P < 0.05).

Chronic: No significant differences in basal output levels in dorsal hippocampus were
observed between animals chronically treated with saline (4.32 + 1.61 fmol/sample (n=4) and
citalopram (4.98 + 0.99 fmol/sample (n=5). A challenge with 10 µmol/kg s.c. of citalopram
showed a similar relative increase of 5-HT levels in saline and citalopram treated animals
(F(1,73) = 1.43)(fig 6.).

3.3 Median Raphe Nucleus
Acute: Output levels of median raphe nucleus were 10.32 + 1.73 fmol/sample (n = 48). In
consonance with the other brain areas tested citalopram increased extracelular serotonin in a
dose dependent fashion, with the effect levelling off at doses exceeding 3 µmol/kg. The
combination of citalopram and 5-HT1A receptor antagonist Way 100635 showed a similar
picture as in the dorsal hippocampus. The increase of extracellular serotonin by 1 µmol/kg
citalopram was augmented by Way 100635 (P = 0.0286), but no augmentation was seen when
the antagonist was combined with 10 µmol/kg citalopram. The combined administration of
citalopram with 5-HT1B/D antagonist GR 127935 gave opposite results. Augmentation could
only be observed at 10 µmol/kg of citalopram (P = 0.0303) (fig 7).
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Fig 5. Effect of citalopram (µmol/kg s.c.), alone or combined with 5-HT1A antagonist Way
100635 1 µmol/kg s.c., or 5-HT1B/D antagonist GR 127935 1 µmol/kg s.c. on 5-HT levels in
Dorsal Hippocampus (data are area under the curve; % X min, * P < 0.05 ). � = citalopram
and saline (saline n = 3, cit 0.1 µmol/kg n = 4, cit 0.3 µmol/kg n = 3, cit 1 µmol/kg n = 4, cit
10 µmol/kg n = 4), � = citalopram and Way  100635 (cit 0.1 µmol/kg and way n = 4, cit 1
µmol/kg and way n = 5, cit 10 µmol/kg and way n = 4), � = citalopram and GR 127935 (cit
0.1 µmol/kg and GR n = 6, cit 1 µmol/kg and GR n = 6, cit 10 µmol/kg and GR n = 4)

Chronic: Median raphe output levels were significantly enhanced when animals were treated
for 15 days with citalopram (saline treated 14.28 + 4.11 fmol/sample (n=6), citalopram treated
56.06 + 6.44 fmol/sample (n=5)). On the other hand, a challenge with 10 µmol/kg of
citalopram had a marginal effect on extracellular serotonin levels, which was significantly
different from the effect measured in saline treated animals (F(1,113)=5.80) (fig 8.).
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Fig 6. Effect of chronic treatment for 15 days with citalopram (�, b, n = 6) or saline (�, a, n
= 3) on effect of subcutaneous challenge of 10 µmol/kg citalopram on 5-HT levels in Dorsal
Hippocampus (inlay absolute outputs (fmol/sample), * P < 0.05).
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4. Discussion and conclusion

Several studies indicate that regional differences of the effect of SSRIs on extracellular
serotonin exist within the brain (Fuller 1994; Romero and Artigas 1997). An explanation may
be found in regional differences in autoreceptor control. To investigate this issue we have
investigated the acute and chronic effects of citalopram on extracellular serotonin in four areas
in the rat brain. Since autoreceptor function may critically depend on the citalopram dose
(Cremers et al. 2000) and may be regionally specific, we have included a 5-HT1A and 5-HT1B

receptor antagonist in the acute experiments.

4.1  Citalopram dose response study in four brain areas
In the present study, citalopram was found to induce a dose dependent increase in 5-HT levels
in all brain areas tested. The effect of citalopram on extracellular serotonin reached a plateau
in all areas tested at doses exceeding 3 µmol/kg. In an earlier study we observed that the
concurrent plasma levels of citalopram at this dose were in the same range as those reported
for patients treated with Cipramil, which might have its relevance in treatment (0.12-0.88
µM, (Baumann 1996; Cremers et al. 2000)).

4.2a Autoreceptor control in prefrontal cortex and dorsal raphe nucleus.
Restrainment of citalopram’s effect through the autoreceptors was very different from our
previous observations in ventral hippocampus(Cremers et al. 2000). In median prefrontal
cortex suppression of SSRI enhanced serotonin levels by 5-HT1A autoreceptors was observed
at any dose of the SSRI, but no significant effect of the 5-HT1B/D receptor antagonist was
found at any dose of the SSRI. This observation confirms earlier findings in this brain area
from other investigators(Romero and Artigas 1997; Sharp et al. 1997).

As a vast majority of serotonergic innervation of the prefrontal cortex originates from the
dorsal raphe nucleus, we thought it was of interest to compare their responses (McQuade and
Sharp 1997). Interestingly, the observations in the DRN did not completely match those made
in the median prefrontal cortex. Although in prefrontal cortex, 5-HT1A receptor restraining
properties were observed at any dose of the SSRI, this event was only observed in the DRN at
the highest dose of the SSRI. Apparently, additional regulatory processes in the cell body and
terminal area play a role here.
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Fig 7. Effect of citalopram (µmol/kg s.c.), alone or combined with 5-HT1A antagonist Way
100635 1 µmol/kg s.c., or 5-HT1B/D antagonist GR 127935 1 µmol/kg s.c. on 5-HT levels in
Median Raphe Nucleus (data are area under the curve; % X min, * P < 0.05 ). � = citalopram
and saline (saline n = 6, cit 0.1 µmol/kg n = 4, cit 0.3 µmol/kg n = 4, cit 1 µmol/kg n = 4, cit 3
µmol/kg n = 3, cit 10 µmol/kg n = 6), � = citalopram and Way  100635 (cit 0.1 µmol/kg and
way n = 6, cit 1 µmol/kg and way n = 4, cit 10 µmol/kg and way n = 4), � = citalopram and
GR 127935 (cit 0.1 µmol/kg and GR n = 4, cit 1 µmol/kg and GR n = 4, cit 10 µmol/kg and
GR n = 5).

Fig 8. Effect of chronic treatment for 15 days with citalopram (�, b, n = 5) or saline (�, a, n
= 6) on effect of subcutaneous challenge of 10 µmol/kg citalopram on 5-HT levels in Median
Raphe Nucleus (inlay absolute outputs (fmol/sample), * P < 0.05).
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Presuming that serotonin levels in the raphe nuclei reflect neuronal firing, activation of
somatodendritic 5-HT1A receptors or postsynaptic 5-HT1A receptors attenuates the increase
induced by the SSRI in raphe and cortex, thus explaining the observed effects. For the
observed difference between dorsal raphe and median prefrontal cortex at 1 µmol/kg
citalopram, several explanations can be found. A postsynaptic 5-HT1A receptor mediated
short-loop type that acts locally in the PFC could explain the present finding. Second, our
assumption of an exclusive innervation of the cortex by the dorsal raphe may not be entirely
correct.
In the present study we could not demonstrate activation of 5-HT1B/D receptors in mPFC and
DRN at any dose of citalopram. Several authors have investigated the relevance of 5-HT1B/D

receptors in relation to 5-HT levels and neuronal firing in DRN  (Sprouse et al. 1997; Pineyro
and Blier 1996; Pineyro et al. 1996; Pineyro et al. 1995; Starkey and Skingle 1994). Though
some indications were observed that 5-HT1B/D receptors might act as release regulating
autoreceptors in the DRN, the present data do not corroborate these findings.

4.2b Autoreceptor control in dorsal hippocampus and median raphe nucleus

Autoreceptor control was generally comparable between dorsal hippocampus and median
raphe nucleus. Extracellular serotonin in dorsal hippocampus as well as median raphe was
clearly under influence of 5-HT1A autoreceptors, which is in agreement with previous dual
probe microdialysis studies (Bosker et al. 1996; Bosker et al. 1994). However, 5-HT1A

receptor mediated restrainment was only observed at low doses of the SSRI (1 µmol/kg). At
the highest dose of citalopram, augmentation was no longer detectable, which could mean that
the 5-HT1B receptor had taken over control. Although the data for dorsal hippocampus and
median raphe are broadly compatible with each other they do not match those from dorsal
raphe nucleus and prefrontal cortex and previous data from ventral hippocampus (Cremers et
al. 2000).
The functionality and predominance of 5-HT1B autoreceptors in dorsal hippocampus has been
well established (Bosker et al. 1995). This likely explains the augmentation of extracellular
serotonin levels irrespective of the dose of citalopram (Bosker et al. 1995).
Augmentation by the 5-HT1B receptor antagonist in the median raphe nucleus is not so easy to
explain, as it has not been thoroughly investigated. Possibly 5-HT1B and/or 5-HT1D receptors
are involved the control of somatodendritic release or alternatively in that from recurrent
colaterals as has been suggested for the DRN (Sprouse et al. 1997).
Another explanation might also possible be relevant for the present observations. The effect of
5-HT1A antagonist induced augmentation was not present at higher doses of citalopram (10
µmol/kg). However, at these doses, augmentation could be observed during co-administration
with 5-HT1B/D antagonists. Possibly, at these doses, a non-serotonergic feedback mechanism is
activated outsite the raphe through activation of 5-HT1B/D receptors. This would explain that
5-HT1A antagonist induced augmentation is absent at higher doses of citalopram.
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4.3 Implications for the therapy of depression and anxiety disorders
An important finding of the present study is that the effects of citalopram on extracellular
serotonin in the dorsal raphe-cortex and the median raphe-hippocampus are modulated in a
different way by 5-HT1A and 5-HT1B/D autoreceptors. This may offer the opportunity to
selectively modulate the effect of citalopram on serotonin levels by a 5-HT1A receptor
antagonist for the dorsal raphe-cortex and by a 5-HT1B receptor antagonist for the median
raphe-hippocampus. It has been suggested that dorsal raphe-cortex is implicated in depression,
while median raphe-hippocampus is more involved in anxiety disorders. Since SSRIs are used
for both types of psychiatric disorders, combining them with a 5-HT1A receptor antagonist
may improve selectivity for depression, while the combination with a 5-HT1B receptor
antagonist may be more beneficial for treatment of anxiety disorders.

4.4 Chronic treatment
In the present study the osmotic minipumps were removed after two weeks of treatment.
Microdialysis experiments were performed 48 hours after removal. As was observed in an
earlier study, this time-period ensures that plasma levels of citalopram have dropped below
pharmacologically active levels, thus enabling the use of saline treatment as control (Cremers
et al. 2000).

4.4a Basal Levels.
Several changes in basal serotonin levels were observed using the present treatment protocol.
In the prefrontal cortex, serotonin levels were significantly enhanced after chronic treatment
with citalopram. This observation was also made by several other authors (Bel and Artigas.
1993).  These results might indicate that the level of auto-inhibition is decreased due to the
chronic treatment with citalopram. As from the acute data it is apparent that no 5-HT1B

autoreceptor functionality is present in the prefrontal cortex, the current observations might be
a reflection of 5-HT1A autoreceptor desensitisation. In addition, other features, like
desensitisation of feedback loops and the re-uptake site should not be discarded.
In Dorsal Raphe, no significant changes in basal serotonin output levels were observed when
citalopram treatment was compared to saline treatment. However, when citalopram treated
animals were compared to acute experiments, enhanced serotonin levels were observed due to
the treatment with citalopram. The basal levels of saline treated animals might show equally
enhanced levels as the citalopram treated animals, though the variation in the saline data were
of such extent that no conclusions can be drawn. Given the apparent connection between the
DRN and mPFC, enhanced levels would indeed have been expected in DRN if 5-HT1A

desensitisation would have occurred. Indeed, several electrophysiological studies have shown
that ssri-induced inhibition of neuronal firing is restored after 2 weeks of chronic treatment.
This effect was shown to be due to a desensitisation of 5-HT1A autoreceptors.  The relevance
of the interplay with the apparent presence of the 5-HT1B receptor, however, should be further
elucidated.

No effects of chronic treatment with citalopram was observed on basal levels of serotonin in
dorsal hippocampus. This observation would indicate that no apparent change in autoreceptor
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function has occurred. In line with this observation, several studies have investigated the effect
of chronic treatment with SSRIs on hippocampal serotonin levels, and none has ever observed
any differences.
Significant enhanced levels of serotonin were observed in MRN after chronic treatment with
citalopram. This observation could reflect a decreased functionality of 5-HT1A autoreceptors.
Oddly, as described above, no concurrent enhanced level of serotonin was observed in dorsal
hippocampus, as was observed for the mPFC-DRN innervation. Given the data from the acute
experiments, it is interesting that the dorsal hippocampus in opposite to mPFC is under control
of 5-HT1B autoreceptors in addition to the somatodendritic 5-HT1A receptors. As no
desensitisation of these receptors has been profoundly observed, any desensitation of 5-HT1A

receptors might be effectively counteracted by the 5-HT1B receptor.

4.4b Citalopram challenge after chronic treatment.
No changes in citalopram induced percentual increase of 5-HT levels was observed in mPFC
or DRN. However, since the basal levels of serotonin in these areas were already elevated, the
current observation shows that the total serotonergic neurotransmission is elevated after
chronic treatment. Again, these events might be related to the desensitisation of 5-HT1A

autoreceptors.
No changes in the percentual change of serotonin was observed in dorsal hippocampus when
the animal was challenged with citalopram upon chronic treatment with the SSRI. Apparently
no elevation of either form of serotonergic neurotransmission (basal or SSRI evoked) is
observed after chronic treatment. As the hippocampus is under control of 5-HT1B

autoreceptors in addition to 5-HT1A, the integrity of these receptors might remain intact,
thereby effectively controlling serotonin neurotransmission. The concurrent absence of any
effect of citalopram on serotonin levels in MRN, however, was somewhat suprising, but might
be related to its already elevated basal levels. Possible explenations of this event might
originate in a desensitised re-uptake site or 5-HT1A receptor. Absence of any reflection of this
observation in it projection area, the dorsal hippocampus, again hints towards an effective 5-
HT1B receptor control in terminal areas.
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Conclusions
Acute
-5-HT1A as well as 5-HT1B Autoreceptor control is related to the dose of SSRI and the brain
area under investigation.
-mPFC and is innervating cell body area, DRN, is firmly under control of 5-HT1A
autoreceptors. Whereas the auto-inhibition of DRN serotonin levels is also under influence of
5-HT1B receptors at higher doses of the SSRI, no relevance of these autoreceptors is present
in mPFC.
-The dorsal hippocampus and its innervating nucleus (MRN) are both under influence of 5-
HT1A autoreceptors at low doses of the SSRI, whereas, this effect is completely
overshadowed by 5-HT1B receptors at higher doses of the SSRI in both areas. Only the dorsal
hippocampus is also restricted by 5-HT1B receptors at low doses of the citalopram.

Chronic
-While chronic treatment with SSRIs apparently induces enhanced serotonergic
neurotranmission in the mPFC-DRN pathway, this effect was not observed in the d. hippo-
MRN connection.
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Abstract

Microdialysis was used to assess the involvement of postsynaptic 5-HT1A receptors in the
regulation of extracellular 5-HT in the amygdala. Local infusion of the 5-HT1A receptor
agonist flesinoxan (0.3, 1, 3 µM) for 30 min into the amygdala maximally decreased 5-HT to
50% of basal level. Systemic administration of citalopram (10 µmol/kg) increased 5-HT to
175% of basal level. Local infusion of 1 µM of the 5-HT1A receptor antagonist WAY 100.635
into the amygdala  augmented the effect of citalopram to more than 500% of basal 5-HT level.
5-HT1A receptor responsiveness after chronic citalopram treatment was determined in two
ways. First, by local infusion of 1 µM flesinoxan for 30 min into the amygdala, which showed
a significant 63 % reduction in response (AUC) for the citalopram group compared to the
saline group. Second, by systemic administration of citalopram (10 µmol/kg), which increased
5-HT to 350 % of basal level. The effect was larger than in untreated animals, but more
important, local infusion of 1 µM WAY 100.635 into the amygdala now failed to augment the
effect of citalopram. Both the flesinoxan and WAY 100.635 data suggest an involvement of
postsynaptic 5-HT1A receptor mediated feedback in the amygdala, which diminishes following
chronic citalopram treatment.
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1. Introduction

Selective serotonin reuptake inhibitors (SSRIs) have proven effective in the treatment of major
depression (Gravem et al., 1987; Montgomery et al., 1992) and various anxiety disorders such
as panic disorder (Den Boer and Westenberg, 1988), obsessive-compulsive disorder
(Montgomery et al., 1993) and social phobia (Van Vliet et al., 1994). Characteristic for SSRI
treatment is a 3-6 week delay in therapeutic response. This delay, which may partly depend on
the nature and severity of the illness, suggests adaptive changes taking place, possibly at the
level of serotonin receptors.
SSRIs increase serotonin (5-HT) in the vicinity of serotonergic neurons through blockade of
the 5-HT carrier (for review see Fuller, 1994; Hyttel, 1994). Arguably 5-HT1A autoreceptors
on 5-HT cellbodies and 5-HT1B receptors on axon terminals become increasingly activated.
Stimulation of  5-HT1A receptors reduces the firing rate of 5-HT neurons (Sprouse and
Aghajanian, 1987), release of 5-HT (Bosker et al., 1994, 1996) and 5-HT synthesis (Hutson et
al., 1989), while stimulation of  5-HT1B presynaptic receptors decreases 5-HT release (Sharp
et al., 1989; Limberger et al., 1991). These secondary phenomena are believed to limit the
effect of reuptake inhibition on the 5-HT release in the terminal regions.
The delayed response to antidepressant treatment may be connected to a gradual loss of
responsiveness of 5-HT autoreceptors following chronic treatment (Blier et al., 1987a).
Theoretically, the latter condition can be mimicked instantaneously by using a combination of
SSRI and 5-HT autoreceptor antagonist. Intracerebral microdialysis studies have reported an
augmented increase in extracellular 5-HT using this approach (e.g. Invernizzi et al., 1992;
Hjorth, 1993; Gobert et al., 1997; Sharp et al., 1997). The clinical relevance of this concept
(Artigas, 1993, Hjorth 1993) has been investigated with the 5-HT1A and β- adrenergic
receptor antagonist pindolol (e.g. Artigas et al., 1994; Blier and Bergeron, 1995; Berman et
al., 1997).
Feedback control of firing rate and 5-HT release through somatodendritic 5-HT1A and
presynaptic 5-HT1B/D autoreceptors is now well established. In addition to the autoreceptors,
postsynaptic 5-HT1A receptors may also play a role in the regulation of firing rate and release
of serotonergic neurons. The existence of a neuronal feedback loop between projection areas
and raphe nuclei had already been hypothesized by Blier and De Montigny (1987b,c). The idea
is supported by several studies (e.g. Ceci et al.,1994; Romero et al.,1994; Bosker et al.,
1997b; Casanovas et al., 1999). In the dual probe microdialysis study by Bosker et al. (1997b)
flesinoxan, a selective 5-HT1A receptor agonist, was locally infused into the central nucleus of
the amygdala (CeA). This decreased extracellular 5-HT both locally and in the caudal linear
raphe nucleus. Simultaneous infusion of the 5-HT1A receptor antagonist WAY 100.635 into
the CeA, but not into the caudal linear raphe nucleus, blocked the effects of flesinoxan.
The effect of chronic treatment on receptor function is usually assessed through systemic
administration of pharmacological probes. This makes it difficult to discriminate between pre
and postsynaptic receptor mediated feedback. The present microdialysis study has investigated
the involvement of the latter type of feedback in the acute and chronic effects of the SSRI
citalopram on extracellular 5-HT in the CeA.



Chapter 6

136

The function of the postsynaptic 5-HT1A receptors was assessed by local infusions of the 5-
HT1A receptor agonist flesinoxan (Bosch et al., 1994; Bosker et al., 1996, 1997a,b) and the 5-
HT1A receptor antagonist WAY 100.635 (Fletcher et al., 1994; Munday et al., 1994).
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2. Materials and Methods

2.1 Animals

Male Wistar rats (Harlan, Zeist, The Netherlands) weighing 285-320 g were housed three per
cage under standard conditions (22-24 °C, 12/12 h light/dark cycle, food and water ad libitum)
for at least 3 days until insertion of the microdialysis probes. After surgery the animals were
housed separately. All animal experiments were in accordance with the declarations of
Helsinki and were approved by the Animal Care Committee of the Faculty of Mathematics and
Natural Science of the University of Groningen.

2.2 Surgery

Acute experiments: Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.). Chloral
hydrate was used to enable comparisons with a previous study (Bosker et al., 1997b). Home
made I-shaped probes (i.d. 220 µm, o.d. 310 µm, AN 69, Hospal, Italy), made of
polyacrylonitrile / sodium methyl sulphonate copolymer dialysis fiber (Santiago and Westerink,
1990) were implanted bilaterally in the vicinity of the central nucleus of the amygdala. The
exposed length of the membranes was 1 mm. Lidocaine-HCl, 10 % (m/v) was used for local
anaesthesia. Rats were placed in a stereotaxic frame (Kopf, USA), and probes were inserted at
the following coordinates: incisorbar at −3.5 mm, A: −2.6 mm, L: +/− 4.2 mm, V: 9.1 mm
from bregma and skull surface (Paxinos and Watson, 1982) and secured with dental cement.
The animals were allowed to recover for 2 days.
Chronic experiments: Osmotic minipumps (2ML2 Alzet, USA, 5 µl/h, 2 weeks) were filled
with a solution of 50 mg/ml citalopram hydrobromide under aseptic conditions. During brief
isoflurane anesthesia (2.5 %, 400ml/min N2O, 600 ml/min O2), minipumps were implanted
subcutaneously on the left side of the back of the rat. In four animals a cannula was inserted
into the jugular vein to monitor citalopram levels during and after the 14 days treatment
period. After 14 days, rats were anesthetized with chloral hydrate (400 mg/kg, i.p.), and the
osmotic minipumps were removed. The exposed subcutaneous cavity was flushed twice with 5
ml of sterile saline. Hereafter microdialysis probes were implanted bilaterally in the vicinity of
the CeA (see acute experiments).

2.3 Pharmacokinetic experiments

Blood samples (0.35 ml) were drawn on day 3, 7, 12, 15, 16 and 17 after implantation of the
osmotic minipumps. Samples were transferred to 1.5 ml Eppendorf vials, containing 5 µl
heparin (500 IE/ml saline), mixed and immediately centrifuged for 15 min at 4,000 g
(Chillspin, MSE, England).
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2.4 Microdialysis experiments

Microdialysis experiments were performed on both the second and third day after surgery to
limit the number of animals. Administration of drugs was randomly allocated to the second
and third day using a balanced design. Experiments with and without reuptake inhibitor in the
perfusion fluid were randomly performed in the left and right amygdala. None of the animals
received the same treatment twice. The probes were perfused with Ringer (147 mM NaCl, 3.0
mM KCl, 1.2 mM CaCl2, and 1.2 mM MgCl2, pH 6-7) using a Harvard micro infusion pump
(Harvard, South Natick, Ma., USA) at a constant flow rate of 1.5 µl/min. Flesinoxan was
infused for 30 min. WAY 100.635 and citalopram were infused for 210 min. Samples were
collected in mini vials containing 7.5 µl of 0.02 M acetic acid, mixed and placed in a chilled
automatic injection apparatus (Carnegie, Sweden). For systemic administration (s.c.)
citalopram was dissolved in saline. For local administration citalopram, flesinoxan and WAY
100.635 were dissolved in the perfusion fluid and infused via retrograde microdialysis into the
CeA. Doses were based on earlier studies on related experiments (Bosker et al., 1997b;
Cremers et al., 2000a,b). All experiments were performed in conscious and freely moving
animals.

2.5 Analytical procedure

Citalopram: Citalopram was measured according to Øyehaug et al. (1982), with minor
modifications (Cremers et al., 2000b). The detection limit for citalopram was 5 pmol/ml
plasma (signal / noise ratio = 2).
Serotonin: Analysis of 5-HT was performed by HPLC with electrochemical detection. Briefly,
20 µl samples were injected into a Shimadzu LC-10 AD high performance liquid
chromatograph equipped with a 10 cm reversed phase column (phenomenex hypersil 3 : 3 µm,
C18, 100 x 2.0 mm, Bester, Amstelveen, the Netherlands) and an electrochemical detector
(Antec Leyden B.V., Leiden, the Netherlands), at a potential setting of 500 mV vs. Ag/AgCl
reference electrode. Chromatography was performed at 30 °C using the integrated column
oven of the Antec potentiostate. The mobile phase consisted of 5 g/l di-ammoniumsulfate, 500
mg/l ethylene diamino tetra acetic acid (EDTA), 50 mg/l heptane sulphonic acid, 30 µl/l
triethylamine, 4% methanol, adjusted to pH 4.65. The flow rate was 0.4 ml/min. The detection
limit for 5-HT was 0.2 fmol/20 µl sample (signal / noise ratio =2).

2.6 Histology

Following the termination of each experiment, animals were anesthetized with chloral hydrate,
the probes were flushed successively with a 5% aqueous FeCl3 solution, H2O and a 5%
aqueous K4Fe(CN)6 solution for 15 minutes (Kendrick, 1990). The iron deposited in the tissue
surrounding the probe is stained green-blue. The diffusion area is normally no more than 1 mm
from the membrane. The animals were killed by decapitation, the brains removed and fixed in a
5% formaldehyde solution. After at least 2 days the brains were cut in 150 µm slices using a
vibratome. The position of the probe was verified microscopically by the track of the probe
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through the brain and the green-blue staining of the tissue surrounding the probe tip. Data
from few animals with improper probe placement were excluded (~ 5%). In this respect, a
distance > 150 µm from the CeA was used as exclusion criterion. Due to the occasional
obstruction of a microdialysis probe or analytical failure the overall success rates were lower
and amounted to approximately 80 %.

2.7 Statistics

The data are presented as percentage of basal values calculated as individual means of the first
four consecutive microdialysis samples. Statistical analysis was performed using Sigmastat for
windows (Jandel Corporation). Treatment effects were evaluated using one way ANOVA for
repeated measurements, followed by Dunnet’s test or two way ANOVA for repeated
measurements, followed by Mann-Whitney rank sum test. The level of significance level was
set at p<0.05.

2.8 Materials

The following drugs were used: Citalopram hydrobromide, metabolites and internal standard
(kindly donated by Lundbeck, Denmark), flesinoxan (kindly donated by Solvay
Pharmaceuticals, the Netherlands) and WAY 100.635 (synthesized at our medicinal chemistry
laboratory).
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3. Results

3.1 Basal conditions
Without citalopram in the perfusion fluid the basal levels of extracellular 5-HT in the CeA
were 2.6 + 0.3 fmol/15 min (SEM, n=37). As expected with 1 µM of citalopram in the
perfusion fluid 5-HT levels were higher, amounting to 12.1 + 1.8 fmol/15 min (SEM, n=22).
This increase in 5-HT levels (~ 470%) is concordant with the increase in 5-HT observed in a
dedicated experiment, where 1 µM of citalopram maximally increased 5-HT levels to 480% of
basal level (Fig. 1). Using one way ANOVA the effect was significant (χ2

10 = 29.3; p=0.0056).
Infusion of flesinoxan by retrograde microdialysis into the CeA for 30 min decreased 5-HT
levels significantly (Table 1). At the highest dose of flesinoxan extracellular 5-HT maximally
decreased to 50% of basal level (Fig. 2). The same experiment with 1 µM of citalopram in the
perfusion fluid also showed significant decreases of 5-HT levels, but the effects were less
marked (Table 1). Maximal decrease was to 69% of basal level (Fig. 3).

Figure 1.  Effect of local infusion of 1 µM of citalopram on extracellular 5-HT in the central
nucleus of the amygdala. Data are given as percentage of controls + SEM and are the average
of four experiments. Horizontal bar indicates the period of citalopram infusion. * indicates p<
0.05.

3.2 Acute effect of citalopram
Systemic administration of 10 µmol/kg of citalopram maximally increased extracellular 5-HT
in the amygdala to 175% of basal level (Table 2)(Fig. 4). Blockade of 5-HT1A receptors by
local infusion of 1 µM of WAY 100.635 augmented the systemic effect of citalopram to >
500% of controls (Fig. 4). The latter increase was significantly different from the effect in
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absence of WAY 100.635 (Table 2). The antagonist was infused from t=0 and had no effect
on basal 5-HT levels.

Figure 2A.  Effect of local infusion of flesinoxan on extracellular 5-HT in the central nucleus
of the amygdala. � 300 nM; � 1000 nM; � 3000 nM.
Data are given as percentage of controls + SEM and are the average of 7, 6 and 8
experiments, respectively. Horizontal bar indicates the period of flesinoxan infusion. Asterisks

not shown. See section results for the statistical evaluation.
Figure 2B.  Effect of local infusion of flesinoxan. Effects on extracellular 5-HT are
represented as the area under curve (AUC). * indicates p< 0.05
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Figure 3A.  Effect of local infusion of flesinoxan on extracellular 5-HT in the central nucleus
of the amygdala in the presence of 1 µM of citalopram. � 300 nM; � 1000 nM; � 3000 nM.
Data are given as percentage of controls + SEM and are the average of 4, 7 and 4
experiments, respectively. Horizontal bar indicates the period of flesinoxan infusion. Asterisks
not shown. See section results for the statistical evaluation. Figure 3B.  Effect of local infusion
of flesinoxan in the presence of 1 µM of citalopram. Effects on extracellular 5-HT are
represented as the area under curve (AUC). * indicates p< 0.05.

3.3 Chronic effect of citalopram
  Citalopram vs. saline was chronically administered via osmotic minipumps for 14 days. Basal
5-HT levels were 2.5 + 0.3 and 2.6 + 0.3 fmol/15 min for the saline (n=6) and citalopram
(n=6) group, respectively. Assessment of postsynaptic 5-HT1A receptor response in the CeA
was carried out in two ways.
First, by local infusion of 1 µM of flesinoxan for 30 min, which showed a 63 % reduction in
effect for the citalopram group compared to the saline group (Table 1)(Fig. 5a).
Second, by systemic injection of citalopram (10 µmol/kg) with and without 1 µM of WAY
100.635 locally perfused into the CeA. The latter experiments were performed in a different
group of animals, which had been chronically treated with citalopram. In the presence and
absence of WAY 100.635, citalopram increased 5-HT in the CeA to approximately 350 % of
basal value (Table 2)(Fig. 6).
With citalopram in the perfusion fluid, basal 5-HT levels for saline (n=7) and citalopram (n=7)
treated animals were 11.4 + 1.9 and 9.4 + 1.4 fmol/15 min, respectively. Perfusion with
flesinoxan in the presence of 1 µM of citalopram in the perfusion fluid failed to show
significant differences between the groups (Table 1)(Fig. 5b).
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Figure 4.  Effect of local infusion of 1µM of WAY 100.635 on the systemic effect of 10
µmol/kg s.c. of citalopram on extracellular 5-HT in the central nucleus of the amygdala. �

without WAY 100.635; � with WAY 100.635. Data are given as percentage of controls +
SEM and are the average of 7 experiments. Horizontal bar indicates period of WAY 100.635
infusion. The arrow indicates the systemic administration of citalopram. * indicates p< 0.05.

3.4 Citalopram plasma levels
  Chronic treatment of rats with osmotic minipumps (50 mg/ml citalopram), resulted in stable
citalopram plasma levels of 0.30 + 0.03 µM (n=4). Desmethyl- and didesmethyl metabolites
could also be demonstrated during chronic treatment (0.06 + 0.01 µM and 0.18 + 0.01 µM,
respectively). Removal of the minipumps gradually declined plasma levels of citalopram and its
metabolites. After 48 hours, plasma levels of citalopram were 8.2 + 0.3 nM (n=4). Desmethyl
and didesmethyl metabolites were 0.48 + 0.30 nM (n=4) and 14.4 + 1.0 nM (n=4),
respectively. The very low concentrations of citalopram and metabolites were estimated from
blood taken by cardiac puncture, which was concentrated 33 times in the extraction procedure
(Cremers 2000b).
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Figure 5A.  Chronic treatment with citalopram vs. saline. Effect of local infusion of 1000 nM
of flesinoxan into the central nucleus of the amygdala. � chronic saline treatment; � chronic
citalopram treatment. Data are given as percentage of controls + SEM and are the average of
six experiments. Horizontal bar indicates the period of flesinoxan infusion. * indicates p< 0.05.
Figure 5B.  Chronic treatment with citalopram vs. saline. Effect of local infusion of 1000 nM
of flesinoxan into the central nucleus of the amygdala in the presence of 1µM of citalopram in
the perfusion fluid. � chronic saline treatment; � chronic citalopram treatment. Data are given
as percentage of controls + SEM and are the average of six experiments. Horizontal bar
indicates the period of flesinoxan infusion. * indicates p< 0.05.
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4. Discussion

4.1 Basal conditions

Basal 5-HT levels with 1 µM of citalopram in the perfusion fluid were lower than those
previously reported (Bosker et al., 1997b) in the presence of 10 µM of fluvoxamine (12.1 vs.
20.3 fmol/15 min), which may partly relate to the sub-optimal citalopram concentration. Basal
5-HT levels were much lower without re-uptake inhibitor in the perfusion fluid. However, the
relative decrease of extracellular 5-HT by locally infused flesinoxan was now more
pronounced. One could speculate that the increased 5-HT levels induced by re-uptake
inhibition have caused a shift to the upper less steep part of the flesinoxan dose response
curve.
The primary reason for the flesinoxan concentration-response study was to find the optimal
condition as pharmacological probe in the chronic part of the study.

4.2 Acute treatment with citalopram

Systemic administration of 10 µmol/kg of citalopram increased extracellular 5-HT in the CeA
to 175% of basal level. This increase is modest compared to the ventral hippocampus, where
the same dose of citalopram increased 5-HT to 325% of basal level (Cremers et al., 2000a).
Previous experiments in the ventral hippocampus have shown that a dose of 10 µmol/kg of
citalopram maximally increased extracellular 5-HT (Cremers et al., 2000a). Assuming a similar
dose-effect relation for reuptake inhibition in ventral hippocampus and CeA, one could
speculate that extracellular 5-HT is more tightly controlled in the latter area. It is also
noteworthy that the effect of systemically administered flesinoxan on extracellular 5-HT was
more pronounced in CeA (Bosker et al., 1997a) compared to dorsal hippocampus (Bosker et
al., 1996).
Several studies have reported different effect sizes in terminal areas by systemically
administered SSRIs (see Fuller, 1994). This is generally attributed to a divergent involvement
of release controlling somatodendritic 5-HT1A autoreceptors in the raphe nuclei (Kreiss and
Lucki, 1994). The more than 400% increase of extracellular 5-HT by local infusion of 1 µM of
citalopram compared to the 175% following systemic administration suggests a strong
involvement of somatodendritic 5-HT1A receptor mediated feedback. Therefore, the marked
augmentation of citalopram’s effect by local infusion of the 5-HT1A receptor antagonist WAY
100.635 into the CeA came rather unexpected. Apparently, postsynaptic 5-HT1A  receptor
mediated feedback is also strongly activated by citalopram. It is feasible that, next to a
differential involvement of raphe nuclei, differences in postsynaptic 5-HT1A receptor mediated
feedback between terminal areas also play a role in the varying effect sizes of SSRIs.
Interestingly, Sharp et al. (1989) did not observe an effect on extracellular 5-HT following
local application of 10 µM of 8-OH-DPAT in ventral hippocampus. In addition, Hjorth et al.
(1996) could not demonstrate restraint of the citalopram induced increase in ventral
hippocampal extracellular 5-HT by postsynaptic 5-HT1A receptors.
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Generalizations regarding postsynaptic 5-HT1A receptor mediated feedback cannot be made
easily. Clearly more studies in different terminal areas are needed. However, taking into
account the earlier findings in cortex (Ceci et al., 1994; Casanovas et al., 1999) and striatum
(Romero et al., 1994) it is rather unlikely that this type of feedback is restricted to a few areas
in the brain.

Figure 6. Chronic treatment with citalopram. Effect of local infusion of 1µM of WAY
100.635 on the systemic effect of 10 µmol/kg s.c. of citalopram on extracellular 5-HT in the
central nucleus of the amygdala. � without WAY 100.635; � with WAY 100.635. Horizontal
bar indicates period of WAY 100.635 infusion. The arrow indicates the systemic
administration of citalopram. * indicates p< 0.05.

4.3 Chronic treatment with citalopram

The mechanism underlying the therapeutic effects of SSRIs is far from clear. Several studies
suggest that desensitization of 5-HT1A receptors may at least partly be involved. The present
study supports and extends this idea for the postsynaptic 5-HT1A receptors in the amygdala.
Local infusion of 1 µM of the 5-HT1A receptor agonist flesinoxan into the CeA induced a
significantly less marked decrease of extracellular 5-HT in the chronic citalopram group
compared to the chronic saline group, which suggests desensitization of postsynaptic 5-HT1A

receptors in the amygdala. The decrease induced by flesinoxan in the chronic saline group was
similar to the effect size in untreated animals, indicating that the osmotic minipump itself had
little effect on the outcome. Using the AUC-method postsynaptic 5-HT1A receptor
responsiveness at a concentration of 1000 nM of flesinoxan was estimated to be 80% for the
saline group and 35% for the citalopram treated animals.
Similar experiments in the presence of 1 µM of citalopram showed no significant differences
between the chronic citalopram group and the chronic saline group. In view of the smaller
effect size for flesinoxan under this condition this outcome may not be surprising. Of more
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concern are the similar basal 5-HT levels in the presence of citalopram. In view of the
decreased responsiveness of postsynaptic 5-HT1A receptors following chronic treatment with
citalopram we would at least have expected higher basal 5-HT levels for the chronic
citalopram group. A somewhat paradoxical argument would be that the lack of effect on basal
5-HT levels agrees with the negative flesinoxan data obtained when citalopram was present in
the perfusion fluid (Fig. 6). Anyhow, local reuptake inhibition compromises the assessment of
postsynaptic 5-HT1A receptor sensitivity, and should therefore be avoided in future studies.
A systemic challenge with citalopram had a more profound effect on 5-HT levels in animals
chronically treated with citalopram than in drug-naive animals. On the other hand we did not
observe an increase in basal levels following the washout period. Both observations are
consistent with the notion that patients improved by their SSRI do so while on the drug.
Furthermore, when withdrawn prematurely from their SSRI regimen, patients relapse rapidly
which is also consistent with the present data.
Simultaneous infusion of WAY 100.635 into the CeA now failed to augment the effect of
citalopram on extracellular 5-HT. This observation indicates that postsynaptic 5-HT1A may
have become less responsive following chronic treatment with the SSRI. We would have
expected a comparable increase of 5-HT by citalopram in the presence of WAY 100.635 in
citalopram treated (Fig. 6) and drug-naive animals (Fig. 4), which appeared not to be the case.
On retrospection, if desensitization of the postsynaptic 5-HT1A receptors involves a decrease
in affinity (increase in Kd) this may also influence the binding of WAY 100.635. In principle,
this (putative) change in affinity can be estimated from the flesinoxan concentration response
curve. Using the equation for a single binding site (NH=1) a shift in responsiveness from 80%
to 35% corresponds with a 5-6 fold decrease in affinity. Arguably, a higher concentration of
the antagonist might have augmented the effect of citalopram following chronic treatment. An
additional confounding factor could be that other neuronal components e.g. the 5-HT carrier
and 5-HT1B receptors also underwent adaptive changes, which complicates the interpretation
of the results considerably. Definitely more work is needed to investigate the interplay
between the various neuronal components in the acute and chronic effects of SSRIs.
Nevertheless, the absence of augmentation by WAY 100.635 and the significantly lesser effect
of flesinoxan in animals chronically treated with citalopram both support the idea that
postsynaptic 5-HT1A receptors in the amygdala have become less responsive following chronic
treatment with citalopram. Future work in other brain areas, while using different SSRIs, is
needed to determine how important this type of feedback is as target for antidepressant
treatment.

4.4 Citalopram pharmacokinetics

The focus of the present study is on the pharmacodynamic aspects of citalopram
administration, but some pharmacokinetic aspects were also taken into consideration.
First, we wanted to achieve stable and “sufficiently” high citalopram plasma levels in the
chronic experiments. Effective citalopram plasma concentrations reported for depressed
patients treated with Cipramil range between 0.13 and 0.88 µM (Baumann, 1992). We have
used this range as the starting point for chronic treatment.
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SSRI plasma half lives are much shorter in rodents compared to humans. To obtain steady-
state conditions for citalopram in rats multiple injections would have been necessary, which is
stressful for the animals. Citalopram’s excellent solubility in saline enabled us to use osmotic
minipumps and yet to achieve citalopram plasma levels within the clinically effective range.
The effect of the metabolites on 5-HT uptake is considerably less than for citalopram.
Therefore, their contribution to the acute and chronic effects of citalopram may be minor
(Hytell, 1994).
Second, we wanted to be sure that after the removal of the minipumps residual citalopram was
so low that it would not interfere with the microdialysis experiments. Two measures were
taken to achieve this goal. The cavity wherein the minipump was housed was washed twice
with saline and the microdialysis experiments were performed two days after the removal of
the minipumps. After two days citalopram plasma levels had dropped to 8.2 nM (Cremers et
al., 2000b). More important, citalopram was no longer pharmacologically active at these
levels, as witnessed by the comparable basal 5-HT levels for the citalopram and saline group.

4.5 Conclusions

The present study supports previous findings on postsynaptic 5-HT1A receptor mediated
feedback and demonstrates that this type of feedback is strongly involved in the acute effect of
citalopram on extracellular 5-HT in the amygdala. The study also demonstrates that this 5-
HT1A receptor mediated feedback is reduced following chronic citalopram treatment.
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- citalopram + citalopram
Acute (figs 2 & 3)

Flesinoxan    300nM S  χ2
15 = 29.2; p=0.0152 NS

Flesinoxan  1000nM S  χ2
15 = 27.0; p=0.0286 S  χ2

15 = 40.0; p= 0.0005
Flesinoxan  3000nM S  χ2

15 = 51.0; p< 0.0001 S  χ2
15

 = 32.5; p= 0.0055
Chronic (fig 5)

Flesinoxan  1000nM
Saline vs.citalopram

S  F(1,112)= 4.380 NS  F(1,207)=1.759

Table 1 Flesinoxan: statistical data

Citalopram Citalopram + WAY 100635
Acute (fig 4) S  χ2

12 = 29.2, p= 0.0037
Cit vs Cit + WAY 100635 S  F(1,183)= 5,33
Chronic (fig 6) S  χ2

10= 19,7; p=0.0311 S χ2
10=27,9; p=0.0018

Cit vs Cit + WAY 100635 NS  F(1,130)=0.261
Table 2 Augmentation with WAY 100635: statistical data
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Abstract

The combination of SSRIs with the beta adrenoceptor / 5HT1A receptor antagonist pindolol is
currently investigated, based on the concept that 5-HT1A receptor blockade would eliminate the
need for desensitization of presynaptic 5-HT1A receptors and therefore hasten the onset of action
and improve the efficacy of SSRIs. However, since pindolol plasma levels after 2.5 mg t.i.d. are
about 60 nM, and the Ki for the 5-HT1A receptor is 30 nM, it is questionable whether pindolol
levels in the brain would be sufficient to antagonise 5-HT1A receptors.
Using microdialysis and jugular vein catherisation, the ability of systemically administered
pindolol to antagonise central 5-HT1A and beta adrenoceptors was studied, while simultaneously
monitoring pindolol plasma and brain concentration.
Augmentation of paroxetine-induced increases in extracellular 5-HT levels in ventral
hippocampus was only observed at steady state plasma levels exceeding 7,000 nM (concurrent
brain levels 600 nM). In contrast, antagonism of beta agonist induced increases of brain c-AMP
levels was already observed at pindolol plasma levels of 70 nM (concurrent brain levels < 3nM)
At plasma levels that are observed in patients after t.i.d. 2.5 mg (~60 nM), pindolol produces
only a partial blockade of presynaptic 5-HT1A autoreceptors and does not augment the SSRI-
induced 5-HT increase in guinea pig brain. It is therefore very unlikely that the favourable
effects of combining pindolol with SSRIs, as reported in a number of clinical studies, are due to
5-HT1A antagonism. Since pindolol completely blocks central beta-adrenorecepors at clinically
relevant plasma levels, it is possible that beta adrenoceptor antagonism is involved in mediating
pindolol’s beneficial effects.
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1. Introduction

Selective serotonin re-uptake inhibitors (SSRIs) are believed to exert their antidepressive
effect by increasing the availability of extracellular 5-HT for interaction with post-synaptic 5-
HT receptors.  However, increased 5-HT levels will also activate cell body 5-HT1A

autoreceptors, resulting in reduced cell firing rate and ultimately in decreased terminal 5-HT
release. Chronic administration of SSRIs has been shown to desensitise 5-HT1A

autoreceptors, thereby relieving the serotonergic neuron of its auto-inhibitory regulation. This
sequence of events is thought to be responsible for the slow onset of action of SSRI’s, which
often requires 3-4 weeks before clinical effects are observed (Blier et al. 1987). Therefore, it
was hypothesised that co-administration of an SSRI with a 5-HT1A autoreceptor antagonist
would lead to a more rapid onset of antidepressive action (Artigas 1993, Blier et al. 1994).
Several clinical trials have indeed shown that combining an SSRI with the mixed beta-
adrenoceptor/5-HT1A antagonist, pindolol, might be beneficial in the treatment of depression,
although others failed to observe a more rapid onset of action or a superior effect of the
combination (McAskill et al.1998, Nelson 2000).  The use of various SSRIs and diverse
inclusion criteria for the trials might at least partially explain these discrepancies.  However,
it is obvious that pharmacokinetic considerations should be taken into account as well, since
the augmentation of the SSRI evoked increase in extracellular 5-HT levels in rat or guinea
pig brain is known to be dependent on the dose, and consequently brain levels, of both the
SSRI and the 5-HT1A receptor antagonist (Hjorth et al.1997, Cremers et al. 2000).
In the majority of the animal studies the minimal pindolol dose required to augment the SSRI
effect on 5-HT levels ranges from 8 to 15 mg/kg i.p. or s.c. (Dreshfield et al.1996, Hjorth
1996, Romero et al. 1996).  Although the elimination half-life of pindolol in rodents is much
faster than in humans (20 min vs. 3.5 h), these doses will still induce very high plasma levels.
Based on a volume of distribution of 7.6 L/kg for the active enantiomer in rats and assuming
that subcutaneous absorption is not rate limiting, 8-15 mg/kg (-) pindolol will give initial
plasma concentrations of approximately 6 µM (Ci=Dose/Vd; Hasegawa et al. 1989).  These
plasma levels are two orders of magnitude higher than those found in patients undergoing
combination therapy with SSRIs and 2.5–5 mg t.i.d. pindolol, when plasma levels are found
to be 30-60 nM (Moffat et al.1986, Hasegawa et al.1989, Perez et al. 1999). Because pindolol
is a rather polar compound (log P=–0.9; Moffat et al.1986) and 50% protein bound (Belpaire
et al. 1982), it will not easily penetrate into the brain and free pindolol concentrations in the
brain are expected to be much lower than plasma concentrations. With a Ki for the 5-HT1A

receptor in the same range as the clinical plasma concentrations (30 nM (Boddeke 1992)), it
is therefore very unlikely that the brain levels of pindolol after 2.5-5 mg t.i.d. are high enough
to block central presynaptic 5-HT1A receptors in the raphe nuclei.
The present study addresses these inconsistencies by examining the pharmacokinetics and
pharmacodynamics of pindolol in guinea pigs, during co-administration with the SSRI
paroxetine. We determined to what extent different pindolol plasma levels affected the
paroxetine-induced increase in extracellular 5-HT in rat ventral hippocampus, as an estimate
of the degree of 5-HT1A receptor blockade.  In addition, since pindolol is a more potent beta-
adrenoceptor antagonist (Ki= 2 nM) than 5-HT1A antagonist, we also determined the effect of
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pindolol administration on the beta-receptor agonist-induced stimulation of c-AMP formation
(Beer et al. 1988). During these experiments plasma levels of pindolol and paroxetine, as well
as pindolol brain levels in the raphe nuclei, were measured to correlate actual brain and
plasma levels with the pharmacological effects. Since pindolol has considerable affinity for
rat 5-HT1B, but not for human and guinea pig 5-HT1B receptors, the present study was
performed in freely moving guinea pigs in order to prevent interference by 5-HT1B

antagonism of pindolol during SSRI administration (Moret et al. 1997, Zgombick et al.
1997). In addition, the affinity of (-)-pindolol for guinea pig and human 5-HT1A receptors is
near similar (Raurich et al. 1999)
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2. Materials and Methods

2.1 Animals and drugs

Male albino guinea pigs of a Dünkin Hartley strain (300-400 g; Harlan, Zeist, The
Netherlands) were housed in cages (32 x 40 x 40 cm) with free access to food and water. All
experiments were concordant with the declarations of Helsinki and were approved by the
Animal Care Committee of the Faculty of Mathematics and Natural Science of the University
of Groningen.
The following drugs were used: paroxetine (SKB, West Sussex, UK), (+) pindolol, (+)-
isoprenaline (RBI, Natick, USA) and dibucaine (Sigma, St. Louis, USA). Paroxetine was
dissolved in water and injected subcutaneously. Pindolol was dissolved in glacial acetic acid
(10,100 and 1000 mg/ml), diluted with saline to 0.1,1 and 10 mg/ml and adjusted to pH 5.5.
Isoprenaline solutions for local administration were freshly prepared daily in a concentration
of 10 µM in Ringer’s solution containing 5 µM of ascorbic acid to prevent oxidation of
isoprenaline.

2.2 Surgery and microdialysis

Guinea pigs were anaesthetised with ketamine/xylazine (50/8 mg/kg), after premedication
with midazolam (5 mg/kg s.c.) and using lidocaine-HCl 10 % (m/v) for local anaesthesia.
The animals were placed in a stereotaxic frame (Kopf, USA) and home-made I-shaped probes
were implanted and secured with dental cement, using the following co-ordinates Luparello
(1965) for 5-HT and cAMP measurements in ventral hippocampus: anterior from intra-aural
+ 4.9 mm, lateral from midline  +/- 6.5 mm, ventral from dura - 9.0 mm; for pindolol
measurements in the raphe nuclei: anterior + 2.8 mm, lateral + 2.6 mm ventral - 11.0 mm at
an angle of 12°.  Probes for serotonin and cAMP measurements were constructed with a
polyacrylonitrile/sodium methyl sulphonate copolymer dialysis fibre ( 4 mm open surface,
i.d. 220 µm, o.d. 310 µm, AN 69, Hospal, Italy), for pindolol measurements with a cellulose
membrane (5 mm open surface, i.d.200 µm, Spectra/Por®, Hollow fiber bundles) (Santiago &
Westerink 1990).  A polyethylene canula (8 cm, i.d. 0.5 mm, o.d. 1.0 mm) was positioned
subcutaneously in the neck region for pindolol infusion and a silicon canula was inserted 4.2
mm into the right jugular vein for blood sampling. The tubing was guided subcutaneously to
the skull and connected with a stainless steel inlet, which was mounted on the skull with
dental cement and surgical screws. After insertion, the canula was filled with a PVP solution
(55 % polyvinylpyrrolidon in 500 IE/ml heparin) in saline to prevent blood clotting.
Postoperative analgesia was accomplished by an intramuscular injection of 0.1 mg/kg
buprenorphine and the animals were allowed to recover for at least 24 hours.
At the day of the experiment, microdialysis probes were connected with flexible PEEK
tubing to a microperfusion pump (Harvard apparatus, South Natick, MA, USA) and perfused
with artificial cerebrospinal fluid (aCSF), containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM
CaCl2, and 1.2 mM MgCl2.  Flow rates were 1.5 µl/min for the measurement of extracellular
5-HT and c-AMP and 0.1 µl/min for pindolol.
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2.3 Effect of pindolol on paroxetine-induced 5-HT increase

The effects of two doses of paroxetine (0.5 and 5 mg/kg s.c.) on extracellular 5-HT levels
were determined during continuous s.c. infusions with saline (controls) or with increasing
concentrations of pindolol. The infusions started 3 hours prior to drug administration.  The
pindolol infusions were chosen to give steady state plasma levels of approximately 70, 700
and 7,000 nM.  Fifteen-minute dialysate samples were collected in vials containing 7.5 µl of
0.02 mM acetic acid.

2.4 Effect of pindolol on isoprenaline-induced c-AMP increase

A 10 µM isoprenaline solution in aCSF was perfused in the ventral hippocampus via the
microdialysis probe, during continuous s.c. infusion with saline or with  increasing
concentrations of pindolol as described above. Microdialysate samples (45 µl) were collected
in glass vials.

2.5 Pindolol brain concentratons

In a separate experiment, pindolol concentrations were measured in microdialysates from the
raphe nuclei for each of the infusion conditions described above. Although extracellular brain
concentrations of exogenous substances are conveniently determined by microdialysis, a
correction for the in vivo recovery of the probe is required (Menacherry 1992).  By using an
ultra-slow flow rate of 0.l µl/min, which gives approximately 100% in vivo recovery, no
exogenous markers are needed to correct for in vivo recovery.  We found that the cellulose
dialysis membrane rapidly followed pindolol concentration changes in the external medium
and that the in vitro recovery approached 100 % at this flow rate. Microdialysate
concentrations are therefore not corrected for recovery.  Probes were perfused at 0.1 µl /min
with aCSF, while pindolol was continuously infused via the s.c. canula. 60 Min dialysate
samples were collected on-line in a 20 µl HPLC loop and assayed by HPLC and
electrochemical detection.

2.6 Plasma concentrations of pindolol and paroxetine

Blood samples (0.3 ml) were drawn via the jugular vein canula at different time points to
determine steady state conditions for pindolol or the time-concentration profile of paroxetine.
Samples were collected in 1.5 ml eppendorf vials, containing 5 µl heparin (500 IE/mL
saline), mixed and centrifuged for 15 min at 3,000 rpm and 4oC (MSE, England). Aliquots of
the supernatants were assayed for pindolol and paroxetine.

2.7 Assays

5-HT: Twenty-µl microdialysate samples were injected via an autoinjector (CMA/200
refrigerated microsampler, CMA, Sweden) on a 100 x 2.0 mm C18 Hypersil 3 µm column
(Bester, Amstelveen, the Netherlands) and separated with a mobile phase consisting of 5 g/L
di-ammoniumsulfate, 500 mg/L EDTA, 50 mg/L heptane sulphonic acid, 4 % methanol v/v,
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and 30 µl/L of triethylamine, pH  4.65 at  0.4 ml/min (Shimadzu LC-10 AD) 5-HT was
detected amperometrically at a glassy carbon electrode at 500 mV vs Ag/AgCl (Antec
Leyden, Leiden, The Netherlands). The detection limit was 0.5 fmol 5-HT per 20 µl sample
(signal to noise ratio 3).
Paroxetine: Plasma paroxetine levels were measured after liquid-liquid extraction with
diethylether. To 250 µl plasma samples 75 µl of a 5 µg/ml dibucaine solution in 1 % m/v
NaHCO3 was added. Samples were extracted thrice by mechanically shaking for 3 minutes
with 4 ml of diethyl ether. The ether layers were then transferred to 10 ml evaporating tubes,
and 150 µl of 0.1 N HCl was added. The ether was evaporated in a water-bath at 40 °C under
a stream of nitrogen. The HCl layer was washed once with 0.5 ml ether and 50 µl samples
were injected onto the column. An HPLC/auto-injector (1084B Liquid Chromatograph,
Hewlett-Packard) was used, in combination with a fluorescence detector (470 Scanning
Fluorescence detector, Waters, England) operating at an absorption wavelength of 295 nm, an
emission wavelength of 365 nm, and a slit-width of 12 nm. Paroxetine was separated over a
Supelcosil HPLC column (5 µm, C18, 250 x 46 mm, Supelco, the Netherlands) using a
mobile phase consisting of 46 % v/v acetonitrile, 54 % v/v potassium dihydrogen phosphate
buffer (4.3 g/l), and 30 µl/l  triethylamine, pH 3.0, at 1 ml/min. Recovery of paroxetine and
the internal standard was approximately 100 %, and concentrations were calculated using the
internal standard. The detection limit of the assay was 8 nM  (signal to noise = 3).
Pindolol in plasma: Pindolol plasma concentrations were also determined after liquid-liquid
extraction with diethylether. To 100 µl of plasma, 50 µl of 1 N NaOH was added and samples
were extracted thrice by mechanically shaking for 3 minutes with 4 ml of diethyl ether. The
combined organic layers were evaporated into 100 µl of 1 mM HCl and 20 µl samples were
injected onto the column. The detection limit of the assay was 1 nM (signal to noise = 3).
Recovery of pindolol, determined by extracting plasma samples spiked with known
concentrations, was about 95 % and all samples were corrected for recovery. Analysis was
performed as described below.
Pindolol in microdialysates: Pindolol concentrations in raphe nuclei dialysate were measured
by HPLC-ECD.  Samples were collected on-line and injected automatically every 60 min and
separated over a Supelcosil column, with a mobile phase consisting of 4.27 g/l sodium
acetate, 221 mg/l tetramethyl ammonium, 100 mg/l ethylenediaminotetra-acetic acid, and 10
% v/v acetonitrile, pH value 4.25, at 1 ml/min (LKB 2150, Pharmacia LKB, Sweden).
Pindolol was detected amperometrically at a glassy carbon electrode set at 850 mV vs
Ag/AgCl (Antec Leyden, Leiden, the Netherlands). The detection limit for pindolol was 3
nM.
c-AMP: Concentrations of cAMP in microdialysates from the ventral hippocampal were
determined as described by Svensson et al. (Svensson et al. 1990). Briefly, 10 µl of 0.5 M
sodium acetate and 10 µl 55% chloroacetaldehyde (Fluka) were mixed with 45 µl
microdialysate in vials which were capped, heated in a boiling water bath for 20 min, injected
(1084B Liquid Chromatograph, Hewlett-Packard) onto a Supelcosil guard plus analytical
column (3C18 3 µm, 15 cm x 2.1 mm; Security Guard, Phenomenex, Bester, Amstelveen, the
Netherlands). c-AMP was eluted with 1mM tetramethylammonium, 9 % tetrahydrofuran, pH
4.5,  at a flow rate of 0.4 ml/min and detected fluorimetrically (at absorption and emission
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wavelengths of 275 nm and 418 nm, respectively (slit-width 12 nm)). The limit of detection
was 10.5 fmol/sample (signal to noise =2).
2.8 Protein binding
Protein binding of pindolol was determined by spiking guinea pig plasma with known
concentrations of pindolol dissolved in phosphate buffer pH 7.6. After a 1 hour incubation at
room temperature, samples were transferred to ultrafiltration tubes (Amicon, cut-off 3 kD),
and spun at 1000 rpm for 30 minutes. The free fraction was determined by HPLC-ECD as
described above.

2.9 Data presentation and statistics

Four consecutive microdialysis samples with less then 20 % variation in levels of 5-HT and
c-AMP were taken as baseline levels and set at 100 %. Drug effects were expressed as
percentages of basal level (mean + SEM). Statistical analysis was performed using Sigmastat
for windows (Jandel Corporation). Treatment effects were compared versus saline treatment
using two way ANOVA for repeated measurements, followed by the Student Newman Keuls
post-hoc test . Treatment effects were compared versus control values using one way
ANOVA for repeated measurements on ranks. The level of significance level was set at
p<0.05.
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3. Results

3.1 Pharmacokinetics of pindolol and paroxetine
Subcutaneous infusion of pindolol resulted in steady state plasma levels at approximately 3
hours after initiation of the infusions. Infusions with 0.1 mg/kg/ml/h produced stable pindolol
plasma levels of about 70 nM.  Ten-fold increases in the infusion concentration of pindolol (1
mg/kg/ml/h and 10 mg/kg/ml/h) resulted in ten-fold higher plasma levels to approximately
700 and 7,000 nM, respectively (figure 1).

Figure 1. Plasma levels of pindolol during subcutaneous infusion. �  pindolol 0.1
mg/kg/ml/h (n=3), � pindolol 1 mg/kg/ml/h (n=4), and � pindolol 10 mg/kg/ml/h (n=5).

The plasma protein binding of pindolol was about 50% over a range of concentrations (n = 2-
4, fig 2a) and did not change in the presence of 1 µM paroxetine (n = 2, fig 2b).
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Figure 2. (a) percentage protein binding of pindolol at several concentrations (n=2-4), (b)
percentage protein binding of pindolol at 1 µM concentration, with and without the presence
of paroxetine 1 µM (n=4).

During pindolol steady state plasma concentrations of 70 nM, pindolol was not detectable in
dialysates from the raphe nuclei (< 3 nM). However, at higher pindolol plasma
concentrations, the extracellular brain levels of pindolol were approximately 30 nM during 1
mg/kg/ml/h infusion, and 600 nM during 10 mg/kg/ml/h infusion (figure 3).  Administration
of 5 mg/kg s.c. paroxetine during 10 mg/kg/ml/h pindolol infusions, had no effect on the
plasma or brain levels of pindolol (figure 4a-b).
Subcutaneous administration of paroxetine rapidly induced measurable plasma concentrations
of the drug. Peak plasma levels after 0.5 mg/kg s.c. paroxetine were 0.5 µM, which declined
with an elimination half live of about 75 min. After 5 mg/kg paroxetine s.c. peak plasma
levels were 2 µM, after which elimination was bi-phasic, with apparent elimination half lives
of  220 min and 800 min, respectively (fig 5).

3.2 Effect of pindolol on the paroxetine-induced 5-HT increase
Absolute output of 5-HT from guinea pig ventral hippocampus was 8.79 +0.67 fmol per 15
minute sample (n=38).
Subcutaneous administration of 0.5 mg/kg paroxetine during saline infusion increased
hippocampal 5-HT levels about 2-fold.  When 0.5 mg/kg paroxetine was administered during
pindolol infusions to give steady state plasma concentrations of 70 or 700 nM pindolol, no
augmentation of the SSRI effect was observed (F1,140=0.68 and F1,129=1.65, respectively).
However, during steady state levels of 7,000 nM pindolol (10 mg/kg/ml/h s.c.), the effect of
paroxetine on extracellular 5-HT levels was significantly potentiated to a 3–fold increase
(F1,128= 2.86; figure 6).
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Essentially the same results were obtained with a 10 times higher dose of paroxetine.  The 5-
HT increase induced by 5 mg/kg s.c. paroxetine was about 3.5-fold and was unchanged at
steady state pindolol levels of 70 nM (F1,101=0.57) and 700 nM (F1,116=0.58), but was
significantly greater when pindolol plasma levels were 7,000 nM (F1,117=4.37; figure 7).

Figure 3. Brain levels of pindolol during subcutaneous infusion. � pindolol 1 mg/kg/ml/h
(n=3), and � pindolol 10 mg/kg/ml/h (n=3). Brain levels of 0.1 mg/kg/ml/h infusion of
pindolol could not be detected.

3.3 Effect of pindolol on the isoprenaline-induced c-AMP increase
Basal extracellular cAMP levels in microdialysates from ventral hippocampus were 739.0 +
157.6 fmol/sample (n= 8). These basal levels were somewhat higher than reported in previous
studies (Stone 1988), probably because of experimental differences, such as dialysis surface,
membranes, brain area and species. Continuous local administration of 10 µM of the beta
adrenoceptor agonist isoprenaline via the hippocampal probe produced significant increases
in extracellular cAMP levels.  A maximal 2–fold increase over basal levels was reached 3
hours after drug administration (Χ2

6=13.3, p<0.05).  When isoprenaline (10 µM) was
administered in the presence of pindolol, at steady state levels of 70 nM, the increase in c-
AMP formation was completely blocked (F1,61=11.13; figure 8).
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Figure 4. (a) Effect of paroxetine 5 mg/kg s.c. on plasma levels of pindolol during
subcutaneous infusion of 10 mg/kg/ml/h pindolol (� saline injection (n=3), � paroxetine 5
mg/kg s.c. (n=3)) (b) Effect of paroxetine 5 mg/kg s.c. on brain levels of pindolol during
subcutaneous infusion of 10 mg/kg/ml/h pindolol (� saline injection (n=3), � paroxetine 5
mg/kg s.c. (n=3)
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4. Discussion

Several clinical studies have investigated the putative beneficial effects of co-administration
of a 5-HT1A antagonist with antidepressive SSRI treatment, based on the hypothesis that 5-
HT1A receptor blockade will hasten the onset of the effects of SSRIs (see Introduction).
Although some studies with the beta-adrenergic/5-HT1A receptor antagonist pindolol found
evidence for enhanced efficacy of pindolol-SSRI combinations (McAskill et al. 1998, Nelson
2000), pindolol plasma levels after 2.5-5 mg t.i.d. (30-60 nM), seem insufficient to
effectively block central 5-HT1A autoreceptors, and consequently to augment the SSRI-
induced 5-HT increase. To investigate at what plasma or brain levels pindolol affects the
serotonergic effects of SSRIs in more detail, the present study determined the effects of
increasing plasma pindolol concentrations on the paroxetine-induced 5-HT increase in guinea
pig hippocampus.

Figure 5. Plasma levels of paroxetine upon subcutaneous administration of 0.5 mg/kg (�,
n=3) and 5 mg/kg (�, n=4)

Pindolol augmentation of the effect of paroxetine
Continuous subcutaneous infusions with 0.1, 1.0 and 10 mg/kg/ml/h pindolol, resulted in
stable pindolol plasma levels of 70, 700 and 7,000 nM, respectively.  Pindolol metabolites,
which have negligible affinity for 5-HT receptors and are thus not expected to have any
pharmacological effect in patients (Ohnhaus et al. 1982), were not detected under these
conditions.  During each of the three pindolol steady state conditions, guinea pigs were
challenged with two subcutaneous paroxetine doses, 0.5 and 5.0 mg/kg, and the increase in
extracellular 5-HT levels was compared with the increase produced by paroxetine during s.c.
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infusion with saline.  The two doses of paroxetine were chosen to cover the entire range of
plasma concentrations of paroxetine observed in depressed patients in the clinic (Dechant et
al. 1991; Baumann 1992). Paroxetine metabolites, which have low affinity for the 5-HT
transporter, were not detected after administration of either dose (Baumann 1992).

Figure 6. Effect of pindolol pretreatment on paroxetine 0.5 mg/kg s.c. induced increase in
extracellular levels of 5-HT. � saline 1 ml/kg/h (n=7), �  pindolol 0.1 mg/kg/ml/h (n=6), �
pindolol 1 mg/kg/ml/h (n=6), and � pindolol 10 mg/kg/ml/h (n=5), * P<0.05.

At steady state plasma levels of 70 and 700 nM, pindolol failed to change the effect of either
dose of paroxetine on extracellular 5-HT levels. Only when pindolol plasma levels were
increased to 7,000 nM, the effects of both doses of paroxetine were significantly greater.
These findings are in good agreement with several reports on the augmentation of the SSRI-
induced 5-HT increase by pindolol co-administration in rats, which is only observed at
pindolol doses exceeding 8 mg/kg s.c. (Dreshfield et al.1996; Hjorth 1996; Romero et al.
1996).  Doses of 8 mg/kg s.c.  will result in pindolol plasma concentrations of approximately
6,000 nM (see Introduction), which is in the same range as we found to be required for
potentiation of the SSRI effect by pindolol. It might be questioned whether similar
pharmacokinetic-pharmacodynamic relations would be observed when serotonin levels would
be measured in terminal areas other than ventral hippocampus. As no data exist on regional
differences in dose-dependency of 5-HT1A antagonist induced augmentation, additional
research should elucidate this topic. However, since antagonism of 5-HT1A receptors would
in theory be a concentration dependent process, and not like the effects of SSRI’s a
composition of re-uptake inhibition, and autoreceptor functionality, no differences would be
expected. Microdialysis measurements of the actual free brain concentrations of pindolol at
its proposed site of action, the raphe nuclei where presynaptic 5-HT1A autoreceptors are
located, confirmed that pindolol, which is hydrophilic (logP=-0.90) and 50% protein-bound,
does not readily cross the blood-brain-barrier.  Brain levels at steady state plasma levels of 70
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nM were not detectable (<3 nM), whereas at plasma concentrations of 700 and 7,000 nM,
pindolol extracellular levels in the raphe were about 30 nM and 600 nM, respectively.

Figure 7. Effect of pindolol pretreatment on paroxetine 5 mg/kg s.c. induced increase in
extracellular levels of 5-HT. � saline 1 ml/kg/h (n=6), �  pindolol 0.1 mg/kg/ml/h (n=4), �
pindolol 1 mg/kg/ml/h (n= 5), and � pindolol 10 mg/kg/ml/h (n=5), * P<0.05.

Since it has been suggested that pharmacokinetic interactions between SSRIs and pindolol
could possibly lead to changes in drug levels, we also determined the effect of paroxetine on
pindolol plasma and brain levels. Since we found no evidence for interaction between the two
drugs at the plasma levels studied, and no effect on the protein binding of pindolol, it is
unlikely that the beneficial effects of pindolol addition is correlated with increased pindolol
levels.

Implications for 5-HT1A receptor occupancy
The finding that pindolol only enhances the paroxetine-induced 5-HT increase at plasma
levels that are 100-fold higher than clinical pindolol plasma levels, suggests that it is highly
unlikely that SSRI augmentation is due to blockade of presynaptic somatodendritic 5-HT1A

autoreceptors.  At clinical plasma levels of 30-60 nM (Moffat et al.1986; Hasgawa et al.1989,
Perez 1999), pindolol concentrations in the raphe are ≤ 1 nM and will occupy less than 10%
of the 5-HT1A receptors, insufficient to block their activation by the endogenous agonist, 5-
HT (see below).  This estimate is in reasonable agreement with a recent PET study in
volunteers who were not receiving SSRI treatment (Andree et al.1999). After a single dose of
10 mg (-) pindolol and at plasma levels of 113-153 nM, the 5-HT1A receptor occupancy in the
dorsal raphe ranged from 7-25%. It is however likely that receptor occupancy during
combination therapy with 2.5 mg t.i.d. pindolol will be markedly less, since plasma levels
will be 2-4 fold lower, while at the same time endogenous 5-HT levels will be elevated in the
presence of the SSRI.  This is easily demonstrated by extrapolating IC50 values for pindolol in
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the absence and presence of an SSRI with the equation, IC50=Ki(1+Cag/KDag) (Cheng &
Prusoff 1973). Assuming that brain concentrations of the agonist, 5-HT, are about 1.5 nM
(Adell et al. 1991), the IC50 of pindolol for the 5-HT1A receptor is calculated to be 42 nM
during basal conditions (KD 5-HT=3.8 nM (Peroutka 1986), Ki pindolol =30 nM (Boddeke 1992)).
After SSRI administration, endogenous 5-HT concentrations are 2-3.5 times higher and under
these conditions the equation predicts that the IC50 is about 54-71 nM and that the receptor
occupancy will be lower than found under basal conditions.

Our finding that free pindolol raphe concentrations should be about 600 nM, or 20 times
higher than the Ki, to augment the SSRI effect, is consistent with the fact that a strong
receptor occupancy is required for functional 5-HT1A receptor antagonism. This is supported
by the finding that maximal inhibitory concentrations of pindolol at the human 5-HT1A

receptor are also approximately 600 nM (Raurich et al. 1999).  In addition, although pindolol
was originally assumed to be a full 5-HT1A receptor antagonist,  accumulating evidence
suggests  that pindolol has actually the properties of a partial agonist (De Vivo &Maayani S.
1990, Newman-Tancredi et al. 1998, Fornal  et al. 1999, Sprouse et al. 1998) which may
further explain the absence of augmentation at low pindolol concentrations. Taken together,
these observations are in line with the proposed existence of a substantial 5-HT1A receptor
reserve in the raphe nuclei (Cox et al.1993), which demands strong receptor occupation by an
antagonist or partial agonist to reduce the effects of an agonist, in particular a full agonist
such as 5-HT, on 5-HT1A autoreceptors.

Other receptor mechanisms: beta-adrenoceptor blockade
Since at clinical plasma levels the pindolol brain concentrations are insufficient to completely
block 5-HT1A autoreceptors, other receptor mechanisms that are sensitive to low plasma and
brain levels of pindolol may be involved in the augmentation of the antidepressive effects of
SSRIs.   The very high affinity of pindolol for the beta-adrenoceptor (Ki= 2 nM), prompted us
to investigate one possible other mechanism, central beta-adrenoceptor blockade. We
assessed the functional beta-antagonist potency of pindolol in vivo via beta-adrenoreceptor
mediated effects on c-AMP formation.  Beta-adrenoceptor stimulation has been shown to
produce increases in extracellular brain levels of cAMP, an effect that could be blocked by
selective beta antagonists, demonstrating the beta adrenergic origin of the c-AMP sampled by
microdialysis (Petersen et al. 1996; Egawa et al. 1988). We also found that local infusions
with 10 µM of the beta-adrenoceptor agonist isoprenaline in the ventral hippocampus
produced 2-fold increases in extracellular c-AMP levels.  When the same concentration
isoprenaline was administered during continuous s.c. pindolol infusion (0.1 mg/kg/ml/h) that
gave steady state plasma concentrations of 70 nM, the c-AMP increase was completely
abolished. Whereas plasma levels of 70 nM pindolol thus failed to augment the serotonergic
effect of an SSRI, the same pindolol concentrations were able to completely inhibit the
increase in c-AMP levels produced by local infusion with a beta-adrenoceptor agonist. This
demonstrates that at clinically relevant plasma levels of pindolol, beta adrenoceptors are
functionally blocked.  Antagonism of beta-adrenoceptors could be clinically relevant as
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several authors have shown that beta-adrenoceptors desensitise during treatment with
antidepressants (Petersen et al. 1996). Co-administration of SSRIs with beta antagonists
would then mimic this desensitisation and therefore might be beneficial for the treatment of
depression.

Figure 8. Effect of pindolol 0.1 mg/kg/ml/h pretreatment on local infusion of isoprenaline
(10µM) induced increase in extracellular levels of cAMP. � saline 1 ml/kg/h (n=4), �
pindolol 0.1 mg/kg/ml/h (n=4), * P<0.05.

In conclusion, the present study provides pharmacokinetic and pharmacodynamic evidence
that pindolol, at the plasma levels observed in clinical studies with 2.5-5 mg t.i.d. pindolol,
does not augment the 5-HT increasing effect of the SSRI paroxetine in the guinea pig and that
at these levels 5-HT1A autoreceptors in the raphe nuclei are only partially occupied.  In
addition, pindolol plasma and brain levels are not affected by the simultaneous administration
of paroxetine.  Therefore, the putative beneficial effects of co-administration of pindolol with
an SSRI are likely mediated via other receptor mechanisms, such as for instance central beta-
adrenoreceptor blockade, since beta-adrenergic receptors are completely blocked by pindolol
at clinically relevant plasma levels.
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Abstract

Enhanced serotonergic neurotransmission is generally thought to be the neurochemical basis
of the antidepressant effects of  Selective Serotonin Reuptake Inhibitors (SSRIs).
The anxiolytic benzodiazepines, on the other hand, have been shown to decrease serotonergic
neurotransmission .  Since depressed patients are frequently treated with a combination of
SSRI’s and benzodiazepines, we investigated the effects of co-administration of these drugs
on extracellular levels of serotonin (5-HT) in guinea pig brain.
Using microdialysis of 5-HT in ventral hippocampus of freely moving guinea pigs, we
investigated the effects of  the typical benzodiazepines oxazepam and temazepam, alone and
in combination with the SSRI paroxetine on extracellular levels of 5-HT.
Paroxetine alone increased extracellular 5-HT levels in hippocampus to about 350 % of
control values,whereas oxazepam and temazepam each produced small decreases to 90% and
70% of control levels, respectively when administered alone. The combined administration of
paroxetine with oxazepam as well as  temazepam significantly attenuated the increase of 5-
HT levels induced by paroxetine.
 Since the co-administration of SSRIs with benzodiazepines attenuates the serotonergic
transmission, but enhances the clinical effects of SSRI’s in depressed patients, it might be
questioned whether the mechanism of the antidepressant action of SSRI’s is completely due
to enhanced serotonergic neurotransmission.
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1. Introduction

Selective Serotonin Re-uptake Inhibitors (SSRIs) are generally believed to exert their
antidepressant effects by enhancing serotonergic neurotransmission (Blier et al. 1987). Upon
acute administration of SSRIs, extracellular brain 5-HT levels are increased (Fuller 1994), but
these 5-HT enhancing effects are restricted by the counteraction of release modulating
serotonergic autoreceptors . It has been shown that during chronic treatment these
autoreceptors are desensitized, thereby potentiating the effect of SSRIs on brain 5-HT levels
(Blier et al.1987; Invernizzi et al. 1994). Since the gradual desensitization of  autoreceptors is
thought to  produce, at least partly, the antidepressant effects of SSRIs, it was hypothesized
that co-administration of an SSRI with an autoreceptor antagonist would instantaneously
mimic this desensitization, and therefore reduce the time until onset of antidepressant action
(Artigas 1993, Hjorth 1993). Indeed, clinical trials investigating the effects of co-
administration of an SSRI with the putative 5-HT1A antagonist pindolol have shown
promising results, indicative of the beneficial effects of augmented 5-HT levels in the
treatment of depression (McAskill et al.1998).
Depressed patients are often simultaneously treated with benzodiazepines because of
comorbidity of depression and anxiety. Although patients who were being treated with other
drugs are excluded from clinical trials that investigate the effect of SSRIs or combinations of
SSRIs with pindolol , patients on benzodiapines are usually included in these studies (Bordet
et al.1998; Perez et al. 1997). Previous preclinical studies had shown that administration of
benzodiazepines decreases the extracellular levels of 5-HT in a wide variety of brain
structures in rats and guinea pigs (Rex et al.1993; Pei et al.1989,Gibson et al.1996).  Since
this 5-HT decreasing effect could possibly counteract the 5-HT increase produced by SSRI’s
we investigated the effect of co-administration of the SSRI paroxetine with two commonly
used benzodiazepines on extracellular 5-HT levels in guinea pig brain.
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2. Materials and Methods

2.1 Animals and drug administration

Male albino guinea pigs of a Dünkin Hartley strain (300-400 g; Harlan, Zeist, The
Netherlands were housed in cages (32 x 40 x 40 cm), and had free access to food and water.
The experiments are concordant with the declarations of  Helsinki and were approved by the
animal care committee of the fbaculty of mathematics and natural science of the University of
Groningen .

The following drugs were used: paroxetine (SKB, West Sussex, UK) , Oxazepam and
Temazepam (Bufa, the Netherlands). Paroxetine was dissolved in ultrapure water. Oxazepam
and temazepam were dissolved in 10 % v/v solutol and ultrapure water.  In experiments with
a drug alone, the appropriate vehicle for the combination was injected before or after the
drug.

2.2 Surgery

Preceding surgery, the animals were anaesthetised by means of an intraperitoneal injection of
ketamine/xylazine (50/8 mg/kg), after premedication with midazolam (5 mg/kg s.c.).
Lidocaine-HCl, 10 % (m/v) was used for local anaesthesia. The animals were placed in a
stereotaxic frame (Kopf, USA), and home made I-shaped probes (polyacrylonitrile / sodium
methyl sulphonate copolymer dialysis fibre; 4 mm open surface, i.d. 220 µm, o.d. 310 µm,
AN 69, Hospal, Italy) were inserted into the ventral hippocampus (co-ordinates: IA: + 4.9
mm, lateral : +/- 6.5 mm, ventral: - 9.0 mm from the dura mater (Luparello, stereotaxic atlas)
and secured with dental cement. Postoperative analgesia was accomplished by an
intramuscular injection of 0.1 mg/kg buprenorphine.

2.3 Microdialysis experiments

Guinea pigs were allowed to recover for at least 24 h, after which theprobes were perfused
with artificial CSF (147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, and 1.2 mM MgCl2.) at a
flow-rate of 1.5 µl / min (Harvard apparatus, South Natick, Ma., USA). 15 minute samples
were collected in vials containing 7.5 µl of 0.02 mM acetic acid.

2.4 5-HT assay

Concentrations of 5-HT in microdialysates were measured by HPLC with electrochemical
detection. Twenty µl samples were injected onto a reversed phase column (Phenomenex
Hypersil 3 : 3 µm, 100 x 2.0 mm, C18, Bester, Amstelveen, the Netherlands) by an
autoinjector (CMA/200 refrigerated microsampler,  Carnegie Medicine, Sweden). The mobile
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phase consisted of 5 g/l di-ammoniumsulfate, 500 mg/l ethylene diamino tetra acetic acid
(EDTA), 50 mg/l heptane sulphonic acid, 4 % methanol v/v, and 30 µl/l of triethylamine, at a
pH of 4.65, and was delivered at aflow-rate of 0.4 ml/min (Shimadzu LC-10 AD liquid
chromatograph). 5-HT was detected electrochemically at a glassy carbon electrode set at a
working potential  of 500 mV vs. Ag/AgCl (Antec Leyden, Leiden, the Netherlands). The
detection limit was 0.5 fmol 5-HT per 20 µl sample (signal to noise ratio 3).

2.5 Data presentation and statistics

Four consecutive microdialysis samples with less then 20 % variation were taken as control
and set at 100 %. Data are presented as percentages of control level (mean + SEM). Statistical
analysis was performed using Sigmastat for Windows (Jandel Corporation). Treatment
effects were compared versus saline treatment using two way ANOVA for repeated
measurements, followed by Student’s Newman Keuls post-hoc test. Treatment effects were
compared versus basal values using one way ANOVA for repeated measurements on ranks.
Level of significance level was set at p<0.05.
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3. Results

3.1 Serotonin basal levels:

Basal levels of 5-HT in dialysates from guinea pig ventral hippocampus were 8.87 + 0.84
fmol/sample (mean + S.E.M.) (n= 27). No significant differences were observed between the
different treatment groups.

3.2 Oxazepam administration and paroxetine + oxazepam co-administration:

Figure 1 shows the effect of administration of oxezepam alone and in combination with
paroxetine. Oxazepam alone significantly decreased extracellular levels of 5-HT in guinea
pig ventral hippocampus to about 90 % of basal values (χ2

10 = 18.5, p<0.05). Paroxetine
alone increased  extracellular 5-HT levels to about 350 % of control values (χ2

10 = 28.9;
p<0.05). Injection of oxazepam 30 minutes prior to administration of paroxetine significantly
attenuated the 5-HT produced by  paroxetine alone to 250% of basal levels (F(1,151) = 2,73;
p<0.05).

Figure 1. Effect of administration of 5 mg/kg paroxetine (�, n = 10, vehicle t=0, paroxetine
t=30), oxazepam 1µmol/kg (�, n = 5 , oxazepam t=0, vehicle t=30), and paroxetine 5 mg/kg
together with oxazepam  (�, n = 4 ,oxazepam t=0, paroxetine t=30). * denote significant vs.
paroxetine alone.
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Figure 2. Effect of administration of 5 mg/kg paroxetine (�, n = 10, vehicle t=0, paroxetine
t=30), temazepam 1µmol/kg (�, n = 4 , temazepam t=0, vehicle t=30), and paroxetine 5
mg/kg together with temazepam oxazepam  (�, n = 4 , temazepam t=0, paroxetine t=30). *
denote significant vs. paroxetine alone.

3.3 Temazepam administration and paroxetine + temazepam co-administration:

Administration of temazepam alone induced a significant decrease of extracellular levels of
5-HT levels to about 70 % of basal values (χ2

10 = 20, p<0.05). Similar to oxazepam, co-
administration of temazepam with paroxetine induced a blunted response to paroxetine and
extracellular 5-HT levels increased to only 225% (F(1, 150) = 2.10; p<0.05).
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4. Discussion

The present data show that co-administration of benzodiazepines and the SSRI paroxetine
attenuates the effect of the SSRI on brain extracellular 5-HT levels.
The few studies  that investigated the effect of benzodiazepine administration on the
serotonergic system showed that these drugs have an inhibitory influence on the firing rate of
5-HT neurons  and decrease terminal 5-HT release in several brain structures of rats (Pei et
al. 1989; Gibson et al., 1996) and guinea pigs (Rex  et al.1993). It has been suggested that
this inhibitory effect of benzodiazepines on the serotonergic system is a consequence of
enhanced GABA-ergic transmission, resulting from the binding of benzodiazepines to the
benzodiazepine/GABAA receptor complex. (Pei et al.1989).
As mentioned in the introduction, SSRIs are believed to exert their clinical effect by
enhancing serotonergic neurotransmission. In support of this, clinical and preclinical studies
have indeed shown evidence for the positive effects of enhanced serotonergic levels in
treatment of depression. Analysis of literature revealed that patients treated for depression are
frequently also treated with benzodiazepines and that in trials designed to evaluate the effects
of enhanced serotonergic levels by co-administration of SSRIs with the autoreceptor
antagonist pindolol, patients on benzodiazepines were included (Bordet et al.1998; Perez et
al.1997).
It is clear from the present study that co-administration of benzodiazepines such as oxazepam
and temazepam, attenuates the effect of SSRIs on extracellular 5-HT levels and thus the SSRI
–induced effect on serotonergic transmission.  Therefore if enhanced serotonergic
neurotransmission is indeed responsible for the antidepressant action of SSRI’s, one would
expect that co-administration of benzodiazepines to patients on SSRIs would also diminish
the antidepressant effects,. This effect however, is not observed in the clinic, in contrast,
some authors have suggested that co-administration of an SSRI with a benzodiazepine is
superior to SSRI treatment alone (Smith et al.1998). Co-morbidity of anxiety with depression
in addition to the well-known anxiolytic effect of benzodiazepine could be a feasible
explanation for this apparent discrepancy (Keller et al.1995). Furthermore, since some potent
benzodiazepines have antidepressant activity of their own, this might further complicate the
explanation of the overall clinical outcome of combined administration of both classes of
compounds (Petty et al. 1995, Sussman 1998).
Theoretically, the observed pharmacological effects of co-administration of oxazepam and
temazepam with paroxetine might be explained by pharmacokinetic interference (drug
interactions) between the compounds. However, since oxazepam and temazepam are directly
conjugated, interference does not seem likely between these specific benzodiazepines and
paroxetine (Sproule et al.1997).
Although the present findings seem to be at odds with the idea that enhanced serotonin levels
are associated with an antidepressant response, the situation might be different after chronic
treatment. Since chronic benzodiazepine treatment has been shown to result in subsensitivity
of GABA-ergic receptors in the dorsal raphe nucleus (Wilson and Gallager 1988), these
effects might counteract the inhibitory effects of GABA in the DRN and augment the SSRI
induced 5-HT increases (Tao and Auerbach 1996).
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It would require further preclinical studies  to evaluate whether chronic benzodiazepine and
SSRI co-administration attenuates the serotonergic effects of SSRI’s (thus questioning the
relevance of enhanced 5-HT levels for the antidepressant response), or that this combination
rapidly desensitizes GABA-ergic mechanisms, leading to an augmented response to SSRIs.
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Abstract

The current study describes a new pharmacological concept for augmentation of
antidepressant treatment by co-administration of an SSRI with a 5-HT2C antagonist. Initially
we observed an augmentation of the effect of the SSRI citalopram on central 5-HT levels by
non-selective 5-HT2 antagonists like ketanserin and irindalone. Co-administration of
citalopram with selective 5-HT2C antagonists RS 102221 or SB 242084 enhanced the effects
of citalopram on extracellular 5-HT levels, whereas no additional effect was observed when
citalopram was co-administered with the selective 5-HT2A antagonist MDL 100907.
Local infusion of ketanserin in terminal areas of serotonergic neurons as well as in the  raphe
nuclei, while systemically administering citalopram, showed enhanced levels of 5-HT in both
combinations, indicating an interaction at the level of nerve terminals as well as cell bodies.
Local administration of citalopram in terminal areas also showed augmented 5-HT levels when
ketanserin was administered systemically, though only at high doses of ketanserin. As local
administration of SSRI plus ketanserin did not increase the effects of the SSRI, the interaction
of the SSRI with the re-uptake site is not expected to take place in the vicinity of the probe.
Given the present data, the interaction is hypothesised to occur via modulation by 5-HT2C

receptors of a feedback-loop.
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1. Introduction

All antidepressants which have been marketed thusfar are characterised by their capacity to
enhance the extracellular levels of central monoamines (Hyttel 1994). Although the earlier
antidepressants like monoamine oxidase inhibitors and the so-called tricyclic antidepressants
are effective in the treatment of depression, these compounds have disadvantages as they
induce numerous side-effects in addition to their relative unsafety in overdose. Therefore more
specific compounds have been developed which, due to their selective profile (limited to re-
uptake inhibition of monoamines), have less pronounced side-effects, and are more safe in
overdose. These Selective Serotonin Re-uptake Inhibitors (SSRIs) as well as Selective
Norepinephrine re-uptake inhibitors (SNRIs) however, although safe in use, still have a limited
clinical efficacy. Upon initiation of treatment, onset of action of antidepressants takes typically
2 to 4 weeks, while side-effects are fully expressed during this period. In addition, 30 % of
patients starting antidepressant treatment do not respond after several weeks. Therefore, there
is still considerable room for enhanced therapeutic efficacy of antidepressants.
The mechanism of action of the current antidepressants is thought to be related to dynamic
processes which are brought upon by a chronic elevation of monoaminergic neurotransmission
(Blier et al. 1987). Several researchers have shown that serotonergic autoreceptors are
desensitised upon chronic treatment with SSRIs. This desensitisation occurs in a similar time-
frame as the onset of antidepressant activity in the clinic (2-4 weeks), and has therefore been
thought to be related to antidepressant activity rather than the mere elevation of monoamine
levels, which occurs within hours after initiation of therapy (Invernizzi et al. 1994; Fuller
1994; Cremers et al. 2000). Based on these experiments it was hypothesised that co-
administration of an SSRI with its relevant autoreceptor antagonists (5-HT1A or 5-HT1B)
would instantaneously mimic the dynamic changes established by chronic administration of
SSRIs and therefore enhance antidepressant activity and accelerate the onset of action (Blier
et al. 1987; Artigas 1993, Hjorth 1993).
Clinical evaluation of this hypothesis has been hampered by the absence of the clinical
availability of selective and potent antagonists. Although initial trials indicated an enhanced
effectiveness during co-administration of SSRIs with the mixed ß/5-HT1A antagonist pindolol,
it has been questioned whether this compound is an appropriate selective ligand (McAskill et
al. 1998; Cremers et al. 2000).
Enhancement of the effect of SSRIs after co-administration with 5-HT1A and 5-HT1B

antagonists could provide an elegant and powerful tool for the treatment of depression.
However, the augmentation of central serotonin levels itself could facilitate the development
of several serotonin related side-effects like the serotonergic syndrome.
In the present study we investigated the possibility of using 5-HT2 antagonism as a tool for
augmentation of the effects of SSRIs. As 5-HT2 antagonists possess prominent anxiolytic
activity, as well as anti-aggressive properties, augmentation using these compounds would
produce an effective, but also a safe way to enhance antidepressant activity.
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2. Materials and Methods

2.1 Animals

Male albino rats of a Wistar-derived strain (285-320 g; Harlan, Zeist, The Netherlands) were
used for the experiments. Upon surgery, rats were housed individually in plastic cages (35 x
35 x 40 cm), and had free access to food and water. Animals were kept on a 12 h light
schedule (light on 7:00 a.m.). The experiments are concordant with the declarations of
Helsinki and were approved by the animal care committee of the faculty of mathematics and
natural science of the University of Groningen .

2.2  Drugs
Citalopram hydrobromide, irindalone, RS 102221 and SB 242084 were synthesised at and
obtained from Lundbeck A/S (Copenhagen, Denmark). MDL 100907, mepyramine, prazosine,
ketanserin, ritanserin and (+)- DOI  were obtained at RBI (Natick, USA).

2.3 Surgery

Microdialysis of brain serotonin levels was performed using home made I-shaped probes,
made of polyacrylonitrile / sodium methyl sulfonate copolymer dialysis fiber (i.d. 220 µm, o.d.
0.31 µm, AN 69, Hospal, Italy). The exposed length of the membranes was 4 mm for ventral
hippocampus, 4 mm for raphe nuclei, 2 mm for median raphe and 1.5 mm for dorsal raphe
nucleus.
Preceding surgery rats were anaesthetised by means of an intraperitoneal injection of
ketamine/xylazine 50/8 mg/kg i.p.), after premedication with 5mg/kg s.c. of midazolam.
Lidocaine-HCl (10 % (m/v)) was used for local anaesthesia. Rats were placed in a stereotaxic
frame (Kopf, USA), and probes were inserted into Ventral Hippcampus (V. Hippo, L +4.8
mm, IA: +3.7 mm, V: -8.0 mm), Dorsal Raphe Nucleus (DRN, L -1.4 mm; IA: +1.2 mm, V: -
7.0 mm angle 10o), Median Raphe Nucleus (MRN, L –1.4 mm; IA: +1.2 mm, V: -9.0 mm
angle 10o), Raphe Nuclei (RN, L –1.4 mm; IA: +1.2 mm, V: -9.0 mm angle 10o; Paxinos and
Watson, 1982). After insertion, probes were secured with dental cement.

2.4 Microdialysis experiments

Rats were allowed to recover for at least 24 h. Probes were perfused with artificial
cerebrospinal fluid containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, and 1.2 mM
MgCl2, at a flow-rate of 1.5 µl / min (Harvard apparatus, South Natick, Ma., USA). 15 minute
microdialysis samples were collected in HPLC vials containing 7.5 µl 0.02 M acetic acid for
serotonin analysis.
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2.5 Serotonin analysis

Twenty-µl microdialysate samples were injected via an autoinjector (CMA/200 refrigerated
microsampler, CMA, Sweden) onto a 100 x 2.0 mm C18 Hypersil 3 µm column (Bester,
Amstelveen, the Netherlands) and separated with a mobile phase consisting of 5 g/L di-
ammoniumsulfate, 500 mg/L EDTA, 50 mg/L heptane sulphonic acid, 4 % methanol v/v, and
30 µl/L of triethylamine, pH  4.75 at a flow of  0.4 ml/min (Shimadzu LC-10 AD). 5-HT was
detected amperometrically at a glassy carbon electrode at 500 mV vs Ag/AgCl (Antec Leyden,
Leiden, The Netherlands). The detection limit was 0.5 fmol 5-HT per 20 µl sample (signal to
noise ratio 3).

2.6 Data presentation and statistics

Four consecutive microdialysis samples with less then 20 % variation were taken as control
and set at 100 %. Data are presented as areas under the curve (AUC) calculated as percentage
times minutes over a period of 150 minutes after injection. Statistical analysis was performed
using Sigmastat for Windows (Jandel Corporation). AUC data were compared using Mann
Whitney Rank Sum test. Level of significance level was set at p<0.05.
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3. Results

Basal outputs:
Basal outputs of 5-HT levels in rat ventral hippocampus were 4.39 +  0.24  fmol/sample (n =
92). When citalopram 10 µM was applied locally in the in the hippocampus basal output rose
to 30.34 + 4.56 fmol/sample (n = 14). In raphe regions, absolute output levels during local
administration of 10 µM of citalopram were 69 + 19.78 fmol/sample (n=18) for DRN and
119.12 + 19.41 fmol/sample (n = 21) for MRN.

Effect of combined administration of citalopram with 5-HT2 related ligands on hippocampal
5-HT levels.

Fig. 1 shows the effect of citalopram (10 µmol/kg s.c.) on 5-HT levels of rat ventral
hippocampus recalculated to areas under the curve (n=7). Putative 5-HT2A/C antagonist
ketanserin augmented 5-HT levels when given simultaneously with citalopram, however, no
effect was observed when ketanserin was injected alone (n=5, n.s., data not shown). The
potentiating effect was observed to be dose-dependent, and was already maximal at a dose of
10 nmol/kg s.c. (n=4, n=4 and n=4 for ketanserin 1, 10 and 100 nmol / kg s.c., P<0.05 for 10
and 100 nmol/kg s.c.). 5-HT2A/C antagonist irindalone also augmented the effect of citalopram
in a dose-related fashion (n=3, n=9, n=5, P<0.05 for dose 1000 nmol/kg s.c.).

Fig. 1 Effect of co-administration of citalopram (10 µmol/kg s.c., dashed line represents
saline administration) with several  5-HT2 ligands on 5-HT levels in ventral hippocampus (*
P<0.05).
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Combined administration of citalopram with 1 µmol/kg of the selective 5-HT2A antagonist
MDL 100907 did not augment the increase of 5-HT induced by citalopram (n=5, P>0.05).
Administration of two selective 5-HT2C antagonists RS 102221 and SB 242084 both in a dose
of 1 µmol/kg s.c. significantly enhanced the increase of 5-HT levels established by
citalopram.(n=4, n=4, P < 0.05). Co-administration of citalopram with 5-HT2A/C agonist (+
DOI) did not affect 5-HT release (1 µmol/kg s.c. n=7, 10 µmol/kg s.c. n=4).

Infusion of ketanserin with subcutaneous administration of citalopram

Administration of ketanserin 1 µM locally in ventral hippocampus, as well as in raphe nuclei,
starting 90 minutes prior to citalopram 10 µmol/kg s.c. injection elicited augmented levels of
5-HT (Fig 2, control n=10, n=4 infusion in ventral hippocampus P<0.05,  n=4 infusion in
raphe nuclei P<0.05). Administration of ketanserin in hippocampus and raphe did not modify
5-HT levels (data not shown).

Fig 2. Effect of systemic administration of citalopram (10 µmol/kg s.c.) on hippocampal 5-
HT levels during local administration of ketanserin (1 µM)  in v.hippocampus or in raphe
nuclei(* P<0.05).

Infusion of citalopram with subcutaneous administration of ketanserin

Subcutaneous administration of ketanserin (100 and 1000 nmol/kg s.c.) induced a dose
dependent increase of 5-HT levels in ventral hippocampus, when re-uptake was locally
blocked by retrograde infusion of 10 µM citalopram in ventral hippocampus (Fig. 3; control
n=5, ketanserin 100 nmol/kg s.c. n=5, P>0.05, ketanserin 1000 nmol/kg s.c. n=5, P<0.05).
However, the dose of ketanserin needed was much higher than the dose needed in other
paradigms (fig 1), which may indicate the relevance of other receptors at this dose. Local
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application of ketanserin (1 µM) in the presence of 10 µM citalopram was devoid of any effect
on hippocampal 5-HT levels (n=5, P>0.05).

Fig 3. Effect of systemic (s.c.; nmol/kg) or local (µM) administration of ketanserin on 5-HT
levels in ventral hippocampus during local perfusion of 10 µM of citalopram (* P<0.05).

Effect of ketanserin during activation of long feedback loops

Systemic administration of citalopram 10 µmol/kg s.c. elicited a significant decrease in 5-HT
levels in dorsal as well as median raphe nucleus when simultaneously re-uptake was locally
blocked by infusion of 10 µM citalopram. This decrease unmasks the long-feedback events
occurring during systemic administration of an SSRI. Co-administration of 100 nmol/kg s.c.
ketanserin failed to significantly alter the decrease established by the systemic administration of
citalopram in both raphes (Fig 4. saline DRN n=5; Ketanserin 100 nmol/kg s.c. DRN n=4,
P>0.05 vs saline; Citalopram 10 µmol/kg s.c. DRN n=5, P<0.05 vs. saline; Citalopram 10
µmol/kg and ketanserin 100 nmol/kg s.c. DRN  n=4, P>0.05 vs. citalopram and P<0.05 vs.
ketanserin, Fig 5. saline MRN n=6; Ketanserin 100 nmol/kg s.c. MRN n=4, P>0.05 vs saline;
Citalopram 10 µmol/kg s.c. MRN n=7, P<0.05 vs. saline; Citalopram 10 µmol/kg and
ketanserin 100 nmol/kg s.c. MRN  n=4, P>0.05 vs. citalopram and P<0.05 vs. ketanserin).
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Fig 4. Absence of effect of combined administration of ketanserin 100 nmol/kg s.c.
and citalopram 10 µmol/kg on 5-HT levels in DRN compared to citalopram 10 µmol/kg
alone during local perfusion of 10 µM of citalopram in DRN (* P<0.05).

Fig 5. Absence of effect of combined administration of ketanserin 100 nmol/kg s.c. and
citalopram 10 µmol/kg on 5-HT levels in MRN compared to citalopram 10 µmol/kg alone
during local perfusion of 10 µM of citalopram in MRN (* P<0.05).

saline ket cit cit/ket
0

5000

10000

15000

20000

**

 

 DRN

A
U

C
 (

%
 X

 m
in

)

saline ketans cit cit/ket
0

5000

10000

15000

20000

*
*

MRN

 

 

A
U

C
 (

%
 X

 m
in

)



Chapter 9

194

3. Discussion and conclusion

Several studies have been performed to evaluate the effects of 5-HT2 ligands on serotonergic
neurotransmission. Most 5-HT2 antagonists have not been observed to induce changes in
extracellular levels of 5-HT (Lakoski and Aghajanian 1985; Sharp et al. 1989; Devaud and
Hollingsworth 1991). The 5-HT2 agonist, DOI, was reported to decrease extracellular
serotonin levels in terminal areas (Wright et al. 1990). However, as none of the effects
established by DOI could be blocked by 5-HT2 antagonists, the involvement of the 5-HT2

receptor in the action of DOI was questioned (Kidd et al. 1991).
Apparently, 5-HT2A/C receptors are not relevant for the control of 5-HT levels during basal
conditions.  However, when the serotonergic system is challenged by administration of an
SSRI, it was observed in the present study that ketanserin and irindalone augmented the SSRI
induced increase of serotonin levels.
Subsequently we investigated which of the 5-HT2 receptors are involved in controlling 5-HT
levels. Co-administration of citalopram with the putative 5-HT2A antagonist MDL 100907, at
doses which have been shown to induce CNS mediated effects, did not induce any
augmentation as was also observed by several other researchers (Hatanaka et al. 2000; Scott
and Heath 1998; Zhang et al. 2000).
However, when citalopram was combined with the selective 5-HT2C antagonists SB 242084 or
RS 102221, a clear augmentation of extracellular serotonin levels was observed. Injection of
the selective compounds alone did not modify 5-HT levels to any extent, indicative that this
interaction is not present in absence of the SSRI. From these data we conclude that 5-HT2C

receptors are responsible for the augmentation observed with ketanserin and irindalone.
5-HT2C receptors are abundantly found in the central nervous system. High levels have been
observed in chorioid plexus, cerebral cortex, hippocampus, striatum and substantia nigra
(Barnes and Sharp 1999; Hoyer et al. 1994). The localisation of these receptors has been
postulated to be postsynaptic, but some indications are found that they might also be located
on serotonergic terminals (Mengod et al. 1990, Abramowski et al. 1995).  However, since
stimulated release of serotonin from isolated brain tissue in vitro was not modified by
ketanserin, this possibility should be further elucidated (Moret and Briley 1997; Fink et al.
1995).
Next we investigated the mechanism of action of the augmentation by 5-HT2C antagonists.
When ketanserin was locally applied to the ventral hippocampus preceding to systemic
administration of citalopram, an augmented effect of the SSRI was observed. Also when
ketanserin was applied to the raphe nuclei, systemic administration of citalopram elicited
enhanced levels of 5-HT in hippocampus. These experiments show that the site of action of
the 5-HT2C antagonist is locally in terminal areas, but also in the cell-body region.
Local administration of citalopram in the ventral hippocampus followed by systemic
administration of ketanserin induced enhanced levels of 5-HT, possibly  indicative of a local
interaction between the re-uptake inhibition and 5-HT2C antagonism. However, the dose of
ketanserin needed to establish the effect was considerably higher than the dose needed for
augmentation in other experiments (e.g. augmentation established in fig 1). In addition to the
absence of any effect on 5-HT levels when ketanserin was applied locally during local



Augmentation of antidepressive effects of SSRIs by co-administration of 5-HT2C antagonists.

195

application of citalopram it should be concluded that the interaction of serotonin with 5-HT2C

receptors is local, while the interaction of the SSRI with the re-uptake site also has to take
place elsewhere in the brain.
Using a paradigm in which long-feedback loops from terminal to raphe regions can be
unmasked, it was observed that ketanserin could not antagonise the activation of long-
feedback loops to dorsal as well as median raphe. In addition, co-administration of ketanserin
with citalopram tended to induce a larger decrease of 5-HT levels, indicative for enhanced
serotonin levels in terminal regions.
A short-feedback loop would be the most logic explanation for the observed  effects. A
possible mechanism might be related to results of a study by Stanford and Lacey (Stanford et
al. 1996), who  observed an interaction of 5-HT2C receptors and GABA release. Activation of
5-HT2C receptors, located as heteroceptors on GABA-ergic terminals, facilitated GABA-ergic
release. This enhanced GABA release might decrease serotonergic neurotransmission, as has
been shown by Tao and Auerbach (1996). As 5-HT2C receptor antagonists were devoid of any
effect on basal 5-HT levels, this would indicate that no GABA-ergic tone exists under basal
conditions. However, when citalopram was administered, 5-HT2C antagonists were able to
enhance 5-HT levels. This means that the presence of an SSRI would enhance GABA-ergic
release, which in turn would attenuate the effect of the SSRI on terminal 5-HT levels.
However, when a 5-HT2C antagonist is administered, the facilitation of GABA release by
serotonin is antagonised. By attenuating GABA release, serotonin release would be facilitated.
The clinical beneficial effects of the current combination might be more favourable above
augmentation of the effect of a SSRI with a 5-HT1A or 5-HT1B antagonist. First, 5-HT2
antagonists have been shown to be effective as antidepressants. Trazodone, nefazodone,
mianserin and mirtazepine, compounds which are all 5-HT2C antagonists, have been shown to
be effective in depression. Clinical evaluation of combined treatment of depressive patients
with SSRIs and mianserin was shown to have superior clinical efficacy in depressive patients
(Maes et al. 1999), indicative for the effectiveness of the present concept in the clinic. In
addition, 5-HT2C antagonists have been observed to behave as anxiolytics in animals (Bagdy
2001), whereas their agonists conversely behave as anxiogenic in animals (Kennett et al. 1997;
Kennett. 1994). Furthermore, 5-HT2C antagonists have been observed to increase sleep quality
(Kennett 1993).
5-HT1A and 5-HT1B antagonists, when given alone, have not been shown to be effective as
antidepressants in animal models of depression (Moser 1999, Papp 2002). Combined
administration of these compounds with SSRIs, however, showed some evidence of enhanced
efficacy (Da Rocha 1997), although in several studies no augmentation or even reversal of
behavioural effects could be observed (O’Neill 1996, Moser 1999, Gardier 2001, Papp 2002).
Whereas 5-HT2C antagonists posses prominent anxiolytic activity, limited preclinical data show
that 5-HT1A and 5-HT1B antagonists exert anxiolytic activity (Olivier 1998, Mendoza 1999).
Several studies did not observed any change or even anxiogenic effects after administration of
5-HT1A and 5-HT1B antagonists (Benjamin 1990, Remy 1996). Although SSRIs are anxiolytic
drugs, they exert some anxiogenic activity in the first period of treatment. Whereas the 5-HT2C

antagonist SB 242084 was shown to reverse SSRI induced anxiety in rats, the 5-HT1A

antagonist WAY 100635 failed to do so (Bagdy 2001).
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Taken together, the present pharmacological concept of co-administration of a 5-HT2C

antagonist with SSRIs in depression and anxiety, is expected to behave superior to treatment
with SSRIs alone. In addition, based on preclinical as well as early clinical evaluation, it is
expected that this combination will act superior to 5-HT1A as well as 5-HT1B antagonist
induced augmentation of antidepressant effects of SSRIs.
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Chapter 10

Summary and Conclusions

Monoamines have been the primary target in depression research for almost half a century.
The role these compounds play in the pathofysiology of depression is far from clear, but
several forms of pharmacological treatments have evolved that modulate the function of
monoaminergic systems in the brain. The first antidepressants, monoamine oxidase inhibitors
(e.g. iproniazid) and tricyclic antidepressants (e.g. imipramine) had many unwanted side
effects and were not safe in overdose. In the last decades the latter have markedly improved,
but issues such as treatment resistance and onset of action still need attention.
Most modern antidepressants are based on the tricyclics. These compounds enhance
monoamine levels in the brain by inhibiting the re-uptake of released monoamines into the
neurones. Next to re-uptake inhibition tricyclic antidepressants have considerable affinities
for several neurotransmitter receptors. This may explain why tricyclics, although very
effective antidepressants, induce so many unwanted side-effects. Since long term treatment in
depression is important to prevent relapse, it is obvious that these compounds, though
effective in early treatment, become less efficient due to treatment discontinuation of the
patient. In addition, they are toxic in overdose. Accordingly, the strategy of the
pharmaceutical industry has been to isolate their monoamine reuptake inhibitory properties,
thereby reducing cholinergic, adrenergic and histaminergic side effects. This has resulted in
more or less selective reuptake inhibitors for serotonin (e.g. paroxetine), noradrenaline (e.g.
reboxetine) and dopamine (e.g. buproprion). These modern antidepressants have significantly
less side effects, but antidepressant activity may be somewhat less compared with tricyclics,
such as imipramine. To improve antidepressant activity several strategies have been used
such as combining serotonin and noradrenaline reuptake inhibition in one molecule (e.g.
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venlafaxine) or serotonin receptor antagonists that also block the reuptake of serotonin (e.g.
nefazodone). A different approach was used for the  heterocyclic compound mirtazepine.
This very successful antidepressant has been proposed to enhance monoamine
neurotransmission through blockade of adrenergic auto- and heteroceptors on the
noradrenergic and serotonergic systems in the brain. Mirtazepine is a potent antidepressant
with positive short- and long-term treatment prognoses as well as a good safety profile.
Several other putative antidepressant drugs are currently being investigated for their use in
the clinic (e.g. substance P antagonists, corticosteroid (releasing factor) antagonists and the
herbal preparation St. John Worth), but these fall beyond the scope of this thesis.
By far the most widely used antidepressants are the selective serotonin inhibitors (SSRIs).
They primarily act on the serotonergic system and are relatively safe in their therapeutic use.
Much research has been dedicated to their mechanism of action, which may eventually lead
to new stategies that are effective in treatment resistant patients. A confounding factor of
antidepressant treatment is the delay in therapeutic response, which depends on the nature
and severity of the illness, and may last from 2 to 6 weeks. During this time patients
experience side effects while symptoms of depression do not improve, which has a rather
negative effect on the patient’s motivation to continue antidepressant therapy.

The present thesis can be divided into three parts. In the first part (chapter 3 to 6), the
mechanism of action of the SSRI citalopram is investigated for the acute administration as
well as after 2 weeks of treatment with the SSRI. In the second part (chapter 7 and 8), the
“pindolol augmentation strategy” is critically evaluated with respect to pharmacokinetics and
pharmacodynamics, and the pharmacological interaction between benzodiazepines and SSRIs
is discussed. In the third part (chapter 9), a new concept to augment SSRI induced increases
in extracellular 5-HT levels is described. In this concept, the inhibition of the 5-HT2C receptor
subtype plays an important role.
Chapter 3 describes the effects of the SSRI citalopram on 5-HT levels in the ventral
hippocampus of freely rats after acute administration. In the serotonergic system there are at
least two forms of auto-regulation. Presynaptic 5-HT1A receptors are involved in a feedback
mechanism that is localized on cellbodies, whereas a post-synaptic mechanism is acting via
neuronal feedback loops (chapter 6). Upon activation, both types of receptors reduce the
firing rate of the serotonergic neurones, thereby decreasing serotonergic neurotransmission in
the brain. In certain brain areas 5-HT1B receptors are located on the terminals of serotonergic
neurons. These receptors inhibit 5-HT release when activated.
The mechanism of action of SSRIs has been hypothesised to be related to a gradual
desensitisation of serotonergic autoreceptors. Therefore we have investigated the influence of
autoreceptor blockade on citalopram induced increases in extracellular 5-HT levels. Several
doses of citalopram were used incombination with a selective 5-HT1A receptor antagonist or a
selective 5-HT1B receptor antagonist. Citalopram dose-dependently increased 5-HT levels in
ventral hippocampus. The effect reached a plateau value at plasma levels in the range
observed in depressed patients treated with Cipramil. Autoreceptor control varied
depending on the type of autoreceptor as well as the dose of citalopram used. Whereas the 5-
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HT1A autoreceptor control was only observed at plasma levels in the clinical range, 5-HT1B

autoreceptor control was present at any dose of the SSRI.
In Chapter 4 the function of the autoreceptors was measured following chronic treatment. As
rodents eliminate exogenous substances very rapidly, chronic treatment would demand
multiple daily injections to establish steady state conditions. This is very uncomfortable for
the animals. Instead we have used osmotic minipumps, which resulted in stable plasma levels
within the clinical range. After 2 weeks of chronic treatment with citalopram the effect of
systemic administration of the 5-HT1A receptor agonist 8-OH-DPAT was attenuated, which
suggests desensitisation of these receptors. In contrast a challenge with a 5-HT1B receptor
agonist failed to show significant changes. A challenge with citalopram had a similar effect
on extracellular 5-HT in chronically citalopram treated compared to saline treated animals,
which indicates that 5-HT1B autoreceptors posses sufficient restraining properties to
compensate for the loss of 5-HT1A receptor function.
There is increasing evidence that control by autoreceptors varies between brain areas. In
Chapter 5 we have investigated the function of the autoreceptors in different brain areas,
using protocols similar to those employed in chapter 3 and 4. In the cortex-dorsal raphe
pathway (mPFC-DRN), it was observed that in the cortical serotonin release was under the
influence of 5-HT1A receptors at subclinical as well as clinical plasma levels of citalopram.
However, since 5-HT1A receptor induced feedback in the DRN was only observed at clinical
plasma levels of the SSRI, restrainment of cortical 5-HT at lower plasma levels may be
derived from long-feedback loop mechanisms or median raphe projections. No 5-HT1B

autoreceptor functionality was observed in this brain area. The dorsal hippocampal-median
raphe (DH-MRN) pathway was observed to be under influence of 5-HT1A receptors
depending on the dose of the SSRI. Whereas at intermediate doses (subclinical plasma levels)
DH as well as MRN were under the influence of 5-HT1A receptors, this effect was surpassed
by a 5-HT1B receptor mediated event at higher doses (clinical plasma levels). This may hint at
the presence of 5-HT1B receptor mediated  long loop type of feedback, which is activated at
higher citalopram doses.
Similar experiments were performed after chronic treatment with citalopram to investigate
whether this had an effect on autoreceptor control in the two neuronal systems. Animals were
challenged with a high dose of citalopram after being treated for 2 weeks with the SSRI.
Basal 5-HT levels in the PFC, as well as in MRN were significantly enhanced after chronic
treatment, indicating enhanced tonic activation of these areas after treatment. With respect to
the enhanced levels in the PFC it can be argued that these changes in basal levels only take
place in areas devoid of 5-HT1B autoreceptors, an observation which may be relevant for the
treatment of depression. Although the relative effect of a citalopram challenge after chronic
treatement with citalopram remained similar in PFC, DH and DRN, an attenuated effect was
observed in the MRN, further indicating the changed tonicity of this system. It is concluded
from the present chapter that a delicate balance exists with respect to autoreceptor functions
within the brain. It is likely that the relative autoreceptor distribution plays a pivotal role in
the chronic effects of antidepressants in various brain areas.
In Chapter 6, the function of a 5-HT1A receptor mediated long loop type of feedback from
the central nucleus of the amygdala back to the caudal linear raphe was investigated. Special
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attention was paid to functional changes following chronic treatment with citalopram. After
activation of the feedback loop by local application of 5-HT1A agonist flesinoxan in the
amygdala and by observing 5-HT levels in the amygdala, the activity of the long-feedback
loop was evaluated after 2 weeks of treatment with citalopram. In line with the
desensitisation of 5-HT1A receptors in raphe nuclei, it was observed that the post-synaptic 5-
HT1A receptors desensitise upon chronic treatment, thereby disrupting inhibitory long loop
feedback mechanisms, enabling enhanced serotonergic neurotransmission in the amygdala.
From these data it was concluded that enhanced serotonergic neurotransmission in the
amygdala could have its contribution to the antidepressive effect of SSRIs.
As the mechanism of action of SSRIs is thought to invlove the gradual desensitisation of
serotonergic autoreceptors, theoretically the combined administration of an SSRI with a 5-
HT1A antagonist would enhance the therapeutic efficacy as well as accalerate the onset of
action of the antidepressant effect. As no selective and potent 5-HT1A antagonist was present
for clinical evaluation, investigators have used the mixed beta/5-HT1A antagonist pindolol for
the proof of this principle. Although pindolol is a moderately potent antagonist of 5-HT1A

receptors, it was calculated that at the plasma levels used in the clinic, this compound would
never induce sufficient antagonism to exert its desired effects. In the Chapter 7 we
investigated the capability of different plasma levels of pindolol to augment paroxetine
induced increase in 5-HT extracellular levels in the brain of guinea pigs. Clinical plasma
levels of pindolol were incapable of augmenting paroxetine induced increases in 5-HT levels.
Only at plasma levels 100 fold higher than those observed in the clinic,  augmentation of 5-
HT levels was observed. These data indicate that the beneficial effects observed during co-
administration of pindolol with an SSRI in depressed patients, might be derived from beta
receptor antagonism rather than 5-HT1A antagonism.
Concerning antidepressant treatment, few attention is paid on the abundant use poly-
pharmacy in psychiatric patients. Although antagonism of 5-HT1A receptors during
administration of SSRIs might induce augmented levels of 5-HT in the brain, this effect
might be influenced by co-administration of other compounds. As benzodiazepines are
frequently used during antidepressant treatment we investigated the effect of the co-
administration of SSRIs with benzodiazepines in Chapter 8. The increase of serotonin levels
by paroxetine injection was observed to be attenuated by pre-treatment of the animal with
oxazepam or temazepam. As clinical data from co-administration of SSRIs with
benzodiazepine indicate enhanced rather than decreased clinical effects, the present study
questions the relevance of enhanced 5-HT levels in the treatment of depression.
In Chapter 9 we describe the augmention which is observed when non-selective       5-HT2

antagonstic drugs are co-administered with SSRIs. It was found that 5-HT2C antagonism was
responsible for the enhancement of central 5-HT release. By local administration of
ketanserin and/or citalopram in terminal as well as cell body regions, the topical organisation
of the mechanism of augmentation was evaluated. Antagonism of 5-HT2C receptors in both
terminal and cell bodies was found to augment the effects of citalopram on 5-HT levels.
Given the capability for augmentation as well as the anxiolytic, sleep-enhancing and side-
effect profile of the combination of an SSRI with 5-HT2C antagonism, it is expected that this
combination will act superior to SSRI treatment alone. In addition, since preclinical results of
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beneficial effects 5-HT1A and 5-HT1B receptor antagonists on sleep and anxiety are not very
promising, the current concept is expected to be beneficial over augmentation by 5-HT1

antagonists.

In conclusion, it is shown in this thesis that 5-HT1A and 5-HT1B autoreceptor control during
chronic treatment with SSRIs is different in various brain structures. Delicate changes in
autoreceptor functionality which are brought upon by chronic treatment with SSRIs might be
mimicked by co-administration of different serotonin receptor antagonists (5-HT1A, 5-HT1B)
with different doses of SSRIs.
Augmentation induced by co-administration of a 5-HT2C antagonist with a SSRI is expected
to become a powerfull approach in the treatment of depression as well as in anxiety.
The concepts that are described and evaluated in the current thesis need clinical evaluation
using proper compounds. To prevent misinterpretation of the generated results, these trials
should be performed while pharmacokinetics are closely monitored. Additionally, clinical
protocols should exclude possible pharmacological interfering compounds like
benzodiazepines.
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Samenvatting voor de leek

Depressie

Iedereen kent wel iemand die depressief is dan wel antidepressiva gebruikt. Depressiviteit en
antidepressiva zijn  termen die steeds vaker opduiken in de samenleving en dat zal wel
correleren met de hectiek en stress die onze huidige samenleving met zich meebrengt. Het
wordt zelfs verwacht dat in het komende decennium depressie zal uitgroeien tot de ziekte die
de belangrijkste oorzaak is dat mensen niet meer een normaal arbeidzaam leven kunnen
volgen.

Alhoewel depressie al in de Griekse oudheid beschreven werd, is in de laatste decennia veel
werk gedaan aan het classificeren van deze ziekte. Het blijkt namelijk dat deze ziekte niet een
duidelijk aanwijsbaar ziektebeeld is zoals bijvoorbeeld de ziekte van Parkinson. Depressie is
namelijk een samenraapsel van allerlei vormen van gevoelsafwijkingen. Waar vroeger al deze
afwijkingen eenvoudig benoemd werden met dezelfde naam, is er in de laatste 30 jaar een
onderverdeling gemaakt die hedentendage door veel psychiaters, artsen en psychologen
gebruikt wordt. Deze classificering is onder meer beschreven in het “Diagnostic and
Statistical Manual” (DSM). Aan de hand van dit handboek kan de behandelaar de patient
diagnostiseren. Dit gebeurd met behulp van een lijst met symptomen die betrekking hebben
op bijvoorbeeld somberheid, slaapkwaliteit en zelfmoordneigingen. Eén en ander heeft ertoe
geleidt dat tegenwoordig depressie uiteenvalt in subvormen op basis van bijvoorbeeld het al
dan niet aanwezig zijn van schizofrene eigenschappen, zuiver depressieve eigenschappen
danwel afwisselend aanwezig zijn van deze eigenschappen. Tevens wordt er rekening mee
gehouden dat de depressie bijvoorbeeld door het gebruik van drugs en of medicijnen
veroorzaakt kan zijn. Verder wordt nu ook gelet op het aanwezig zijn van andere symptomen,
waarvan men weet dat ze dikwijls aanwezig zijn bij depressie, zoals bijvoorbeeld angst.

Serotonine en antidepressiva

Sinds ongeveer een halve eeuw wordt er veel onderzoek gedaan om de onderliggende
afwijkingen in kaart te brengen die verantwoordelijk zijn voor depressie en daaraan
gerelateerde symptomen. Al lang geleden werd ontdekt dat een stof die ontwikkeld was tegen
tuberculose, goed werkte tegen depressie (isoniazide). Men ontdekte dat deze stof de afbraak
van boodschappers van de hersenen (de zogenaamde monoaminerge neurotransmitters als
noradrenaline en serotonine) remde, waardoor deze neurotransmitters verhoogd aanwezig
waren in de hersenen. Deze bevinding heeft ertoe geleid dat men concludeerde dat kennelijk
een afwijking in deze neurotransmitters de basis was van depressie. Spoedig werden andere
stoffen tegen depressie ontdekt. Deze stoffen remde niet de afbraak, maar gingen de opname
van deze stoffen in neuronen tegen, waardoor ook de aanwezigheid van neurotransmitters
verhoogd kon worden. Alhoewel deze zogenaamde “tricyclische antidepressiva” effectief
waren tegen depressie hadden deze middelen sterke bijwerkingen. Daarom werden er in de
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daaropvolgende jaren “schonere” middelen ontwikkeld die alleen nog maar de heropname
remden. Deze selectieve serotonine heropname remmers (SSRIs) waarvan Prozac® zeer
bekend is, zijn tegenwoordig de eerste keus in de behandeling van  depressie.

Hoewel, zoals eerder beschreven, de behandeling van depressie vooruitgang heeft geboekt in
de vorm van de ontwikkeling van middelen die minder bijwerkingen hebben en daardoor
veiliger zijn, kleven er nog steeds nadelen aan deze stoffen. Het blijkt namelijk dat deze
stoffen in slechts 60 to 80 % van de mensen die ermee behandeld worden daadwerkelijk een
goed antidepressief effect hebben. Tevens duurt het ook nog een aantal weken voordat deze
middelen beginnen te werken.
Om deze onvolkomenheden weg te werken wordt er tegenwoordig veel onderzoek gedaan
naar het verbeteren van de effectiviteit van SSRIs. In dit proefschrift worden een aantal
studies beschreven die een aantal mogelijkheden evalueren om het antidepressief effect van
SSRIs te versterken.

De werking van antidepressiva

Om de werking van antidepressiva te kunnen begrijpen is een stukje onderliggende kennis
van de hersenen nodig. Hersenen bestaan uit een groot aantal neuronen. Deze neuronen zijn
cellen die bestaan uit een cellichaam (soma) en uitlopers (axonen). Boodschappen worden
doorgegeven door een electrisch stroompje dat in het cellichaam begint, waarna de
electriciteit via de uitlopers reist naar het gebied waar de boodschap naar toe moet. Daar
aangekomen geeft het neuron zijn booschap door aan een volgend neuron door middel van
afgifte van neurotransmitters zoals de bovenbeschreven serotonine (5-HT) en noradrenaline
(NE). Het neuron dat de boodschap ontvangt heeft “voelers” aan de buitenkant (receptoren)
die de uitgestoten serotonine en noradrenaline opvangen, waardoor de boodschap is
doorgegeven.
Het functioneren van de afgifte van serotonine en andere neurotransmitters is niet alleen
afhankelijk van het doorgeven van activiteit. Op het neuron zelf zijn namelijk een aantal
voel-systemen aanwezig die de totale afgifte van neurotransmitter binnen de perken houden.
In het cellichaam gebied is het de 5-HT1A receptor die, wanneer hij voelt dat er veel
serotonine is, terugkoppelt naar het neuron en zo de activiteit beheerst. Tevens bevindt zich
aan het einde van het axon een receptor met eenzelfde functie nl. de 5-HT1B receptor. Als
deze receptor teveel serotonine voelt dan houdt deze rechtstreeks de afgifte ervan tegen.
Zoals boven al aangegeven is de geldende hypothese dat ten tijde van depressie de functie
van het serotonine systeem verminderd is. Alhoewel SSRIs serotonine verhogen, blijkt dat de
terugregulerende mechanismen (5-HT1A en 5-HT1B receptoren) in het begin zo sterk
terugkoppelen, dat er weinig van het serotonine verhogend effect merkbaar is. Na verloop
van tijd vermindert deze terugkoppeling echter, waardoor de SSRIs hun volledige
werkzaamheid kunnen uitoefenen. Deze achtereenvolgende gebeurtenissen zouden
verantwoordelijke zijn voor het feit dat het enige weken duurt voor SSRIs beginnen te
werken.
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Studies in dit proefschrift

Als deze gebeurtenissen inderdaad verantwoordelijk zijn voor de werkzaamheid van SSRIs,
zou men door het remmen van de werkzaamheid van de terugregulerende mechanismen een
antidepressivief effect kunnen krijgen.
In hoofdstuk 3 tot en met 7 werd gekeken hoe de bovenstaande theorie werkt in proefdieren.
In hoofdstuk 3 werd onderzocht hoe het geven van steeds hogere doseringen van de SSRI
citalopram (Cipramil®) de serotonine  niveaus uit de axonen verhoogd in een gedeelte van de
hersenen dat belangrijke veranderingen laat zien tijdens depressie (de ventrale hippocampus).
Er kon een duidelijk effect worden gezien van de zelfregulerende mechanismen van het
serotonine systeem. Bij hogere doseringen van citalopram werden geen verdere stijgingen
van serotonine waargenomen. Opmerkelijk is dat op het punt waar deze stijgingen maximaal
werden, de bloedconcentraties van citalopram in de rat overeenkwamen met de bloedwaarden
die in de mens gezien worden. Als de zelfregulerende mechanismen geremd werden, dan kon
duidelijk worden waargenomen dat 5-HT1B receptoren actief werden bij elke dosering van de
SSRI. De 5-HT1A receptoren werden alleen actief bij de hogere doseringen.
Nadat we in hoofdstuk 3 lieten zien dat de activatie van de zelfregulerende mechanismen
sterk afhankelijk was van de dosering van citalopram, werden in hoofdstuk 4 dieren twee
weken behandeld met citalopram in dezelfde bloedconcentraties die bij patienten in de kliniek
gebruikt worden. Er kon na twee weken duidelijk een afzwakking van de 5-HT1A

functionaliteit waargenomen worden, terwijl dit voor 5-HT1B receptoren niet werd gezien. In
totaal kon geen versterkt effect gezien worden wanneer de SSRI gegeven werd na de
chronische behandeling. Aangezien door de langdurige toediening de zelfregulerende
mechanismen deels afgezwakt waren zou dit wel te verwachten zijn.
Nu er gezien was dat de zelfregulatie van de serotonine vrijmaking in de hersenen sterk
afhankelijk kon zijn van de dosering van de SSRI, was het interessant om te kijken hoe deze
processen in andere hersengebieden plaatsvonden. In hoofdstuk 5 is gekeken hoe in de
prefrontale cortex (PFC) en dorsale hippocampus (DH) deze mechanismen werken. In deze
gebieden komen de axonen uit waarvan de cellichamen liggen in respectivelijk de dorsale en
mediane raphe. Het bleek dat de PFC sterk onder controle staat van de 5-HT1A receptor. De
DH daarentegen staat onder controle van 5-HT1B receptor en alleen bij lage concentraties van
de SSRI ook onder controle van de 5-HT1A receptor. Na chronische behandeling van de
dieren met een SSRI was het duidelijk dat alleen de gebieden die hoofdzakelijk onder invloed
van de 5-HT1A receptoren staan, een totaal verhoogd effect van de SSRI lieten zien. Deze
observaties benadrukken dus het belang van de regio-specifieke effecten van SSRIs in de
hersenen. Tevens is het ook gezien de data van hoofdstuk 4 duidelijk dat overal waar een 5-
HT1B receptor meespeelt, geen verandering van de effecten van een SSRI kan waargenomen
worden.
Alhoewel een groot deel van de zelfregulatie van neuronen afkomstig is van receptoren die
op het neuron zelf zitten, blijkt het ook mogelijk dat de afgifte van een neurotransmitter een
ander neuron activeert, die dan op zijn beurt de boodschap via een axon naar cellichaam van
het eerste neuron stuurt, om zo zijn activiteit te remmen. Deze manier van terugkoppeling
wordt “long feedback loop” genoemd. In hoofdstuk 6 is gekeken wat het effect van
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chronische behandeing met SSRIs is op dit mechanisme. We konden een duidelijke
afzwakking van deze terugkoppelig zien, die zich reflecteerde in een verhoogd effect van de
SSRI.
Om de hypothese te testen dat het remmen van de 5-HT1A receptor tijdens de behandeling
met een SSRI een versnelde en verbeterde activiteit van de antidepressiva zou geven, hebben
psychiaters in de kliniek de stof pindolol gebruikt. Aangezien er geen selectieve en potente
blokkers beschikbaar waren moesten deze studies gedaan worden met deze stof, die naast 5-
HT1A blokkade ook beta noradrenerge receptoren blokkeert. Alhoewel de meeste van deze
studies positief zijn over het klinisch effect van pindolol, lijkt de dosering die gebruikt werd
in de kliniek veel te laag te zijn om enig effect te kunnen geven. In hoofdstuk 7 is
geëvalueerd of de beoogde effecten van pindolol (versterking van het effect van de SSRI op
serotonine niveau’s) daadwerkelijk optreden bij de bloedconcentraties die in de kliniek
optreden. Er kon duidelijk gezien worden dat deze effecten pas optraden bij 100 voudig
hogere concentraties van pindolol. Het is daarom onwaarschijnlijk dat de gunstige effecten
van pindolol bij depressie door zijn 5-HT1A remming komen. De algenoemde remming van
beta noradrenerge receptoren, zou een verklaring kunnen zijn voor de succesvolle resultaten.
Patienten met depressie worden vaak behandeld met meerdere geneesmiddelen tegelijkertijd.
De eerder genoemde verhoogde aanwezigheid van angst en slecht slapen bij depressie is de
reden dat veel van deze patienten naast SSRIs ook benzodiazepines zoals bijvoorbeeld
Valium® krijgen. In hoofdstuk 8 is gekeken naar het effect van benzodiazepines op de
verhoging van serotonine niveau’s door een SSRI. Het blijkt dat benzodiazepines het effect
van SSRIs op serotonine tegengaan. Aangezien de werkzaamheid van SSRIs in de kliniek
wordt toegeschreven aan de het verhogen van serotonine niveau’s, zou dit moeten betekenen
dat deze gelijktijdige toediening de antidepressieve activiteit van SSRIs zou verlagen. Nu
blijkt uit klinische studies dat dit niet het geval is, maar dat deze stoffen zelfs de werking in
de kliniek versterken. Mogelijk versterken benzodiazepines het antidepressief effect van
SSRIs via andere mechanismen, zoals verbetering van slaap en vermindering van angst.
In hoofdstuk 9 wordt ten slotte een nieuwe manier beschreven om het effect van SSRIs op de
serotonine niveau’s te verhogen. Door een SSRI gelijktijdig toe te dienen met een 5-HT2C

antagonist werd een versterkt effect gezien op serotonine niveau’s. Uit de literatuur blijkt dat
5-HT2C receptoren, in tegenstelling tot 5-HT1A en 5-HT1B receptoren, geen serotonerge
autoreceptoren zijn. Het mechanisme dat de versterking van het effect veroorzaakt, werkt
kennelijk anders dan bij 5-HT1A en 5-HT1B blokkers. Door een aantal experimenten uit te
voeren, kon geconcludeerd worden dat de versterkende werking van 5-HT2C blokkers berust
op het afzwakken van remmende signalen, die elders vanuit de hersenen komt.
Kennelijk verhoogd het gezamelijk geven van SSRIs met 5-HT2C remmers de effectiviteit op
serotonine niveau’s. Tevens blijken 5-HT2C remmers zelf ook gunstige effecten tegen angst,
slecht slapen en aggressie te hebben. In hoofdstuk 8 werd al gezien dat stoffen die, alhoewel
ze het effect van SSRIs op serotonine tegengaan, toch een verbeterd antidepressief effect
geven omdat ze mogelijk slaap verbeteren en tegen angst werken. 5-HT1A en 5-HT1B blokkers
hebben deze eigenschappen niet. Daarom is te verwachten dat het combineren van 5-HT2C

antagonisten met SSRIs niet alleen beter werkt dan SSRI behandeling alleen, maar ook beter
dan SSRI behandeling tegelijkertijd met 5-HT1A en 5-HT1B blokkers.



Dankwoord

211

Dankwoord

Zoals gebruikelijk was ook deze  promotie een project met hoogte- en dieptepunten en wint
de aanhouder. Aan het einde van de rit wil ik natuurlijk een aantal mensen bedanken. Zonder
de hulp en steun van deze mensen was het waarschijnlijk niet mogelijk geweest om dit
proefschrift in deze vorm voor elkaar te krijgen.

In min of meer chronologische volgorde;
Alleerst wil ik natuurlijk Hakan Wikström bedanken. Hakan was vanaf het begin mijn
promotor en heeft alle escapades rondom dit proefschrift meegemaakt. De stijl van Hakan’s
begeleiding deed af en toe uit een scene van “karakter” van Bordewijk denken (in positieve
zin). Achteraf ben ik daar zeer dankbaar voor, want zo leer je om eigen projecten te trekken.
Tevens ben ik je zeer erkentelijk voor alle kansen en tevens alle vrijheid die je me gegeven
hebt.
Peter de Boer was mijn dagelijkse begeleider toen ik begon met mijn promotie. Dankzij Peter
kon ik op een “reidende trein” springen. Helaas heeft Peter de Universiteit verlaten, maar hij
is goed terecht gekomen. Ik mis echter de discussies en je wetenschappelijke diepzinnigheid
nog steeds.
Fokko Bosker begon in Groningen ongeveer het moment dat Peter de universiteit verliet. Het
klikte meteen. Avonden hebben we in restaurants en cafés over de wetenschap gepraat. Het
feit dat hoofdstuk 6 met jou naam als eerste auteur gepubliceerd is, zegt veel over de hoge
mate van wetenschappelijke interactie. Ook hadden we grootse plannen voor de toekomst
over hoe iedereen binnen de wetenschap moest samenwerken om een geoliede machine te
krijgen. We zijn er nog een aardig eind mee gekomen ook. Fokko, ik ben je enorm dankbaar
voor alle steun, kennis, enthousiasme en vriendschap die je me in de afgelopen jaren gegeven
hebt.
Het overgrote deel van het werk in dit proefschrift is uitgevoerd in het lab van de “godfather”
van microdialyse Ben Westerink. Alhoewel in het begin van mijn promotie de samenwerking
nog niet zo aanwezig was, is dat de laatste jaren sterk gegroeid. Ik ben je zeer dankbaar voor
de hoge mate van vrijheid en vertrouwen die je mij gegeven hebt. Tevens hebben we
inmiddels samen “Brains-on-Line” opgezet. Ik ben je enorm dankbaar dat je mee bent gegaan
in deze uitdaging.
Natuurlijk was al het werk niet mogelijk zonder de mensen op het lab. In eerste instantie wil
ik natuurlijk Jan de Vries bedanken. Tevens ben ik alle andere analisten en biotechnici op het
lab veel dank verschuldigd (Christa, Karola en Alle). Ik heb ook veel genoten en geleerd van
de samenwerking met de andere AIO’s en wetenschappers op het lab (Minke, Marieke, Yuki,
Olga, Wia, Eitan, Weite). De samenwerking met alle doctoraal studenten was altijd zeer
vruchtbaar, alsmede zeer gezellig (bedankt: Martin, Tom, Milly, Robert, Loes, Gunnar,
Hylke-Jan, Jasper en Roland). Natuurlijk kan ik ook Edje niet vergeten. Zeer therapeutisch
was het om al vissend of Boot-schurend de gang van zaken omtrend het lab evalueren.
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Verder is natuurlijk de gezelligheid en steun van de “orginele vakgroep medicinal chemistry”
niet te verwaarlozen. Erik, Pieter, Ulrik, Evert, Jonas, Durk, Yi, Marquerite, Nynke, Margriet
en Janneke en natuurlijk Cor, bedankt.
Ongetwijfeld vergeet ik nog een heel aantal mensen. In een poging om volledig te zijn, kan ik
de volgende mensen niet vergeten aangezien. Hun deur stond altijd open, zodat ik weer
binnen kon vallen met praktische en theoretische vragen. De Vakgroep klinische
farmacologie (Egbert), farmacokinetiek (Jan Visser), Moleculaire farmacologie (prof.
Zaagsma en Ad), biomonitoring and Sensoring (Bert, Irene, Klaas-Jan en Rene). Biologie
(Jan en Tibor).
Of course, I should not forget to thank my colleagues at Lundbeck. In the years that we have
been collaborating I have always admired the high degree of scientific approach that is
characteristic for this company. In addition, I have always enjoyed coming up to Denmark
both scientifically as well as socially. Arne, Sandy, Jørn, Klaus-Peter, Peter, Jesper, thank
you.
Nu ik toch de mensen in het buitenland aan het bedanken ben, kan ik natuurlijk Hans
Rollema niet vergeten. Ik bewonder hoe je om 6 uur ‘s ochtends al op je werk kan zijn en dan
ook nog de scherpheid van geest te hebben om repliek te geven op allerlei manuscripten en
rare histamine proeven. Hans, enorm bedankt.
At this point I would like to thank the reading committee for spending their valuable time
struggling through this manuscript (Professor Korf, Professor Zaagsma and Professor Hjorth).
Especially Prof. Hjorth, who is an expert in the serotonin field, spent a lot of time checking
this manuscript and providing relevant comments, Stephan, Many thanks.

Als laatste wil ik natuurlijk mijn familie bedanken voor al hun steun. Vooral mijn ouders
hebben altijd onvoorwaardelijk achter me gestaan en steun gegeven, en waar mogelijk goede
raad gegeven. Pap, mam, bedankt.
Dit proefschrift was niet tot stand gekomen zonder mijn kersverse vrouw Marta. Alhoewel ze
zelf een tijd onderzoek heeft gedaan, heeft ze onmiddellijk afstand genomen van dit rare
wereldje (slimme meid). Ondanks alles heeft ze me altijd gesteund; nachtelijk woelen en
malen, hoogte- en dieptepunten, ze stond altijd voor me klaar. Kortom; Mart bedankt.


