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Effects of chronic treatment with escitalopram or citalopram
on extracellular 5-HT in the prefrontal cortex of rats:
role of 5-HT,, receptors
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"Department of Neuroscience, Istituto di Ricerche Farmacologiche ‘Mario Negri’, Via Eritrea 62, 20157 Milano, Italy

1 Microdialysis was used to study the acute and chronic effects of escitalopram (S-citalopram;
ESCIT) and chronic citalopram (CIT), together with the 5-HT,; 5 receptor antagonist WAY 100,635
(N-[2-[methoxyphenyl)-1-piperazinyl]ethyl]- N-(2-pyridinyl) cyclohexane carboxamide trihydrochlor-
ide) and the 5-HT,5 receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), on
extracellular 5-hydroxytryptamine (5-HT) levels in the rat prefrontal cortex.

2 Extracellular 5-HT rose to 234 and 298% of basal values after subcutaneous (s.c.) acute doses of
0.15 and 0.63 mgkg™"' ESCIT. No further increase was observed at 2.5mgkg~" ESCIT (290%).

3 The effect of 13-day s.c. infusion of 10mgkg 'day ' ESCIT on extracellular 5-HT (422% of
baseline) was greater than after 2 days (257% of baseline), whereas exposure to ESCIT was similar. In
contrast, the increase in extracellular 5-HT induced by the infusion of CIT for 2 (306%) and 13 days
(302%) was similar. However, brain and plasma levels of S-citalopram in rats infused with CIT for 13
days were lower than after 2 days.

4 Acute treatment with 2.5mgkg™' ESCIT or 5mgkg™! CIT raised extracellular 5-HT by 243
and 276%, respectively, in rats given chronic vehicle but had no effect in rats given ESCIT
(10mgkg—'day™") or CIT (20mgkg~"'day™") for 2 or 13 days, suggesting that the infused doses had
maximally increased extracellular 5-HT. WAY100,635 (0.1mgkg's.c.) increased extracellular
5-HT levels by 168, 174 and 169% of prechallenge values in rats infused with vehicle or ESCIT for
2 or 13 days, respectively. WAY 100,635 enhanced extracellular 5-HT levels to 226, 153 and 164% of
prechallenge values in rats infused with vehicle or CIT for 2 and 13 days, respectively.

5 8-OH-DPAT (0.025mgkg ") reduced extracellular 5-HT by 54% in control rats, but had no effect
in those given ESCIT and CIT for 13 days.

6 This series of experiments led to the conclusion that chronic treatment with ESCIT desensitizes the

5-HT A receptors, regulating the release of 5-HT in the prefrontal cortex and enhances the effect of the

drug on extracellular 5-HT. They also indicate that chronic treatment with ESCIT and CIT did not

prevent WAY 100,635 from raising extracellular 5-HT.
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5-HT,s autoreceptor sensitivity; 5-HT,, autoreceptor blockade; 5-HTreuptake inhibition; antidepressants;
citalopram; escitalopram; microdialysis; pharmacokinetics; prefrontal cortex; WAY 100,635

ANOVA, analysis of variance; CIT, citalopram; CSF, cerebrospinal fluid; [''"C]DASB, [''C]N,N, dimethyl-2-
(2-amino-4-cyanophenylthio)benzylamine; ESCIT, escitalopram; HPLC, high-performance liquid chromatography;
5-HT, 5-hydroxytryptamine; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin; PBS, phosphate-buffered
saline; SAL, saline; SSRIs, selective serotonin reuptake inhibitors; WAY100,635, N-[2-[methoxyphenyl)-
1-piperazinyl]ethyl]- N-(2-pyridinyl) cyclohexane carboxamide trihydrochloride
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Introduction

Citalopram (CIT) is a clinically effective antidepressant drug
(Milne & Goa, 1991; Pollock, 2001), whose selective effects on
the serotonergic system are documented in vitro and in vivo
(Hyttel, 1977; Pozzi et al., 1999). CIT is a racemic compound
and in rat brain synaptosomes, S-citalopram (escitalopram,
ESCIT) is 130 times more potent than R-citalopram in
inhibiting serotonin (5-HT, 5-hydroxytryptamine) reuptake
(Hyttel et al., 1992). In mice, ESCIT but not the R-enantiomer
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potentiated the behavioural syndrome induced by 5-hydro-
xytryptophan, an indirect indicator of 5-HT reuptake inhibi-
tion in vivo (Hyttel et al., 1992). The selectivity of ESCIT
in inhibiting 5-HT reuptake has been confirmed in human
embryonic kidney cells transfected with mRNA encoding the
human 5-HT transporter (Owens et al., 2001). These findings
showed that the CIT-induced inhibition of 5-HT reuptake and
antidepressant activity resides in the S-enantiomer. Rando-
mized clinical trials have shown that ESCIT is effective in
patients with major depression (Montgomery et al., 2001;
Burke et al., 2002; Wade et al., 2002; Lepola et al., 2003).
Enhancement of brain serotonergic transmission by selective
serotonin reuptake inhibitors (SSRIs) is important for their
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therapeutic effect (Salomon et al., 1993). However, the fact that
chronic treatment is required to alleviate depression (Garattini
& Samanin, 1988) suggests that adaptive neuronal changes are
necessary. In functional neuroimaging studies, depression was
associated with abnormalities of cerebral blood flow and
metabolism in various regions of the prefrontal cortex (Drevets,
1998). The reversal of such changes by antidepressant therapies
suggests that the prefrontal cortex may be important in the
action of these drugs. Microdialysis studies in rats showed that
extracellular 5-HT in the prefrontal cortex did not increase
much in response to acute SSRI treatment (Invernizzi et al.,
1992; 1996; Fuller, 1994; Gardier et al., 1996). This is at least
partly because their effect is limited by the simultaneous
activation of autoinhibitory somatodendritic 5-HT,, autore-
ceptors caused by increased endogenous 5-HT levels in the
raphe nuclei (Adell & Artigas, 1991; Invernizzi et al., 1992;
Gartside et al., 1995; Romero & Artigas, 1997).

The effect of SSRI on cortical extracellular 5-HT is
enhanced by chronic treatment (Bel & Artigas, 1993; Invernizzi
et al., 1994; 1996; Dawson et al., 2000) and although some
inconsistencies have been reported (Hjorth & Auerbach, 1994;
Dremencov et al., 2000), electrophysiological and microdia-
lysis studies indicate that somatodendritic 5-HT, autorecep-
tors become desensitized after prolonged administration of an
SSRI (Blier & De Montigny, 1983; Blier et al., 1984;
Chaput et al., 1986; Invernizzi et al., 1994; 1996; Rutter et al.,
1994; Dawson et al., 2000). These results suggest that the
desensitization of 5-HT,;, receptors is involved in the slow
onset of the antidepressant effect of SSRIs. Thus, the more
rapid improvement in depressed patients given an SSRI with
pindolol, a 5-HT 4,15/f-adrenoceptor antagonist, suggests that
the therapeutic effect of SSRIs may be accelerated by reducing
5-HT,o receptor function (Artigas et al., 1994; Blier &
Bergeron, 1995; Zanardi et al., 1997; 1998; Bordet et al.,
1998). However, other studies have failed to confirm these
results (Berman et al., 1997; Tome et al., 1997), and it remains
to be established whether selective blockade of 5-HT;a
receptors in depressed patients improves the antidepressant
effect of SSRIs.

Mork et al. (2003) recently reported that acute treatment of
rats with ESCIT raised extracellular 5-HT, and that this effect
was inhibited by the R-enantiomer. However, there is no
published information on the effects of chronic ESCIT
treatment on brain 5-HT levels. In the present study, we
compared the effect of chronic ESCIT and CIT on extra-
cellular 5-HT levels in the prefrontal cortex using intracerebral
microdialysis in conscious rats. Firstly, we examined the acute
effect of ESCIT on extracellular 5-HT levels in the prefrontal
cortex; then, using subcutaneous (s.c.) osmotic pumps to
deliver the drug continuously, we examined the effect of 2 and
13-days treatment with ESCIT and CIT on basal extracellular
5-HT levels and the response to an acute challenge dose
of ESCIT, CIT or the selective 5-HT,, receptor antagonist
WAY 100,635 (N-[2-[methoxyphenyl)-1-piperazinyljethyl]- N-
(2-pyridinyl) cyclohexane carboxamide trihydrochloride)
(Forster et al., 1995). To investigate whether the sensitivity
of 5-HT,, receptors regulating 5-HT release was reduced
after chronic treatment, we examined the inhibitory effect
of the 5-HT,5 receptor agonist §-hydroxy-2-(di-n-propylami-
no)tetralin (8-OH-DPAT) (Sharp & Hjorth, 1992) on
cortical extracellular 5-HT levels in rats infused with ESCIT
and CIT for 13 days.

Methods

Animals and drug treatment

Male rats (CD-COBS, Charles River, Italy), weighing about
350 g (about 250 g at the beginning of chronic treatment), were
used. The animals were housed at constant room temperature
(21£1°C) and relative humidity (60+5%) under a regular
light/dark schedule (light 07:00-19:00). Food and water were
freely available.

Procedures involving animals and their care were
conducted in conformity with the institutional guidelines
that are in compliance with national (D.L. n. 116, G.U.,
suppl. 40, 18 Febbraio 1992, Circolare No. 8, G.U., 14 luglio
1994) and international laws and policies (EEC Council
Directive 86/609, OJ L 358,1, Dec.12, 1987; Guide for the
Care and Use of Laboratory Animals, U.S. National Research
Council, 1996).

For acute administration, 0.02, 0.04, 0.15, 0.63 and
2.5mgkg™" S-citalopram oxalate (H. Lundbeck A/S, Den-
mark) was dissolved in phosphate-buffered saline (PBS) and
injected subcutaneously (s.c.) in a volume of 2mlkg™'.
Osmotic pumps (Alzet, model 2ML2) were implanted s.c. for
chronic treatment. The pumps were filled with PBS,
32mgml~!' S-citalopram oxalate or 67mgml~' CIT HBr,
corresponding, respectively, to 10 and 20mgkg ' day~"' of the
free base. The doses were calculated for rats with a mean body
weight of 300g, which were infused for 2 or 13 days.
Preliminary experiments showed that these doses of ESCIT
and CIT maximally increased extracellular 5-HT in the
prefrontal cortex. Continuous infusion of ESCIT and CIT
for 13 days had no significant effects on the weight gain of the
rats that otherwise appeared healthy, with no gross behaviour-
al changes.

On the day of the experiment, 24 h after implantation of
the microdialysis probe, once basal levels of 5-HT in the
dialysate were stable (no more than 15% difference between
three consecutive samples), rats were injected with
2.5mgkg's.c. ESCIT or 5mgkg's.c. CIT. After 1h, rats
were given 0.1mgkg™'s.c. WAY100,635 (N-[2-[methoxyphe-
nyl)-1-piperazinyljethyl]- N-(2-pyridinyl) cyclohexane carboxa-
mide trihydrochloride) (Pharmacia, Nerviano, Italy) dissolved
in saline. The output of 5-HT in the prefrontal cortex was
measured for 60min after challenge. About 24h later, rats
were killed and blood and brain samples were collected for the
determination of drug levels and probe placement. ESCIT,
CIT and WAY100,635 challenge studies and drug measure-
ments were conducted in animals implanted with the
minipump.

Another group of rats was given PBS, 10mgkg'day™"
ESCIT or 20mgkg'day~' CIT, as above. On day 13, they
were anaesthetized with 3.5mL kg™ equithesin (composition:
1.2 g pentobarbital, 5.3 g chloral hydrate, 2.7 g MgSO, - 7 H,0,
49.5ml propylene glycol, 12.5ml ethanol and 58 ml distilled
water) and the osmotic pump was removed to allow clearance
of the drug, and a dialysis probe was implanted into the
prefrontal cortex. At 24 h after removal of the pump, rats were
injected with 0.025mgkg's.c. 8-OH-DPAT (Sigma-RBI,
Milan, Italy) or saline, and extracellular 5-HT was measured
for 2h. Drug levels in the brain and plasma were determined in
a separate group of rats given ESCIT or CIT for 13 days, 24 h
after removal of the osmotic pump.
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Dialysis procedure

Rats were anaesthetized with 3.5mlkg™"' equithesin and placed
on a stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA, U.S.A)). A hole was drilled in the frontal bone and a small
incision was made in the dura with a bent needle tip. The
probe, perfused with artificial cerebrospinal fluid (aCSF; see
below for composition), was lowered slowly into the prefrontal
cortex and fixed vertically to the skull using two or three
stainless-steel anchorage screws and acrylic cement. Stereo-
taxic coordinates relative to the probe tip were as follows:
AP= +12.7, L=+0.6, V= +4.6 from the interaural line
according to the Paxinos and Watson atlas (1982). The dialysis
probes were of the concentric type and were prepared
essentially as described by Robinson & Whishaw (1988),
except that the dialysis membrane was made of cuprophan
(Sorin Biomedica, Italy). The exposed membrane was 4 mm
long. Each rat was implanted with a single probe. Rats were
allowed to recover from anaesthesia, one in each cage, with
free access to food and water. About 24 h after surgery, the
inlet cannula was connected by polyethylene tubing to a 2.5 ml
syringe containing aCSF (composition: 145mM NaCl, 3mMm
KCl, 1.26 mM CaCl,.2 - H,O, I mM MgCl,-6-H,O in distilled
water, buffered at pH 7.4 with 2mM sodium phosphate
buffer). Each probe was perfused at a constant flow rate of
1 plmin~" using a microinfusion pump (CMA/Microdialysis,
Stockholm, Sweden). After 30-60 min washout, consecutive
20-min samples of perfusate were collected in minivials
and immediately injected into the high-performance liquid
chromatograph (HPLC) with electrochemical detection
(HPLC-ED).

Osmotic pumps

Osmotic pumps (Alzet, model 2ML2, Charles River, Italy)
delivering about 5 ulh~! during 14 days were used. Rats were
anaesthetized with 3.5mlkg™" i.p. equithesin. The skin was
shaved, washed with antiseptic solution, and an incision was
made between the scapulae and a hemostat inserted to create a
pocket. The filled pump was inserted into the pocket and the
wound was closed with 2-3 clips.

5-HT and ESCIT assays

5-HT concentrations in the dialysate were determined by
HPLC-ED, as previously described (Invernizzi et al., 1992).
Concentrations of ESCIT in the plasma and brain were
determined using minor modifications of the HPLC procedure
described by Kosel et al. (1998) (i.e., plasma extraction was
with ether and detection was UV absorption; (Grignaschi et al.,
1998). Brain tissue was homogenized in distilled water
(10mlg~") and 2ml of homogenate was processed as described
for the plasma.

The lower limit for quantification of ESCIT in the plasma
was 10ngml~! using 1ml; in the brain the limit was about
50ngg~!, using approximately 200mg of tissue. At these
concentrations, the coefficients of variation (C.V.) for the
precision and reproducibility of the assay were between 10 and
15%. Higher concentrations gave a C.V. of less than 5%.

Histological procedure

At the end of the experiments, rats were anaesthetized with
400 mgkg~' i.p. chloral hydrate and killed by decapitation;
their brains were immediately removed and the correct
placement of the probes was checked by examining the probe
tracks. Only rats with correct probe placement were included
in the results.

Statistics

The effects of chronic infusion of PBS, ESCIT or CIT on basal
5-HT levels before challenge with ESCIT, CIT or §-OH-DPAT
were compared by one-way analysis of variance (ANOVA)
followed by Tukey—Kramer’s test. All time-course data were
analysed by two-way ANOVA for repeated measures with
treatment and time as between and within factors, respectively.
Post hoc comparisons were made by Tukey—Kramer’s test. The
effect of the antagonist WAY100,635 on extracellular 5-HT
after acute challenge with ESCIT or CIT in rats receiving
chronic vehicle or drug was compared by the Kruskal-Wallis
test after normalization of 5-HT levels as a percentage of
preinjection values. The number of rats in each group varied
from three to 10 and is reported in the tables and figure
legends. Statistical analysis was carried out using the Stat
View 5.0 statistical package for Apple-Macintosh computer
(SAS Institute Inc., Cary, NC, U.S.A.). The values missing,
because of occasional problems in sample collection or
analysis, were replaced by the mean of the samples immedi-
ately before and after.

Brain and plasma concentrations of S-citalopram measured
after acute ESCIT and CIT or at different times after infusion
were compared by Student’s z-test.

Results

Extracellular 5-HT in the prefrontal cortex after acute
ESCIT

The basal extracellular concentration of 5-HT in the prefrontal
cortex was 4.6+0.3fmol 20 ul™' (mean+s.e.m., n=28), not
corrected for probe recovery. No significant differences were
found between basal 5-HT (preinjection) levels in different
experimental groups (Fs,,=1.3, P>0.05). Basal 5-HT
levels in rats receiving PBS were stable during the 2h
observation period.

As shown in Figure 1, ESCIT dose dependently raised
extracellular 5-HT in the prefrontal cortex (Fieaments2o=13.7,
P<00017 Flimc(;,l}Z: 167, P<0001> FlrcatmcmxtimcSO,BZ: 337
P<0.001). Extracellular 5-HT levels in rats given 0.15, 0.63
and 2.5mgkg's.c. were significantly higher than in rats given
PBS (all P<0.05; Tukey—Kramer’s test). Extracellular 5-HT
levels were maximally increased 40-60min after injection
and reached 234 and 298% of preinjection levels at 0.15 and
0.63mgkg™". No further increase was observed at the dose of
2.5mgkg™" (290% of preinjection levels). The extracellular levels
of 5-HT in rats given 0.15mgkg~! ESCIT increased maximally
at 40 min, and then gradually returned to baseline. Extracellular
S5-HT was still significantly higher than preinjection levels 2h
after 0.63 and 2.5mgkg~! ESCIT (P<0.05, Tukey—Kramer’s
test). No significant increase in extracellular 5-HT was observed
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in the prefrontal cortex of rats given 0.02 and 0.04mgkg™'
ESCIT (P>0.05 vs. PBS; Tukey—Kramer’s test) (Figure 1).

Extracellular 5-HT in the prefrontal cortex of rats given
chronic ESCIT: effect of ESCIT and WAY 100635
challenges

Table 1 shows the effect of chronic ESCIT on extracellular 5-HT
in the prefrontal cortex before ESCIT challenge. Extracellular
levels of 5-HT in rats given PBS for 2 and 13 days were not
significantly different (F,3=0.9, P>0.05) and were therefore
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Figure 1 Extracellular 5-HT levels in the prefrontal cortex of rats
injected subcutaneously with PBS, 0.02, 0.04, 0.15, 0.63 and 2.5
mgkg™' ESCIT. Once the extracellular concentration of 5-HT was
stable, rats were injected s.c. with ESCIT or vehicle (arrow). Data
are means +s.e.m. and are percentages of preinjection values. Basal
levels of 5-HT in fmol 20 ul~' (mean+s.e.m.) were: PBS, 4.5+0.4
(n=4);0.02mgkg™", 4.14+0.4 (n=3); 0.04mgkg™"', 4.6+0.6 (n=15);
0.15mgkg™!, 3.7+0.5 (n=4); 0.63mgkg™', 63+1.1 (n=4);
2.5mgkg™", 4740.6 (n=8). Solid symbols indicate P<0.05 vs
PBS (Tukey—Kramer’s test).

pooled. The infusion of 10mgkg~'day~' ESCIT significantly
increased cortical extracellular 5-HT (F,,;0=22.8, P<0.001).
Extracellular 5-HT levels in rats given a 2-day infusion of
ESCIT were 257% higher than in PBS-treated controls
(P<0.05; Tukey-Kramer’s test). Infusion of 10mgkg~"'day™!
ESCIT for 13 days increased extracellular 5S-HT to 422%, and
the effect was significantly greater than in rats given the drug for
2 days, or PBS (both P<0.05; Tukey—Kramer’s test).

Figure 2 shows the effect of a challenge dose of ESCIT
followed by WAY100,635 on extracellular 5-HT in the
prefrontal cortex of rats given 10mgkg 'day~' ESCIT or
PBS for 2 and 13 days. ANOVA indicated a significant effect
of treatment (F,,=10.6, P<0.001), time (Fg5=16,
P<0.001) and treatment by time interaction (F4;s56=3.3,
P<0.001). The challenge dose of ESCIT significantly in-
creased extracellular 5-HT in rats infused chronically with PBS
(P<0.05 vs vehicle, Tukey—Kramer’s test). 5-HT reached
243% of basal levels at 40 min and remained high. In contrast,
the ESCIT challenge had no significant effect in rats infused
with the drug for 2 or 13 days (P> 0.05; Tukey—Kramer’s test).
WAY100,635 challenge, 60 min later, significantly enhanced
the increase of extracellular 5-HT caused by ESCIT. Extra-
cellular 5-HT in rats given WAY 100,635 reached 168, 174 and
169% of prechallenge values in rats infused chronically with
PBS or ESCIT for 2 and 13 days (all P<0.05 vs prechallenge
values; Tukey—Kramer’s test). The effect of WAY100,635
expressed as percentage increase over prechallenge values in
the three experimental groups was not significantly different
(P>0.05, Kruskall-Wallis’ test).

Extracellular 5-HT in the prefrontal cortex of rats given
chronic CIT: effect of CIT and WAY 100635 challenges

CIT 20mgkg 'day™' via subcutaneous osmotic pump sig-
nificantly increased extracellular 5-HT in the prefrontal cortex
(F226=20.8, P<0.001) (Table 1). Extracellular 5-HT increased
to a similar extent (P>0.05, Tukey—Kramer’s test) in rats
infused for two (306%) or 13 days (302%).

Table 1 Effects of chronic escitalopram (ESCIT) or citalopram (CIT) treatment on basal extracellular 5-HT in the
prefrontal cortex of rats and concentrations of S-citalopram in the brain and plasma during infusion and after washout

5-HT (fmol 20 ul~h)

During infusion

PBS 4.64+0.4 (10)
ESCIT 2 days 11.8+1.6% (6)
ESCIT 13 days 19.4+2.9%** (6)
PBS 5.240.8 (10)
CIT 2 days 15.9+1.6% (9)
CIT 13 days 15.74+1.6* (10)

After 24 h washout

PBS (+ saline) 6.240.5 (5)
PBS (+8-OH-DPAT) 5.440.5 (6)
ESCIT 13 days 6.940.8 (7)
CIT 13 days 6.2+0.8 (8)

S-citalopram concentrations
Brain (ngg™") Plasma (ngmL™")

228429 (9)

59412 (9)
231444 (6) 52412 (6)
331452 (9) 62+8.1 (9)

185+ 32%** (10) 26.3+4.4%** (10)

<50 <10
<50 <10

Rats received PBS, 10mgkg 'day ' ESCIT or 20mgkg 'day ' CIT from a subcutaneous osmotic pump for 2 or 13 days. Cortical
extracellular 5-HT and S-citalopram in the brain and plasma were measured at the end of infusion and 24 h after the removal of the

osmotic pump

Data are mean+s.e.m. The number of rats is shown in parentheses.

*P<0.05 vs PBS; **P<0.05 vs 2 days (Tukey—Kramer’s test); ¥***P<0.05 vs 2 days (Student’s ¢-test).
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Figure 2 Effect of a challenge dose of ESCIT and the selective 5-
HT, s receptor antagonist WAY 100,635 (WAY) on extracellular 5-
HT levels in the prefrontal cortex in rats given chronic ESCIT. Rats
were infused with PBS or 10 mgkg~' day~' ESCIT for 2 and 13 days.
On the last day, with the osmotic pump in place, rats were injected
s.c. with two consecutive drug challenges: 2.5mgkg~" ESCIT (first
arrow), followed by 0.1mgkg' WAY100,635 or saline (SAL)
60 min apart (second arrow). Data are means +s.e.m. Basal levels of
5-HT in fmol 20ul~' (mean+s.e.m.) were: PBS-+PBS+ SAL,
48+0.3 (n=5); PBS+ESCIT+ SAL, 4.6+0.6 (n=4); PBS+
ESCIT + WAY, 4.6+0.4 (n=10); ESCIT x2+ ESCIT+ WAY,
11.8+1.6 (n=06); ESCIT x 13+ ESCIT + WAY, 19.4+2.9 (n=06).
Solid symbols indicate P<0.05 vs PBS-+PBS+SAL (Tukey—
Kramer’s test). Asterisks indicate a significant increase of extra-
cellular 5-HT in rats given WAY100,635 compared to those
receiving ESCIT alone (P <0.05; Tukey—Kramer’s test).

Figure 3 shows the effect of a challenge dose of CIT
(5mgkg~'s.c.) followed by WAY100,635 60min later on
extracellular 5-HT in the prefrontal cortex of rats given PBS
or CIT for 2 and 13 days. ANOVA indicated a significant
effect of treatment (F,3,=28.5, P<0.001), time (Fg,0,=15.9,
P<0.001) and treatment by time interaction (Fa404=4.1,
P<0.001). Extracellular levels of 5-HT in rats given the CIT
challenge were significantly higher than in PBS-injected
controls (P<0.05, Tukey—Kramer’s test). 5-HT reached
230% of prechallenge levels and did not return to basal levels
until the end of the observation period. In contrast, CIT had
no effect on extracellular 5-HT in rats receiving the drug for
2 or 13 days (P>0.05; Tukey—Kramer’s test). WAY 100,635
significantly enhanced the increase of extracellular 5-HT
caused by CIT. Extracellular 5-HT reached 226, 153 and
158% of prechallenge values in the prefrontal cortex of rats
infused chronically with PBS, or CIT for 2 or 13 days,
respectively (all P<0.05 vs prechallenge values; Tukey—
Kramer’s test). WAY 100,635 tended to have more effect in
rats infused chronically with PBS than in those receiving CIT
for 2 and 13 days, but the differences were not significant
(P>0.05, Kruskall-Wallis’ test).

Effect of 8-OH-DPAT on extracellular 5-HT in rats given
chronic ESCIT or CIT

At 24 h after the removal of the osmotic pump, no differences
were found in extracellular 5-HT levels in the prefrontal cortex
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Figure 3 Effect of a challenge dose of CIT and the selective 5-HT
receptor antagonist WAY 100,635 (WAY) on extracellular 5-HT
levels in the prefrontal cortex in rats given chronic CIT. Rats were
infused with PBS or 20 mgkg~'day~' CIT for 2 and 13 days. On the
last day, with the osmotic pump in place, rats were injected s.c. with
two consecutive drug challenges: Smgkg™' CIT (first arrow),
followed by 0.1 mgkg™ WAY 100,635 or saline (SAL) 60 min apart
(second arrow). Data are means+s.e.m. Basal levels of 5-HT in
fmol 20ul~' (mean+s.e.m.) were: PBS-+PBS+SAL, 4.840.3
(n=5); PBS+CIT+SAL, 5.5+1.1 (n=5); PBS+CIT+ WAY,
5240.8 (n=10); CIT x2+4+CIT+WAY, 159+1.6 (n=9); CIT
x 13+ CIT+WAY, 15.7+1.6 (n=10). Solid symbols indicate
P<0.05 vs PBS+PBS+SAL (Tukey-Kramer’s test). Asterisks
indicate a significant increase of extracellular 5-HT in rats given
WAY100,635 compared to those receiving CIT alone (P<0.05;
Tukey—Kramer’s test).

of rats given PBS, ESCIT or CIT for 13 days (F;,,=0.8,
P>0.05) (Table 1).

Figure 4 shows the effect of 0.025mgkg™" of 8-OH-DPAT
or saline on extracellular 5-HT in rats infused with PBS,
10mgkg~'day 's.c. ESCIT or 20mgkg~'day's.c. CIT for
13 days. ANOVA applied to the period between 20 and 60 min
after 8-OH-DPAT indicated a significant effect of treatment
(F32,=9.8, P<0.001) and time (F,4,=06.4, P<0.01), but no
treatment by time interaction (Fgas=1, P>0.05). The injec-
tion of saline in rats infused with PBS for 13 days had no
effects on extracellular 5-HT (P>0.05 vs prechallenge values;
Tukey—Kramer’s test). 8-OH-DPAT reduced extracellular 5-
HT levels by 54% in rats infused with PBS (P<0.05 vs
PBS + saline; Tukey—Kramer’s test), but had no effect in those
given chronic ESCIT and CIT (9 and 7% reduction of
extracellular 5-HT levels, respectively; both P>0.05 vs
PBS + saline, Tukey—Kramer’s test).

S-citalopram in the plasma and brain

Table 1 shows plasma and brain concentrations of S-
citalopram in rats infused with 10mgkg'day~' ESCIT or
20mgkg'day ' CIT. The mean plasma and brain concentra-
tions of ESCIT were not significantly different in rats given
ESCIT for 2 or 13 days. In contrast, the plasma and brain
concentrations of ESCIT in rats given CIT for 13 days were
significantly lower than in rats given the drug for 2 days (both
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Figure 4 Effect of chronic ESCIT and CIT on 8-OH-DPAT-
induced decrease of extracellular 5-HT in the prefrontal cortex. Rats
were infused with PBS, 10mgkg~'day~' ESCIT or 20mg/kg CIT
for 13 days. On day 14, about 24 h after removal of the osmotic
pump, rats were injected with a challenge dose of the selective 5-
HT, 4 receptor agonist 8-OH-DPAT (DPAT; 0.025mgkg~'s.c.) or
saline (SAL) (arrow). Data are means +s.e.m. Basal levels of 5-HT
in fmol 20 ul™" were: PBS +SAL, 6.240.5 (n=5); PBS + DPAT,
5.4+0.5 (n=6); ESCIT+ DPAT, 6.9+0.9 (n=7); CIT + DPAT,
6.2+0.8 (n=8). Solid symbol indicates P<0.05 vs PBS+ SAL
(Tukey—Kramer’s test). The asterisk indicates a significant difference
between extracellular 5-HT levels in rats given chronic ESCIT or
CIT and those infused with PBS (P<0.05 for both comparisons;
Tukey—Kramer’s test).

P<0.05, Student’s t-test). S-citalopram plasma and brain
concentrations were below the limit of quantification 24 h after
removal of the osmotic pump in rats given CIT or ESCIT
(Table 1).

Table 2 shows plasma and brain concentrations of S-
citalopram in rats 40min after injection of 0.63 and
2.5mgkg's.c. ESCIT or 1.25 and 5mgkg~'s.c. CIT. Plasma
and brain concentrations of S-citalopram increased propor-
tionally to the dose of ESCIT and CIT. Plasma and brain
concentrations of S-citalopram after s.c. CIT were not
different from those with half doses of ESCIT (P>0.05 for
all comparisons; Student’s #-test).

Discussion

ESCIT dose dependently raised extracellular 5-HT levels in the
prefrontal cortex, the threshold dose (0. 15mgkg~") more than
doubling them. ESCIT 0.63mgkg™! increased cortical extra-
cellular 5-HT levels to three times the basal value, and
2.5mgkg™! did not raise it further. These results confirm a
previous report that ESCIT increased extracellular 5-HT in the
prefrontal cortex of rats (Mork et al., 2003) and suggest that
doses of ESCIT above 0.63 mg kg™' maximally inhibited brain
5-HT reuptake. Accordingly, 0.8mgkg 's.c. ESCIT poten-
tiated S-hydroxytryptophan-induced behaviour in rats and
mice (Hyttel et al., 1992; Sanchez et al., 2003), and the same
dose of CIT reversed H75/12-induced depletion of brain 5-HT,
an indirect measure of 5-HT reuptake inhibition in vivo

Table 2 Effects of acute escitalopram (ESCIT) or
citalopram (CIT) treatment on the concentrations of
S-citalopram in the brain and plasma 40 min after s.c.

injection

S-citalopram concentrations
Drug (mgkg™") Brain (ngg™") Plasma (ngml™")
ESCIT (0.63) 190+41 2246
ESCIT (2.5) 699 + 108 96 +24
CIT (1.25) 229141 3917
CIT (5) 528 +25 96+ 13

Data are mean+s.e.m. of four rats per group.

(Hyttel, 1977). In line with these results, we found that the
brain concentrations of S-citalopram 40 min after injection of
0.63mgkg~"' (586nM) or an equivalent dose of S-citalopram
contained in the racemate (706 nM) were well above the 1Cs,
for inhibition of [*H]5-HT uptake in rat brain synaptosomes
(1.5-2.1nM) (Hyttel et al., 1992; Sanchez et al., 2003) and in
cells expressing the human 5-HT transporter (2.5-6.6nM)
(Owens et al., 2001; Sanchez et al., 2003).

Short-term (2-day) infusion of 10mgkg 'day~' ESCIT
increased extracellular 5-HT in the prefrontal cortex to
257% of the basal value. This effect is similar to that observed
in the prefrontal cortex of rats infused with 20 mgkg~'day~'
CIT (306%) and comparable to that in rats acutely injected
with 0.63mgkg™" ESCIT (298%), a dose that maximally
increased extracellular 5-HT (present study). In addition, a
challenge dose of 2.5mgkg™! ESCIT or 5mgkg! CIT
significantly raised extracellular 5-HT in the prefrontal cortex
of rats given chronic PBS, but had no effect in rats given the
drugs for 2 days. These results indicate that both doses of
ESCIT and CIT infused through the osmotic pump maximally
increased extracellular 5-HT levels, so the transporter sites are
presumably saturated by the brain concentrations of S-
citalopram achieved after the infusion of 10mgkg™'day™
ESCIT and 20mgkg'day~' CIT (228 and 33lngg’',
respectively). Plasma levels of S-citalopram in rats infused
with ESCIT and CIT for 2 days (ca. 60 ngml™') are close to
plasma concentrations achieved in patients taking therapeutic
doses of ESCIT (Rochat et al., 1995; Sidhu et al., 1997; Zheng
et al., 2000; Waugh & Goa, 2003). In the rat, brain
concentrations of S-citalopram greatly exceed those in the
plasma and it is reasonable to assume that the same occurs in
humans. Thus, concentrations of the active enantiomer of CIT
at the site of action are presumably close to those saturating
the 5-HT transporter in both species. A recent positron
emission tomography imaging study showed that the binding
potential of [''C]JDASB, a selective ligand for the 5-HT
transporter, was reduced by about 80% in the striatum of
patients treated with 20mgday~"' CIT (Meyer et al., 2001).

Cortical extracellular 5-HT levels increased much more in
rats infused with 10 mgkg~'day~' ESCIT for 13 days than for
2 days. In line with these results, chronic treatment enhanced
the effect of fluoxetine, fluvoxamine and CIT on extracellular
5-HT levels (Bel & Artigas, 1993; Invernizzi et al., 1994; 1996;
Rutter et al., 1994; Kreiss & Lucki, 1995). However, other
studies did not confirm that chronic treatment enhanced
the effect of CIT on extracellular 5-HT (Hjorth & Auerbach,
1994; Gundlah et al., 1997). The greater effect of ESCIT
was apparently not due to pharmacokinetic reasons because
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plasma and brain concentrations of S-citalopram were
comparable after short- and long-term infusions, indicating
that the steady state was achieved in 2 days, in line with the
short half-life of ESCIT in the rat (about 1.5h) (Mork et al.,
2003), and then maintained for the duration of the study.

Surprisingly, the effect of CIT on extracellular 5-HT was not
enhanced after a 13-days continuous infusion. This apparently
contradicts the results with ESCIT and those obtained in our
previous study, showing that a low dose of CIT (1 mg/kg i.p.),
which had no effect in rats repeatedly injected with saline,
significantly increased extracellular 5-HT in those receiving
10mg/kg CIT twice daily for 2 weeks (Invernizzi et al., 1994).
ESCIT and CIT differ in their ability to raise extracellular 5-
HT in the rat frontal cortex (Mork et al., 2003). R-citalopram
had no effect by itself, but attenuated ESCIT-induced increase
of extracellular 5-HT (Mork et al., 2003). A 2-day infusion of
10mgkg~' ESCIT and 20 mgkg~" CIT increased extracellular
5-HT to a similar extent, whereas only the effect of ESCIT was
enhanced by 13 days infusion. Thus, it is conceivable that in
rats given chronic CIT, R-citalopram must be continuously
present to attenuate the effect of S-citalopram on extracellular
5-HT. We found that brain and plasma levels of ESCIT in rats
given CIT for 13 days were approximately 40-60% lower than
at 2 days. Similar findings were reported by Cremers et al
(2000b), who measured plasma levels of CIT at various times
after the continuous infusion of 20 mgkg~'day™"' CIT through
subcutaneous osmotic pumps. Although no statistical analysis
was presented, their data indicated that plasma levels of the
drug after 15 day’s infusion were about 50% lower than at 3
days. These findings raise the possibility that chronic infusion
did not enhance the effect of CIT on extracellular 5-HT due to
the decrease in brain levels of S-citalopram. However, further
studies are necessary to clarify the role of R-citalopram in the
long-term effects of CIT on extracellular 5-HT.

The effects of ESCIT and CIT on extracellular 5-HT were
enhanced by the selective 5-HT,, receptor antagonist
WAY100,635. It is unlikely that pharmacokinetic interactions
accounted for the greater effect of these drugs in rats receiving
WAY 100,635 because it did not affect brain availability of CIT
(Grignaschi et al., 1998; Cremers et al., 2000a). In addition,
2.5mgkg™" ESCIT and 5mgkg™' CIT evoked a maximal
increase in extracellular 5-HT, so under these experimental
conditions, the contribution of increased ESCIT levels to the
drug response would have been minimal. Thus, in accordance
with previous studies (Hjorth, 1993; Gartside et al., 1995;
Invernizzi et al., 1996; 1997; Gobert et al., 1997; Dawson et al.,
2000; Hervas et al., 2000), WAY 100,635 facilitates the effect
of ESCIT and CIT on extracellular 5-HT, presumably by
preventing the activation of 5-HT;p receptors by SSRIs
through an increased endogenous 5-HT tone in the dorsal
raphe. The effect of WAY 100,635 was similar in rats infused
with vehicle and in those receiving ESCIT or CIT for 2 or 13
days. Thus, the indirect activation of 5-HT,, autoreceptors,
which restrain the effect of ESCIT and CIT on 5-HT release, is
maintained after chronic treatment. Previous studies have
in fact shown that blockade of 5-HT,;, receptors enhances
the effect of chronic CIT treatment on extracellular 5-HT
(Arborelius et al., 1996; Gundlah et al., 1997).

In previous studies (Hjorth & Sharp, 1991; Invernizzi et al.,
1994; 1996), 8-OH-DPAT (0.025 mgkg™") reduced extracellu-
lar 5-HT levels in the prefrontal cortex of rats infused
chronically with saline. This inhibitory effect of 8-OH-DPAT

on 5-HT release was significantly attenuated in rats infused
with ESCIT and CIT for 13 days. Similar results were obtained
in rats injected with 10 mgkg™"i.p. CIT twice daily for 14 days
(Invernizzi et al., 1994) and challenged with 0.025mgkg™" 8-
OH-DPAT 24h after the last dose of the chronic schedule.
Studies with other SSRIs, in particular fluoxetine, confirmed
that 5-HT,, receptors are desensitized by chronic treatment
and coadministration of the 5-HT;, receptor antagonists
WAY 100,635 or pindolol prevented the desensitization of 5-
HT,5 receptors induced by the SSRI alone (Dawson et al.,
2000; 2002; Hervas et al., 2001). These results are consistent
with electrophysiological evidence that the function of 5-HT 5
receptors of the dorsal raphe is reduced by chronic treatment
with CIT and other SSRI (Blier & De Montigny, 1983; Blier
et al., 1984; Chaput et al., 1986), and suggest that chronic
treatment with ESCIT and CIT desensitizes 5-HT, receptors
controlling the release of 5-HT in the prefrontal cortex. Other
microdialysis studies failed to confirm the desensitization of 5-
HT, receptors in rats given chronic CIT (Auerbach & Hjorth,
1995). As already discussed by Auerbach & Hjorth (1995),
the contrasting results may be related to the use of different
experimental conditions, and in particular to anaesthesia.
In fact, the studies reporting the desensitization of 5-HT 5
autoreceptors after chronic SSRIs were conducted in awake
rats (Invernizzi et al., 1994; 1996; Dawson et al., 2000; Hervas
et al., 2001), whereas failure to detect desensitization was
reported in anaesthetized rats (Hjorth & Auerbach, 1994;
Auerbach & Hjorth, 1995).

In line with previous studies (Invernizzi et al., 1994;
Arborelius er al., 1996), 24h after removal of the osmotic
pump, when plasma and brain concentrations of S-citalopram
were below the limit of quantification of the analytical
procedure, the basal extracellular levels of 5-HT in the
prefrontal cortex of rats given ESCIT for 13 days were not
significantly different from PBS-treated rats. The fact that 5-
HT,, autoreceptors were desensitized at this same interval
suggests that the hypofunction of 5-HT, 5 autoreceptors is not
sufficient to increase extracellular 5-HT. Accordingly, block-
ade of 5-HT,, receptors with WAY 100,635 had no effect on
extracellular 5-HT (Gobert et al., 1997, Dawson & Nguyen,
1998).

It may appear surprising that the selective 5-HT,, receptor
antagonist WAY 100,635 is able to enhance the effect of ESCIT
and CIT on extracellular 5-HT in spite of the desensitization
of 5-HT,, receptors. This raises the question of the relevance
of 5-HT;, receptor desensitization for the enhancement of
extracellular 5-HT after chronic treatment with SSRIs. It may
be expected that WAY 100,635 would reduce or have no effect
on the SSRI-induced increase of extracellular 5-HT if
the 5-HT,5, receptors were desensitized. In actual fact,
WAY100,635 enhanced extracellular 5-HT in the prefrontal
cortex of rats receiving chronic ESCIT or CIT. The persistent
effect of WAY100,635 confirms previous data (Arborelius
et al., 1996; Gundlah et al., 1997, Hervas et al., 2001), and
indicates that chronic SSRIs only partially desensitizes 5-HT 5
receptors. In accordance with this interpretation, the blunted
response to low doses of 8-OH-DPAT on 5-HT release,
synthesis and firing activity of 5-HT neurons in rats given
chronic SSRI is reinstated by increasing the dose of the agonist
(Chaput et al., 1986; Bohmaker et al., 1993; Invernizzi et al.,
1994; Jolas et al., 1994; Rutter et al., 1994; Cremers et al.,
2000b). Taken together, these findings indicate that although
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5-HT,a receptors controlling 5-HT release in the prefrontal
cortex are desensitized, they can still limit the increase of
extracellular 5-HT after chronic administration of ESCIT and
CIT. Therefore, it appears that 5-HT,, autoreceptor desensi-
tization plays a minor role in enhancing the effect of chronic
SSRI on extracellular 5-HT. It remains to be established
whether other adaptive changes occurring after chronic
treatment with SSRIs such as the desensitization of terminal
5-HT,3 receptors or of the NMDA receptors controlling 5-HT
release (Nowak et al., 1996; Pallotta er al., 2001) contribute to
the enhancement of extracellular 5-HT.

In conclusion, the present results show that chronic ESCIT
treatment desensitizes 5-HT 5 receptors, controlling the release
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