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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).
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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
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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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