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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.



Chapter 5

116

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.



Topical differences in serotonergic autoreceptor control; effects of chronic treatment with citalopram

117

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.



Chapter 5

124

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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