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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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