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Abstract:

Background: Selective serotonin reuptake inhibitors (SSRIs) are the most widely prescribed antidepressant class today and exert

their effects by increasing synaptic concentrations of serotonin (5-HT).The forced swim test (FST) is the most widely used animal

test predictive of antidepressant action. Rationale of the present study was to investigate the acute effects of citalopram on hepatic

tryptophan metabolism and disposition in rats exposed to FST.

Methods: We investigated the effects of acute citalopram (20 mg/kg, ip) administration on rat’s behavioral responses in FST para-

digm, hepatic tryptophan 2,3-dioxygenase (TDO) activity, serum corticosterone levels and brain regional 5-HT metabolism.

Results: Citalopram administered to swim-stressed rats showed a decrease in FST-induced increases in plasma corticosterone con-

centration and 5-HT turnover in hypothalamus, amygdala and hippocampus. The drug also decreases immobility and increases

swimming during the FST. Citalopram administration to unstressed rats increases plasma corticosterone concentration but decreases

5-HT turnover in all three brain areas examined.

Conclusions: Our findings support the hypothesis that acute citalopram administration increases tryptophan (by inhibiting TDO ac-

tivity) availability for 5-HT synthesis and activates serotonergic neurotransmission in limbic brain areas in rats exposed to FST para-

digm. The mechanism of action of citalopram in ameliorating social stress related depressive disorder in humans is discussed.
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Introduction

The brain indolylamine, 5-hydroxytryptamine (sero-

tonin, 5-HT) has long been implicated for the regula-

tion of mood. Different types of acute stress are asso-

ciated with increased 5-HT turnover in amygdala, nu-

cleus accumbens and lateral hypothalamus [35], and

serotonin release may have both anxiogenic and anx-

iolytic effects, depending on the region of the fore-

brain involved and receptor subtype activated. Anxio-

genic effects are mediated via the 5-HT2A receptor,

whereas stimulation of 5-HT1A receptor is anxiolytic

that may relate to adaptive response to aversive events

[10]. Deakin and Graeff [16] have suggested that

5-HT neurons in the raphe that project onto post-

synaptic 5-HT1A receptors in the hippocampus main-

tain adaptive behaviors in the hippocampus face

of aversive stimuli. They further hypothesized that

a failure of these systems leads to helplessness in ani-

mals and depression in humans. Serotonergic mecha-

nisms in the central nervous system (CNS) may also

serve to induce hormonally-mediated responses as

a result of psychological stress [1] that increase the

synthesis and release of cortisol, which in turn serves

to mobilize and replenish energy stores [44]. Experi-
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mental procedures, such as adrenalectomy and corti-

costeroid administration to intact rats, allowed the

recognition of the direct and indirect control of central

5-HT synthesis by corticosteroids. These effects indi-

cate that the activity of the hypothalamic–pitui-

tary–adrenal (HPA) axis, whether under basal condi-

tions or during stress, is endowed with a modulatory

action upon serotonergic neurons [27].

Rapid depletion of plasma tryptophan with pre-

sumed decrease in central 5-HT concentration causes

a return of depressive symptoms in antidepressant

treated patients [17], supporting role of 5-HT in action

of antidepressants. The pharmacological profile of

citalopram lacked its effects on other monoamine re-

uptake mechanism and has low affinity for the recep-

tors of a variety of neurotransmitters. Evidences

showing the acute and long term treatment of citalo-

pram have suggested its anxiogenic and anxiolytic

profile, respectively. Inoue and coworkers have re-

ported that citalopram (10 mg/kg) was effective in re-

ducing stress induced freezing behavior that may be

involved in the therapeutic effects of citalopram in

anxiety disorder [30]. It was considered that antifreez-

ing effects in anxiety model were produced as a result

of increasing 5-HT levels in nerve terminals that is

closely related to the pharmacological effects of se-

lective 5-HT reuptake blocker class of anxiolytics. It

was suggested that antifreezing like effects were me-

diated by facilitation of serotonergic neurotransmis-

sion by 5-HT blockers rather than inhibition in its ter-

minal release and firing activity by the activation of

5-HT1A auto receptors that also suppress serotonin

synthesis [26]. We have reported that peripheral tryp-

tophan 2,3-dioxygenase (TDO) is inversely related to

the brain tryptophan concentration and that concentra-

tions can be increased by inhibiting TDO activity [4].

It remains, however, unclear whether important mod-

erate changes in peripheral tryptophan concentrations

are in etiology of stress related disorders. The impor-

tance of TDO in regulation of serotonin synthesis is

evident from the observation that majority of patients

suffering from depression have elevated cortisol lev-

els [15]. It is clear, however, that TDO expression and

activity can be increased by stress-related glucocorti-

coid hormones via action at both transcriptional and

translational levels [40]. Previous work from our

laboratory has shown that acute administration of

citalopram (10 mg/kg) in rats increased plasma and

brain tryptophan concentration but decreased 5-

hydroxyindole acetic acid (5-HIAA) with no change

in brain 5-HT concentration [4]. Citalopram is a po-

tent and selective inhibitor of 5-HT uptake and

is well tolerated in the therapeutic dose range of

20–60 mg/day; therefore, we chose an effective mini-

mum therapeutic dose of 20 mg/kg/day for the present

investigation. Rationale of the present study was to

investigate the acute effects of citalopram (20 mg/kg)

on hepatic tryptophan metabolism and disposition in

rats exposed to forced swim test (FST).

Materials and Methods

Animals and treatment

All animal procedures described below were con-

ducted in strict accordance with the national research

council for the care and use of laboratory animals

(1996). Ethical approval was obtained from institu-

tional animal ethics committee, University of Kara-

chi. All efforts were made to minimize the number of

animals and any pain/distress they might incur. Adult

male albino Wistar rats (weighing 150–200 g) were

used throughout the study. All animals were housed

six per cage under natural light–dark conditions at 25

± 2°C and maintained on lab chow and water ad libi-

tum under standard housing condition. Rats were di-

vided into two groups (Saline and Drug) consisting of

12 each. Saline (0.95%, w/v) and drug (citalopram)

treated groups were further assigned to an unstressed

and a stressed subgroup (n = 6 each). Citalopram was

dissolved in a mixture of dimethylformamide (DMF) :

saline (1:3 v/v) and was administered intraperito-

neally (ip) at a dose of 20 mg/kg/ml/body weight. Af-

ter 3.5 h of saline/drug administration, the animals

were subjected to either FST (stressed group) or re-

mained in their home cages (unstressed control group)

and were killed immediately by decapitation at re-

spective time intervals. Serum, brain regions and per-

fused livers were isolated and were stored at –70°C

until analysis.

FST procedure and behavioral analysis

Animals were exposed to the FST [39]. They were

placed in a cylinder glass tank (46 cm tall × 20 cm in

diameter) of water (21 ± 2°C) filled to a depth of

30 cm. The water depth of 30 cm allowed the rats to
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swim or float without hind limbs touching the bottom

of the tank. Rats were individually placed in the water

for 15 min pretest. Upon removal, animals were towel

dried before returning to their cages. Twenty four

hours later, rats were injected saline or drug. Later, af-

ter 3.5 h, rats were placed once more in the tank for

5 min test swim. Behavior during test swimming ses-

sion was scored using a time sampling method [19].

One of the three behaviors was recorded every five

seconds. Immobility was scored when the animal was

making the maximum movements necessary to stay

afloat. Swimming was scored when the animal actively

swam around the tank, making movements greater than

those necessary to stay afloat. Climbing was scored

when the animal made vigorous thrashing movements

with its forepaws, usually directed against the sides of

the tank. Behavioral results are shown as the total

number of counts for each behavioral category.

Enzymatic determination

Tryptophan 2,3-dioxygenase (TDO) was determined

in homogenates prepared from frozen perfused livers

using Ultra-Turrax homogenizer either in the absence

(holoenzyme activity) or in the presence (total en-

zyme activity) of added (2 µM) hematin (dissolved in

0.1 M NaOH) as described earlier [6]. The apoen-

zyme activity was obtained by the difference of total

enzyme activity and holoenzyme activity.

Corticosterone measurement

Serum corticosterone was determined spectrofluo-

rimetrically according to Glick et al. [24].

Brain neurochemical analysis

After decapitation, the brains were rapidly removed

and hypothalamus, amygdala and hippocampus were

isolated on ice. After weighing the respective regions,

the tissues were homogenized and deproteinized in

5 volumes of extraction buffer, containing 0.4 M per-

chloric acid, 0.1% sodium metabisulfite, 0.1% ethyle-

nediaminetetraacetic acid (EDTA) and 0.01% cys-

teine at 4°C. After centrifugation, the supernatants

were stored at –70°C. The analytical measurements

were performed by high performance liquid chroma-

tography using an electrochemical detector. A reverse

phase column was used for analysis of 5-HT and its

major metabolite 5-HIAA. The ratio of 5-HIAA/5-HT

was used as an index of 5-HT turnover. The mobile

phase consisting of methanol (18%), octyl sodium

sulfate (0.03%) and EDTA (0.005%) in a 0.1 M so-

dium phosphate buffer, pH 2.9 was passed through the

ODS separation column (25 cm × 4.6 mm) at a con-

stant flow rate (1 ml/min) with an operating pressure

of 2000 – 3000 psi, using a 200 series pump. Electro-

chemical detection was performed on Perkin Elmer

VT 03 detector at an operating potential of 0.8 V [33].

Drugs and chemicals

The drug – citalopram hydrobromide, was a gift from

Lundbeck Pakistan Private Ltd. All other chemicals

used were from Sigma-Aldrich, St. Louis, MO, USA.

Statistical analysis

The results are expressed as the means ± standard error

of the means (SEM). The results were analyzed using

Students t-test and two-way ANOVA followed by

post-hoc analysis Newman-Keuls q test. The p value

< 0.05 was considered to be statistically significant.

Results

Effects of citalopram on behavior of rats in the FST

Figure 1 shows the effects of citalopram on behavior

of rats in the FST. Immobility time was decreased by

68% (p < 0.01), swimming was increased by 171%

(p < 0.01) but no effect on climbing was observed.

Effects of citalopram on TDO activity in liver

of rats

Table 1 shows significant effect of FST on holoen-

zyme activity F = 105.79 (p < 0.01), apoenzyme F =

24.36 (p < 0.01) and total enzyme F = 314.37 (p <

0.01). Citalopram showed significant effects on

holoenzyme F = 22.7 (p < 0.01) and total enzyme ac-

tivities F = 28.94 (p < 0.01), while showed insignifi-

cant effect on apoenzyme activity. FST × drug inter-

action showed insignificant effect on apoenzyme ac-

tivity while showed significant effect on holoenzyme

F = 18.63 (p < 0.01), and total enzyme activity F =

9.92 (p < 0.05).
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Effects of the citalopram on serum corticoster-

one concentration in rats

Figure 2 shows the effects of the FST on serum corti-

costerone concentration and its modulation by citalo-

pram. The FST increased serum corticosterone con-

centration by almost twofold (F = 168.37; p < 0.01)

and citalopram almost abolished this increase. Ad-

ministration of citalopram to unstressed rats, however,

caused a 37% increase in corticosterone concentration

(p < 0.01). The effect of FST × Drug interaction was

also significant (F = 503.67; p < 0.01).

Effects of citalopram on brain regional 5-HT

and 5-HIAA concentrations in rats

Figures 3–5 show the effects of citalopram on brain

regional 5-HT and 5-HIAA concentrations in the

forced swim-stressed rats. Statistical analysis by two

way ANOVA showed that swim stress caused signifi-

cant decrease in 5-HT levels in hypothalamus (F =

260.8; p < 0.01), amygdala (F = 707; p < 0.01) and

hippocampus (F = 133.9; p < 0.01), whereas 5-HIAA

levels were significantly reduced only in hypothalamus

(F = 13.39; p < 0.01) and hippocampus (F = 100.3; p <

0.01). As a result of these changes, the 5-HIAA/5-HT

ratio (indicative of 5-HT turnover) was significantly

increased by the FST in all three areas (p < 0.01).

In comparison to saline-treated rats, citalopram

increased 5-HT concentrations in the hypothalamus

(F = 1474.6; p < 0.01) and hippocampus (F = 2251.8;

p < 0.01) while decreased in amygdala (F = 481.3; p <

0.01). By contrast, 5-HIAA was significantly decreased

in all three regions: hypothalamus (F = 101; p < 0.01)

amagdala (F = 118.7; p < 0.01) and hippocampus (F =

56.0; p < 0.01). As a result of the above changes, cita-

lopram decreased significantly the 5-HIAA/5-HT ra-

tio in all three areas (p < 0.01). The effect of FST ×

drug interaction produced significant change in 5-HT

levels in hypothalamus (F = 1120.5; p < 0.01), amyg-

dala (F = 942.5; p < 0.01), and hippocampus (F =

99.69; p < 0.01) with significant change in 5-HIAA

levels in all three regions: hypothalamus (F = 52.96;

p < 0.01), amygdala (F = 34.02; p < 0.01) and hippo-

campus (F = 49.26; p < 0.01). Similarly, the effect of
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Fig. 1. Effects of acute administration of citalopram (20 mg/kg) on be-
haviors of rats in forced swim test (FST). Experimental details are
given in Materials and Methods. All values are the means ± SEM for
each group of six rats. Statistical analysis was performed using Stu-
dent�s t-test. The significance of difference is indicated by * p < 0.01

Tab. 1. Effects of citalopram on tryptophan 2,3 dioxygenase activity in liver of rats

Enzyme activity (µmoles
of kynurenine formed/h/g
wet wt.of liver)

Saline Drug Two way ANOVA (DF 1,20)

Unstressed Stressed Unstressed Stressed FST Drug FST ´ drug

Holo enzyme 3.44 ± 0.04 1.19 ± 0.08** 2.04 ± 0.25** 1.12 ± 0.13** F = 106

p < 0.01

F = 23

p < 0.01

F = 19

p < 0.01

Apo enzyme 2.19 ± 0.05 1.69 ± 0.07* 2.43 ± 0.27 1.48 ± 0.07** F = 24

p < 0.01

0.004

NS

F = 2.17

NS

Total enzyme 5.56 ± 0.07 2.89 ± 0.07** 4.47 ± 0.21† 2.60 ± 0.08** F = 314

p < 0.01

F = 29

p < 0.01

F = 10

p < 0.01

Experimental details are given in Material and Methods section. All values are the means ± SEM for each group of six rats, statistical analysis
was performed using two way ANOVA followed by Newman-Keuls q-test. The significance of difference is indicated by * p < 0.05, ** p < 0.01,
when stressed group was compared with respective controls and � p < 0.01, when drug injected group was compared with similarly treated
saline controls



FST × drug interaction on 5-HIAA/5-HT ratio was

found to be significant in all three areas (p < 0.01).

Discussion

The present study investigated the acute effects of

citalopram administration on serotonergic activity in

specific limbic brain areas and HPA axis response fol-

lowing the FST exposure in rats. Citalopram induced

active coping behavior by decreasing floating and in-

creasing swimming behavior in rats (Fig. 1). These ef-

fects are consistent with findings reported earlier that

chronic (1 week) citalopram treatment increased

swimming activity in rats [3, 14]. Other SSRIs such as

fluoxetine (20 mg/kg) increase swimming [36], how-

ever, paroxetine (7.5 mg/kg) was found to be ineffec-

tive to reduce immobility time in FST [12]. This dis-

crepancy could be attributed to duration of antidepres-
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Fig. 2. Effects of acute administration of citalopram (20 mg/kg) on se-
rum corticosterone levels in rats. Experimental details are given in
Materials and Methods section. Statistical analysis was performed
using two way ANOVA followed by Newman-Keuls q-test. All values
are the means ± SEM for each group of six rats. The significance of
the difference is indicated by * p < 0.01, when stressed group was
compared with respective controls and � p < 0.01, when citalopram
injected group was compared with similarly treated saline controls

Fig. 3. Effects of acute administration of citalopram (20 mg/kg) on
brain regional (hypothalamus) 5-HT and 5-HIAA concentrations and
5-HIAA/5-HT ratio in rats. Experimental details are given in Materials
and Methods section. Statistical analysis was performed using two-
way ANOVA followed by Newman-Keuls q-test. All values are the
means ± SEM for each group of six rats. The significance of the differ-
ence is indicated by * p < 0.05, ** p < 0.01, when stressed group was
compared with respective controls and �� p < 0.01, when citalopram
injected group was compared with similarly treated saline controls
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Fig. 5. Effects of acute administration of citalopram (20 mg/kg) on
brain regional (hippocampus) 5-HT and 5-HIAA concentrations and
5-HIAA/5-HT ratio in rats. Experimental details are given in Materials
and Methods section. Statistical analysis was performed using two-
way ANOVA followed by Newman-Keuls q-test. All values are the
means ± SEM for each group of six rats. The significance of the differ-
ence is indicated by ** p < 0.01, when stressed group was compared
with respective controls and �� p < 0.01, when citalopram injected
group was compared with similarly treated saline controls

Fig. 4. Effects of acute administration of citalopram (20 mg/kg) on
brain regional (amygdala) 5-HT and 5-HIAA concentrations and
5-HIAA/5-HT ratio in rats. Experimental details are given in Materials
and Methods section. Statistical analysis was performed using two-
way ANOVA followed by Newman-Keuls q-test. All values are the
means ± SEM for each group of six rats. The significance of the differ-
ence is indicated by* p < 0.05, ** p < 0.01, when stressed group was
compared with respective controls and �� p < 0.01, when citalopram
injected group was compared with similarly treated saline controls



sants treatment as well as to dose used for behavioral

analysis. It was suggested that the chronic treatments

are more effective to evaluate the effects of antide-

pressant medications, which are thought to be more

clinically relevant [18, 19].

The results of the present study are in agreement

with our previous finding that shows swim stress in-

duced increase in 5-HT turnover in the brain areas in

rats [2]. Drossopoulou et al. [20] reported increased

5-HT turnover in hypothalamus in rats subjected to

FST. Similar to our findings others studies showed de-

creased 5-HT levels without subsequent increase of

5-HT turnover in the hypothalamus of male rats fol-

lowing swim stress exposure [11, 13]. It could be sug-

gested from the present findings that an increase in

the firing activity of the serotonergic neurons and sub-

sequent increase in 5-HT turnover in limbic brain

areas trigger the swim stress-evoked behavioral im-

mobility in rats. Also, an increase in 5-HT synthe-

sis/turnover has been associated with foot shock stress

[21, 22] and with immobilization stress in some lim-

bic brain areas [43]. An increased 5-HT metabolism

in hippocampus following FST in present study are

comparable to recently reported [25] increased 5-HT

metabolism in the hippocampus at 24 h after termina-

tion of 2 h restrained stress. It was suggested that de-

creased 5-HT availability in hippocampus following

stress may impair adaptation and lead to behavioral

depression. Other studies also show that stress-

induced increase in brain 5-HT is caused by an in-

crease in the availability of tryptophan the precursor

of 5-HT [9, 34]. It appears that stress-induced in-

crease in catecholamines might have increased avail-

ability of free fatty acid, causing displacement of

plasma protein-bound tryptophan thereby increasing

free tryptophan for uptake to the brain for 5-HT syn-

thesis. Also, acute stress increases brain 5-HT turn-

over, which provokes negative feedback control of

cortisol on the HPA axis as a biological mechanism

for stress adaptation [45], whereas chronic stress de-

creases 5-HT turnover [23]. Therefore, impairment in

5-HT activity may deteriorate HPA axis function and

reduce stress adaptation in animals [41]. On the other

hand, citalopram administration to swim-stressed rats

decreased both FST-related increased corticosterone

levels (Fig. 2) and 5-HT turnover in all brain areas

(Figs. 3–5) that could be related to respective increase

in swimming behavior assessed during the test ses-

sion. Earlier, acute administration of serotonergic

drugs, including 5-HT reuptake blockers, has been re-

ported to increase brain 5-HT synthesis by inhibiting

TDO enzyme and increasing precursor availability to

the brain [4, 5, 42]. Present study also shows inhibi-

tion in TDO enzyme activity by the citalopram at

20 mg/kg doses (Tab. 1). In present findings, the in-

creased 5-HT contents in limbic brain areas may rep-

resent an increase in 5-HT synthesis following citalo-

pram administration to stressed rats and the decreased

5-HIAA levels might reflect inhibition in 5-HT reup-

take that predominantly suggests the mechanism of ac-

tion of citalopram as a reuptake blocker. These reup-

take blockers appear to enhance synaptic 5-HT levels

and predominantly work by binding to the 5-HT

transporters, inhibiting the operation of the reuptake

mechanism. The sustained levels of 5-HT in the

synaptic cleft alleviate depression. Hyttel [28] re-

ported that citalopram, at doses that profoundly affect

5-HT reuptake, did not appear to alter the endogenous

levels of 5-HT, norepinephrine and dopamine in rat

brain. Citalopram decreases 5-HT synthesis and turn-

over presumably by increasing synaptic levels of

5-HT, resulting in decreased 5-HT neuronal firing via

feedback inhibition [29]. In contrast, we have found

that citalopram (20 mg/kg) increases 5-HT synthesis

and release, which is also reflected by the increase in

swimming time during FST. Recently, it has been

reported that subchronic treatment of citalopram

(20 mg/kg) in various strains of mice decrease immo-

bility and increase swimming behavior in FST but no

change in locomotor activity in open field except

BALB/cByJ strain [32], yet it remains to see whether

the drug at similar dose also affects locomotor activity

in rats.

In view of these findings, the increased 5-HT con-

tent and decreased 5-HT turnover in citalopram

administered-unstressed rats in brain areas examined

may also provide evidence for the increase in 5-HT

synthesis by citalopram (Figs. 3–5). Unstressed rats,

in the present findings, showed an increase in the cor-

ticosterone levels that confirms the previous studies

suggesting that the administrations of antidepressants

that selectively enhance 5-HT release and block its re-

uptake, elevate corticotrophin releasing hormone [7,

37]. Previous evidences in support of our findings

have found elevation in corticosterone levels follow-

ing citalopram administration to unstressed rats [31,

38]. It can be suggested that the central serotonergic

system exerts a positive control on HPA axis and auto-

nomic nervous system, and that, reciprocally, corti-
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costerone and catecholamines mediate stress-induced

alterations in the central serotonergic systems [8].

In conclusion, it can be suggested that citalopram

can control stress induced behavioral and neuro-

chemical disturbances through its inhibitory effects

on peripheral tryptophan catabolism, thus brain 5-HT

metabolism can play pivotal role in preventing stress

related disorders such as anxiety and depression in

humans.
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