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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.



Acute and Chronic Effects of Citalopram on Postsynaptic 5-Hydroxytryptamine1A  (5-HT1A) Receptor Mediated
Feedback: A Microdialysis Study in the Amygdala

135

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.
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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.



Acute and Chronic Effects of Citalopram on Postsynaptic 5-Hydroxytryptamine1A  (5-HT1A) Receptor Mediated
Feedback: A Microdialysis Study in the Amygdala

149

- 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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