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Abstract

Although complete remission of symptoms is the goal of any depression treatment, many patients fail to

attain or maintain a long-term, symptom-free status. The opioid system has been implicated in the aeti-

ology of depression, and some preclinical and clinical data suggest that opioids possess a genuine anti-

depressant-like effect. This study aimed to investigate a potential antidepressant strategy combining

different classes of monoaminergic compounds with the weak m-opioid agonist codeine in the tail sus-

pension test in mice, a paradigm aimed at screening potential antidepressants. The results showed that

codeine produced an antidepressant-like effect when administered alone, that was effectively antagonized

by the opioid antagonist naloxone. The combination of subeffective doses of codeine with the selective

serotonin reuptake inhibitors (fluoxetine or citalopram) lead to an accentuated reduction in immobility

time. In contrast, immobility time remained unchangedwhen codeine was combinedwith a noradrenaline

reuptake inhibitor (desipramine) or with a noradrenaline/serotonin reuptake inhibitor (duloxetine).

The immobility time also remained unchanged with the combination of subeffective doses of codeine

plus (¡)-tramadol (weak m-opioid agonist with serotonin/noradrenaline reuptake inhibitor properties)

or (x)-tramadol (noradrenaline reuptake inhibitor). Conversely, the combination with (+)-tramadol

(m-opioid agonist with serotonin reuptake inhibitor properties) produced a large decrease in the immo-

bility time. All these combinations were without effects on motor behaviour in mice. These data support

the hypothesis that a combination of classical serotonergic antidepressants and weak opioid receptor

agonists may be a helpful new strategy in the treatment of refractory depression.
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Introduction

Depression is characterized by a wide range of debili-

tating emotional and physical symptoms that are

thought to be mediated principally through the sero-

tonergic and noradrenergic systems (Nutt, 2008).

Although complete remission of symptoms is the goal

of depression treatment, many patients fail to attain

or maintain a long-term, symptom-free status. Recent

findings (STAR*D Study) indicate that about 63%

of patients with major depressive disorder fail to re-

spond to suitable first-line monotherapy with a selec-

tive serotonin reuptake inhibitor (SSRI). Furthermore,

when more treatment steps are required, lower acute

remission rates, and higher relapse rates during the

follow-up phase, are to be expected (Rush et al. 2006).

These observations suggest that residual depressive

symptoms predispose and portend a subsequent re-

lapse in depression. This is especially relevant in

long-term cases or when depression is comorbid

with another illness (psychiatric or not). For these

reasons, great interest has been shown in the dis-

covery and development of treatment augmentation
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strategies to improve the efficacy of antidepressants

compounds.

Many residual symptoms are also physical in na-

ture, pain being amongst these. Experiencing pain in

depressive disorders can complicate diagnosis and

impair treatment outcomes (Demyttenaere et al. 2006;

Greco et al. 2004). In fact, recognizing and optimizing

the management of pain that commonly co-exists with

depression may be important in enhancing depression

response and remission rates (Kroenke et al. 2008).

Opioid compounds, such as codeine, are mainly

used for the treatment of pain. However, in addition to

their analgesic effect, substantial evidence supports

the theory that opioid system-enhancing agents have

a genuine antidepressant effect (Jutkiewicz, 2006;

Tejedor-Real et al. 1998). In this sense, early studies

showed that chronic administration of the opioid an-

tagonist naltrexone induces a depression-like syn-

drome, indicating a general role for opioid systems in

depression (Hollister et al. 1981). Recent studies have

shown that patients with severe depression coupled

with anxiety display decreased serum b-endorphin

levels (Darko et al. 1992 ; Djurovic et al. 1999) and de-

creased m-opioid receptor availability (Kennedy et al.

2006). Furthermore, some clinical reports describe the

effectiveness of the m-opiate agonists, oxycodone and

oxymorphone, and the partial agonist, buprenorphine

in patients with refractory major depression (Bodkin

et al. 1995 ; Stoll & Rueter, 1999). Regarding codeine, to

the best of our knowledge there is no data about a

putative clinical antidepressant effect. However, the

data stated above suggests that endogenous opioid

neurotransmission could be altered in patients diag-

nosed with major depressive disorder.

Considering that opioidergic and monoaminergic

mechanisms extensively interact in the control of

nociception, opioid compounds are frequently co-

administrated with antidepressants to relieve pain

(Knotkova & Pappagallo, 2007). However, this strat-

egy has not yet been explored in depression. A re-

markable example that an opioid+monoaminergic

combination may be of utility in depression is (¡)-

tramadol, which is a weak agonist of m-opioid re-

ceptors and, like antidepressants drugs, is able to

inhibit the reuptake of serotonin (5-HT) and nor-

adrenaline (NA). It is a widely used analgesic, placed

on step 2 of the WHO’s pain ladder, and interestingly,

it has shown antidepressant properties, both clinically

and pre-clinically (Rojas-Corrales et al. 1998, 2002;

Shapira et al. 2001).

Bearing this in mind, we propose to explore a novel

strategy in the treatment of experimental depression,

combining opioid and monoaminergic compounds.

We will attempt to take advantage of the existing

knowledge of the effect of opioids and antidepressants

in two closely linked illnesses, depression and pain.

For this purpose, we have examined the effect of the

combination of the weak opioid codeine, an analgesic

placed on step 2 of the WHO’s pain ladder, with anti-

depressant drugs in the tail suspension test in mice.

The antidepressants studied were desipramine (NA

reuptake inhibitor), fluoxetine and citalopram (SSRIs)

and the dual antidepressant duloxetine (5-HT/NA

reuptake inhibitor). Additionally, owing to its phar-

macological profile, (¡)-tramadol and its enantiomers

were also explored in combination with codeine.

Method

Animals

Experiments were performed using albino male CD1

mice (25–30 g). All the animals were provided by the

‘Servicio de Experimentación y Producción Animal’

(SEPA) of the University of Cádiz. Animals were

maintained under standard conditions : 12-h light/

dark cycle (lights on 08:00 hours) with food and

water available ad libitum and a constant temperature

(21¡1 xC). All procedures and animal handling met

the guidelines of European Community directive 86/

609-EEC and Spanish Law (RD 1201/2005) regulating

animal research. The experimental protocols were re-

viewed and approved by the Local Committee for

Animal Experimentation of the Faculty of Medicine

at the University of Cádiz. Animals were housed in

groups of 10 and a 7-d acclimatization period was

allowed before the experiments. All mice were ex-

perimentally naive and used only once, and 10–14

animals were used per group. On each testing day, the

mice were brought into the behaviour room 2 h prior

to the test session in order to habituate them to the

environment. The experiments were performed in a

quiet room, during the light phase between 09:00 and

16:00 hours, by a single experimenter.

Drugs, treatment and experimental procedure

The following drugs were used in the study: codeine,

desipramine (provided by Sigma-Aldrich-Quimica,

Spain) ; fluoxetine and duloxetine (courtesy of Eli Lilly,

USA), citalopram (courtesy of Grünental, Germany) ;

(¡)-tramadol, (x)-tramadol and (+)-tramadol (cour-

tesy of Grünental-Andrómaco, Spain).

All drug solutions were prepared immediately be-

fore each trial and injected intraperitoneally in a vol-

ume of 10 ml/kg body weight 30 min before testing.

They were dissolved in physiological saline (0.9%

1034 E. Berrocoso and J.-A. Mico



NaCl) with the exception of duloxetine which was

dissolved in distilled water. Control animals received

saline (0.9% NaCl) only. The treatments were ad-

ministered under blind conditions.

First, the effect of codeine, a weak opioid agonist,

and the involvement of opioid receptors in this

effect was studied in the tail suspension test. Second,

dose–response studies were performed to assess the

antidepressant-like effect of each antidepressant

drug chosen to be combined with codeine in the tail

suspension test. Next, the maximal non-significant

doses were chosen for the interaction studies. Third,

dose–response studies were performed to assess the

antidepressant-like effect of the central acting anal-

gesic (¡)-tramadol and its enantiomers in the tail

suspension test. Then, the maximal non-significant

doses of (¡)-tramadol and its enantiomers were co-

administrated with a non-effective dose of codeine.

Additionally, because the tail suspension test is a

paradigm that evaluates the immobile/mobile behav-

iour of mice, muscular coordination and locomotor

activity was assessed for codeine and for each phar-

macological combination in order to explore the poss-

ible role of motor impairment in the results obtained in

the tail suspension test. Test procedure and evaluation

were carried out by a researcher who was blind to the

treatment condition.

Asssessment of antidepressant-like activity

(tail suspension test)

The tail suspension test has been chosen as a be-

havioural model predictive of the efficacy of anti-

depressant treatments (Perrault et al. 1992; Steru et al.

1985). The test is based on the fact that animals sub-

jected to the short-term, inescapable stress of being

suspended by their tail, will develop an immobile

posture. Antidepressant medications reverse the im-

mobility and promote the occurrence of escape-related

behaviour.

The test performed was a modified version of that

validated for NMRI mice by Steru and colleagues

(Steru et al. 1985). Thirty minutes after injection, mice

were individually suspended by the tail to a horizontal

ring-stand bar (distance from floor was 20 cm) using

adhesive tape (distance from tip of tail 2 cm). Typi-

cally, mice demonstrated several escape-oriented

behaviours interspersed with temporally increasing

bouts of immobility. A 6-min test session was video-

taped. Videotapes were subsequently scored by a

highly trained observer who was blind to the treat-

ment. The parameter recorded was the number of

seconds spent immobile.

Assessment of muscular coordination (tightrope test)

The tightrope test performed was a modified version

of that validated by Ingram and colleagues (Ingram

et al. 1981) for assessing balance and muscular coor-

dination in mice. In this test the mouse is placed on the

middle of a tightrope tied on each side to the rod of

a chemical stand. The tightrope, which is 60 cm in

length, is suspended above a mouse cage about 40 cm

above its bedding of wood shavings. The trial scores

positively when the mice reach the side poles at one

end or spend 1 min suspended. Failure is when the

animal falls from the rope and scores negatively. Each

trial lasted 1 min. The data are shown as the percent-

age of mice positively completing the test.

Assessment of locomotor activity

The mice’s spontaneous motor activity was measured

by SMART (spontaneous motor activity recording and

tracking) apparatus provided by Letica Scientific In-

struments. Amouse was placed in a Plexiglas chamber

(22r22r20 cm) and was allowed to explore freely. Its

activity was monitored for 6 min, i.e. the same time

used in the tail suspension test. Motor activity was

assessed following the arbitrary units established by

the SMART device.

Statistical analysis

Data were expressed as the mean¡S.E.M. of the par-

ameter measured and were analysed using a one-way

ANOVA followed by Dunnett’s test in the dose–

response studies. In the interaction study, data were

analysed using a two-way ANOVA followed by

Bonferroni’s post-hoc test. The factors evaluated (be-

tween subjects) were : codeine treatment and nalox-

one/antidepressant/tramadol treatment. p<0.05 was

considered to be statistically significant.

Results

Effect of codeine and its interaction with opioid

receptors

Dose–response studies were performed to assess the

antidepressant-like effect of codeine in the tail sus-

pension test (Fig. 1a). Codeine (10–40 mg/kg i.p) in-

duced a significant decrease in immobility time in a

dose-related manner (one-way ANOVA: F3,36=3.44,

p<0.05). Dunnett’s post-hoc analysis indicated that co-

deine shows an antidepressant-like effect at 40 mg/kg

(p<0.05). Furthermore, codeine treatment did not af-

fect either the muscular coordination in the tightrope
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test (F2,28=0.96, n.s.) or locomotor activity (F2,28=0.79,

n.s.) (Table 1).

In order to explore the possible opioid contribution

to the codeine antidepressant-like effect, an effective

dose of codeine (40 mg/kg i.p.) was co-administered

with the opioid receptor antagonist, naloxone (0.5 mg/

kg s.c.) (Fig. 1b). A two-way ANOVA revealed no

significant effect of codeine (F1,35=2.67, n.s.) or nalox-

one treatment (F1,35=1.31, n.s.), but there was a signi-

ficant interaction between codeinernaloxone (F1,35=
5.41, p<0.05). Bonferroni’s post-hoc test revealed

that naloxone significantly blocked the codeine effect

(p<0.05).

Effect of the combination: codeine+desipramine

Dose–response studies were performed to assess the

antidepressant-like effect of the NA reuptake inhibitor

desipramine, in the tail suspension test (Fig. 2a).

Desipramine (5–20 mg/kg i.p.) induced a significant

decrease in immobility time in a dose-related man-

ner (one-way ANOVA: F3,36=6.70, p<0.01). Dunnett’s

post-hoc analysis indicated that desipramine at 10 and

20 mg/kg significantly reduced the immobility time

compared to saline-treated animals (p<0.01, respect-

ively). Therefore, ineffective doses of both codeine

(20 mg/kg i.p.) and desipramine (5 mg/kg i.p.) were

co-administrated. Two-way ANOVA revealed no sig-

nificant effect of codeine (F1,36=0.02, n.s.), desipramine
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Fig. 1. Effect of codeine and its involvement with opioid

receptors in the tail suspension test. (a) Codeine

(10–40 mg/kg i.p.) significantly reduced the immobilitity

time (Dunnett’s post-hoc test). Asterisks indicate a significant

difference compared to saline (* p<0.05). (b) The opioid

receptor antagonist naloxone (0.5 mg/kg s.c.) blocked the

antidepressant-like effect displayed by codeine (40 mg/kg

i.p.) (Bonferroni’s post-hoc test). Asterisks indicate a

significant difference compared to saline (* p<0.05). Drugs

were administered 30 min before the test. Data represent the

mean¡S.E.M. of 10 animals per group.

Table 1. Effect of codeine and the drug combinations in

tightrope test and locomotor activity

Tightrope test (%) Activity

Saline 90.00¡10.00 2.78¡0.24

COD (20) 100.00¡0.00 2.48¡0.51

COD (40) 81.82¡12.20 2.81¡0.29

Saline 100.00¡0.00 2.51¡0.24

COD (20) 100.00¡0.00 2.85¡0.25

DMI (5) 100.00¡0.00 2.30¡0.18

COD+DMI 80.00¡13.33 2.39¡0.17

Saline 100.00¡0.00 2.72¡0.32

COD (20) 90.00¡10.00 2.03¡0.37

FIX (40) 50.00¡16.67* 0.76¡0.12***

COD+FLX 40.00¡16.33* 0.90¡0.12**

Saline 100.00¡0.00 2.74¡0.12

COD (20) 100.00¡0.00 2.45¡0.18

CIT (40) 90.00¡10.00 3.00¡0.34

COD+CIT 90.00¡10.00 3.39¡0.45

Saline 100.00¡0.00 2.51¡0.24

COD (20) 100.00¡0.00 2.85¡0.25

DLX(1.25) 80.00¡13.33 2.87¡0.20

COD+DLX 100.00¡0.00 4.22¡0.50**

Saline 80.00¡13.33 2.79¡0.39

COD (20) 90.00¡10.00 2.76¡0.24

(¡)-TRM (16) 90.00¡10.00 2.53¡0.25

COD+(¡)-TRM 100.00¡0.00 2.01¡0.35

Saline 80.00¡13.33 2.58¡0.42

COD (20) 90.00¡10.00 2.76¡0.24

(x)-TRM (32) 80.00¡13.33 1.93¡0.29

COD+(x)-TRM 90.00¡10.00 1.83¡0.34

Saline 100.00¡0.00 2.72¡0.32

COD (20) 90.00¡10.00 2.03¡0.37

(+)-TRM (16) 80.00¡13.33 2.43¡0.14

COD+(+)-TRM 90.00¡10.00 2.61¡0.24

COD, Codeine; DMI, desipramine ; FLX, fluoxetine ; CIT,

citalopram; DLX, duloxetine ; (¡)-TRM, (¡)-tramadol ;

(x)-TRM, (x)-tramadol ; (+)-TRM; (+)-tramadol.

Data represent the mean¡S.E.M. of 10–11 animals per group.

Drugs were intraperitoneally administered 30 min before

the test. The values within parentheses represent the dose

administered of each compound in mg/kg. Asterisks indicate

a significant difference compared to saline (Bonferroni’s

post-hoc test : * p<0.05, ** p<0.01, *** p<0.001).
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(F1,36=2.95, n.s.) or codeinerdesipramine interaction

(F1,36=0.00, n.s.) (Fig. 2b).

The combination of codeine (20 mg/kg i.p.) plus

desipramine (5 mg/kg i.p.) did not affect the muscular

coordination in the tightrope test (Table 1). A two-

way ANOVA showed no significant effect of co-

deine (F1,36=2.25, n.s.), desipramine (F1,36=2.25, n.s.)

or codeinerdesipramine interaction (F1,36=2.25, n.s.).

Similarly, locomotor activity was not affected (Table 1).

A two-way ANOVA showed no significant effect of

codeine (F1,36=0.98, n.s.), desipramine (F1,36=2.45, n.s.)

or codeinerdesipramine interaction (F1,36=0.36, n.s.).

Effect of the combination : codeine+SSRI

Dose–response studies were performed to assess

the antidepressant-like effect of the SSRI fluoxetine

(Fig. 3a). Fluoxetine (10–40 mg i.p.) showed a tend-

ency to decrease the immobility time, but no dose

tested reached statistical significance compared to

the control group (F3,36=1.11, n.s.). However, the

co-administration of codeine (20 mg/kg i.p.) and a

non-effective dose of fluoxetine (40 mg/kg i.p.) in-

duced a significant antidepressant-like effect (Fig. 3b).

Moreover, a two-way ANOVA demonstrated a signifi-

cant effect of codeine (F1,36=6.68, p<0.05), fluoxetine

(F1,36=10.39, p<0.01) and codeinerfluoxetine inter-

action (F1,36=4.33, p<0.05). Subsequently, Bonferroni’s

post-hoc test showed that codeine significantly de-

creased the immobility time of fluoxetine (p<0.01).

In the tightrope test, the administration of fluox-

etine (40 mg/kg i.p.) reduced muscular coordination

(Table 1). A two-way ANOVA revealed a significant

effect of fluoxetine (F1,36=15.52, p<0.001), but no sig-

nificant effect of codeine treatment (F1,36=0.62, n.s.)

or fluoxetinercodeine interaction (F1,36=0.00, n.s.).

Subsequently, Bonferroni’s post-hoc test showed that

fluoxetine, both alone and administered in combi-

nation with codeine, significantly decreased muscular

coordination (p<0.05 respectively). Similar results

were found in the locomotor activity test (Table 1).

A two-way ANOVA revealed a significant effect of

fluoxetine (F1,36=34.98, p<0.001), but no significant

effect was reached for codeine (F1,36=1.10, n.s.) or
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Fig. 2. Effect of the combination of the noradrenaline reuptake

inhibitor desipramine+codeine in the tail suspension test.

(a) Desipramine (5–20 mg/kg i.p.) significantly reduced the

immobilitity time (Dunnett’s post-hoc test) Asterisks indicate

a significant difference compared to saline (** p<0.01). (b) The

combination of subeffective doses of desipramine (5 mg/kg

i.p.) and codeine (20 mg/kg i.p.) did not significantly modify

the immobility time. Drugs were administered 30 min before

the test. Data represent the mean¡S.E.M. of 10 animals
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post-hoc test). Asterisks indicate a significant difference
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animals per group.
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fluoxetinercodeine interaction (F1,36=2.53, n.s.). Sub-

sequently, Bonferroni’s post-hoc test showed that

fluoxetine, both alone and administered in combi-

nation with codeine, significantly decreased locomotor

activity (p<0.01, p<0.001 respectively).

Citalopram, a SSRI, was studied in the tail sus-

pension test. Citalopram (5–80 mg/kg i.p) dose-

dependently reduced immobility time (one-way

ANOVA: F5,54=2.42, p<0.05) (Fig. 4a). Dunnett’s post-

hoc analysis indicated that citalopram showed anti-

depressant-like effects at 80 mg/kg compared to the

control group (p<0.05). As with fluoxetine, the com-

bination of subeffective doses of both, codeine (20 mg/

kg) and citalopram (40 mg/kg) provoked a significant

reduction in the immobility time (Fig. 4b). A two-way

ANOVA demonstrated a significant effect of codeine

(F1,52=5.63, p<0.05), citalopram (F1,52=19.46, p<0.001)

and codeinercitalopram interaction (F1,52=4.74, p<
0.05). Subsequently, Bonferroni’s post-hoc test showed

that codeine significantly decreased the immobility

time of fluoxetine (p<0.001).

The combination of codeine (20 mg/kg i.p.) plus

citalopram (40 mg/kg i.p.) did not affect muscular

coordination in the tightrope test (Table 1). A two-way

ANOVA showed no significant effect of codeine

(F1,36=0.00, n.s.), citalopram (F1,36=2.00, n.s.) or co-

deinercitalopram interaction (F1,36=0.00, n.s.). Simi-

larly, neither codeine nor citalopram treatment, either

alone or in combination, affected locomotor activity

(Table 1). A two-way ANOVA showed no significant

effect of codeine (F1,36=0.03, n.s.), citalopram (F1,36=
4.03, n.s.), or codeinercitalopram (F1,36=1.28, n.s.).

Effect of the combination: codeine+duloxetine

Dose–response studies were performed to assess the

antidepressant-like effect of the NA/5-HT reuptake

inhibitor duloxetine (Fig. 5a). Duloxetine (1.25–20 mg/

kg i.p) dose-dependently reduced immobility time

(one-way ANOVA: F5,54=5.27, p<0.001). Dunnett’s

post-hoc analysis indicated that duloxetine shows an

antidepressant-like effect at 2.5, 5, 10 and 20 mg/kg
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compared to the control group (p<0.05, p<0.05,

p<0.01 and p<0.01, respectively). As with desipram-

ine, the combination of a non-effective dose of codeine

at 20 mg/kg with duloxetine at 1.25 and 2.5 mg/kg

did not reveal any significant change in immobility

time (Fig. 5b). A two-way ANOVA revealed a sig-

nificant effect of duloxetine treatment (F2,54=8.48,

p<0.001), but no significant effect of codeine (F1,54=
0.52, n.s.) or any codeinerduloxetine interaction

(F2,54=0.94, n.s.). Subsequently, and as expected,

Bonferroni’s post-hoc test showed that duloxetine, at

2.5 mg/kg, significantly decreased the immobility

time.

Neither codeine (20 mg/kg i.p.) nor duloxetine

(1.25 mg/kg i.p.) treatment, either alone or in combi-

nation, affected muscular coordination in the tightrope

test (Table 1). A two-way ANOVA showed no signifi-

cant effect of codeine (F1,36=2.25, n.s.), duloxetine

(F1,36=2.25, n.s.), or codeinerduloxetine interaction

(F1,36=2.25, n.s.). However, codeine (20 mg/kg i.p.)

co-administrated with duloxetine (1.25 mg/kg i.p.)

increased locomotor activity (Table 1). A two-way

ANOVA demonstrated a significant effect of codeine

(F1,36=6.90, p<0.05) and duloxetine (F1,36=7.30, p<
0.05) but not codeinerduloxetine (F1,36=2.48, n.s.).

Bonferroni’s post-hoc comparisons revealed that the

combination of codeine+duloxetine significantly in-

creased motor activity (p<0.01).

Effect of the combination : codeine+(¡)-tramadol

and its enantiomers

First, dose-response studies were performed to assess

the antidepressant-like effect of (¡)-tramadol, the

opioid with NA/5-HT reuptake-inhibiting properties

(Fig. 6a). (¡)-Tramadol (16–64 mg/kg i.p.) induced a

significant decrease in immobility time in a dose-

related manner (one-way ANOVA: F3,36=4.89, p<
0.01). Dunnett’s post-hoc analysis indicated that (¡)-

tramadol at 32 and 64 mg/kg significantly decreased

immobility time compared with saline-treated animals

(p<0.05, p<0.01, respectively). The administration of

non-effective doses of codeine (20 mg/kg i.p.) and (¡)-

tramadol (16 mg/kg i.p.) did not induce any sig-

nificant effect in immobility time (Fig. 6b). A two-

way ANOVA revealed no significant effect of codeine

(F1,36=0.23, n.s.), (¡)-tramadol (F1,36=0.40, n.s.) or co-

deiner(¡)-tramadol (F1,36=0.01, n.s.).

Neither codeine (20 mg/kg) nor (¡)-tramadol

(16 mg/kg) treatment, either alone or in combination,

affected muscular coordination in the tightrope test

(Table 1). A two-way ANOVA showed no signifi-

cant effect of codeine (F1,36=1.06, n.s.), (¡)-tramadol

(F1,36=1.06, n.s.) or codeiner(¡)-tramadol interaction

(F1,36=0.00, n.s.). In respect of locomotor activity

(Table 1), a two-way ANOVA did not demonstrate

any significant effect of codeine (F1,36=0.79, n.s.), (¡)-

tramadol (F1,36=2.60, n.s.) or codeiner(¡)-tramadol

(F1,36=0.62, n.s.).

Second, dose–response studies were performed to

assess the antidepressant-like effect of (x)-tramadol,

the NA reuptake inhibitor (Fig. 7a). (x)-Tramadol

(16–64 mg/kg i.p.) induced a significant decrease

in immobility time in a dose-related manner (one-

way ANOVA: F3,36=3.39, p<0.05). Dunnett’s post-hoc

analysis indicated that (x)-tramadol at 64 mg/kg sig-

nificantly decreased the immobility time compared to

control (p<0.05). As with (¡)-tramadol, the adminis-

tration of codeine (20 mg/kg i.p.) and (x)-tramadol

(32 mg/kg i.p.) did not show any significant effect

(Fig. 7b). A two-way ANOVA revealed no significant

effect of codeine (F1,36=0.01, n.s.), (x)-tramadol (F1,36=
0.15, n.s.) or codeiner(x)-tramadol (F1,36=0.27, n.s.).

Neither codeine (20 mg/kg) nor (x)-tramadol

(32 mg/kg) treatment, either alone or in combination,
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Fig. 6. Effect of the combination of (¡)-tramadol+codeine in

the tail suspension test. (a) (¡)-tramadol (16–64 mg/kg i.p.)

significantly reduced the immobility time (Dunnett’s post-hoc

test). Asterisks indicate a significant difference compared to

saline (* p<0.05, ** p<0.01). (b) The combination of

subeffective doses of (¡)-tramadol (16 mg/kg i.p.) and

codeine (20 mg/kg i.p.) did not significantly modify the

immobility time. Drugs were administered 30 min before

the test. Data represent the mean¡S.E.M. of 10 animals per

group.
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affected muscular coordination in the tightrope test

(Table 1). A two-way ANOVA showed no significant

effect of codeine (F1,36=0.72, n.s.), (x)-tramadol (F1,36=
0.00, n.s.) or codeiner(x)-tramadol (F1,36=0.00, n.s.).

Regarding locomotor activity (Table 1), a two-way

ANOVA demonstrated a significant effect of (x)-

tramadol (F1,36=5.78, p<0.05). However, neither co-

deine treatment (F1,36=0.01, n.s.) nor codeiner(x)-

tramadol (F1,36=0.18, n.s.) showed a significant effect.

Bonferroni’s post-hoc comparisons did not reveal any

statistically significant treatment effects.

Third, dose–response studies were performed to

assess the antidepressant-like effect of (+)-tramadol,

the opioid with 5-HT reuptake-inhibiting properties

(Fig. 8a). (+)-Tramadol (16–64 mg/kg i.p.) induced

a significant decrease in immobility time in a dose-

related manner (one-way ANOVA: F3,35=9.23, p<
0.001). Dunnett’s post-hoc analysis indicated that (+)-

tramadol at 32 and 64 mg/kg significantly decreased

immobility time compared to saline-treated animals

(p<0.01 respectively). However, and in contrast to

what occurred with its racemate and (x)-enantiomer,

the combination of codeine (20 mg/kg i.p.) plus

(+)-tramadol (16 mg/kg i.p.) induced a significant

interaction of both treatments (Fig. 8b). A two-

way ANOVA demonstrated a significant effect of

(+)-tramadol (F1,36=11.62, p<0.01) and codeiner
(+)-tramadol (F1,36=5.09, p<0.05), but no signifi-

cant effect of codeine (F1,36=3.32, n.s.). Subsequently,

Bonferroni’s post-hoc test showed that codeine signifi-

cantly decreased the immobility time of (+)-tramadol

(p<0.001).

The combination of (+)-tramadol+codeine did not

affect the muscular coordination in the tightrope test

(Table 1). A two-way ANOVA showed no signifi-

cant effect of codeine (F1,36=0.00, n.s.), (+)-tramadol

(F1,36=1.06, n.s.) or codeiner(+)-tramadol interaction

(F1,36=1.06, n.s.). Similarly, neither codeine nor (+)-

tramadol treatment, either alone or in combination,

affected locomotor activity (Table 1). A two-way

ANOVA showed no significant effect of codeine

(F1,36=0.81, n.s.), (+)-tramadol (F1,36=0.29, n.s.) or

codeiner(+)-tramadol (F1,36=2.37, n.s.).
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significantly reduced the immobility time (Dunnett’s post-hoc

test). Asterisks indicate a significant difference compared to
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Discussion

The main finding of this study is that the association of

opiates and 5-HT reuptake inhibitor compounds leads

to the augmentation of the antidepressant-like effect

in the tail suspension test in mice. Specifically, the

combination of subeffective doses of codeine plus

either fluoxetine, citalopram or (+)-tramadol provoked

a robust reduction in immobility time. In contrast, the

combination with NA reuptake inhibitors or mixed

compounds did not modify immobility time. In ad-

dition, the data obtained in the tail suspension test

does not seem to be due to any specific locomotor im-

pairment caused by the drug combination.

Codeine is a widely used drug for pain sup-

pression (Srinivasan et al. 1996) that has an affinity for

m-opioid receptors 200–3000 times less than morphine

(Chen et al. 1991) and lacks affinity for NA or 5-HT

reuptake sites (Raffa et al. 1993). This study demon-

strates that codeine reduces immobility time in the tail

suspension test. This effect is blocked by the opioid

antagonist naloxone, suggesting the involvement of

the opioid receptors in its antidepressant-like effect.

Furthermore, in the present study the opiate anal-

gesics with monoamine reuptake-inhibiting proper-

ties, (¡)-tramadol and its enantiomers, also decreased

immobility time. Interestingly, the opioid doses re-

quired to produce an antidepressant-like effect are

higher than those needed to produce an analgesic

effect, suggesting that the mechanisms underlying

analgesic and antidepressant effects are different.

Other remarkable evidence supporting this hypoth-

esis is the case of tricyclic antidepressants which dis-

play their analgesic effect at lower doses than the

antidepressant effect (Lynch, 2001). In conclusion, the

tail suspension test, the most currently used model

to assess antidepressant activity in genetically modi-

fied mice, appears to be a suitable model for the

detection of the antidepressant-like effect of opioid

compounds.

The present study supports the hypothesis that

there is a pharmacological interaction by combining

opioids with 5-HT reuptake inhibitors in the tail sus-

pension test which does not seem to be affected by

any locomotor impairment. In this sense, we have

shown that the combination of non-effective doses

of codeine+fluoxetine, one of the most prescribed

antidepressant drugs, or codeine+citalopram (more

selective than fluoxetine ; Goodnick & Goldstein,

1998) produces a significant reduction in immobility

time. In contrast, this potentiation does not occur in

co-administration with either NA reuptake inhibi-

tors (e.g. desipramine) or mixed reuptake inhibitors

(e.g. duloxetine). We have chosen duloxetine as rep-

resentative of the new-generation mixed reuptake in-

hibitors due to its well-balanced 5-HT/NA ratio and

high monoamine reuptake inhibition potency com-

pared to others, such as milnacipran and venlafaxine

(Moret et al. 1985 ; Muth et al. 1986 ; Wong et al. 1993).

Interestingly, the doses necessary to reach an anti-

depressant-like effect with SSRIs in this rodent strain

are much higher than with other classes of anti-

depressants (noradenergic or dual). This is in agree-

ment with previous literature regarding the poor effect

of SSRIs in animal models of depression (Lucki et al.

2001 ; Petit-Demouliere et al. 2005). However, con-

sidering that many patients are resistant to SSRI

treatment (Papakostas et al. 2008) the tail suspension

test in this strain of mice could be considered as a

model of refractory depression for SSRIs, being a

valuable tool to explore pharmacological augmen-

tation strategies as demonstrated in the present study

with codeine.

The results obtained with the combination of co-

deine+(¡)-tramadol or its enantiomers reinforce our

hypothesis about opioid–5-HT cooperation. In fact,

(¡)-tramadol possesses both opioid and monoamine

reuptake properties. Nevertheless, it is interesting to

note that its potency in regard to opioids and mono-

amines is between that of its two enantiomers. Thus,

the racemate compound binds weakly but effectively

to opioid receptors and possesses 5-HT/NA inhibitor

reuptake properties. Compared to their parent com-

pound (+)-tramadol is more potent at binding to m-

opioid receptors and inhibiting the reuptake of 5-HT

while (x)-tramadol is more potent at inhibiting the

reuptake of NA (Raffa et al. 1993). Bearing in mind

this pharmacological profile, the present study has

shown that the co-administration of codeine with (+)-

tramadol, similar to the effect displayed by SSRIs,

significantly decreased immobility time. In contrast,

(¡)-tramadol and (x)-tramadol have not shown this

effect.

Regarding the possible mechanisms implicated in

these pharmacological interactions, a pharmacokinetic

interaction seems unlikely since all the compounds

tested act on CYP450 2D6. In fact, codeine, desi-

pramine, fluoxetine, citalopram, duloxetine, tramadol

and its enantiomers are metabolized via CYP450 2D6

(Brosen, 2004 ; Crone & Gabriel, 2004 ; Garrido et al.

2003 ; Sindrup & Brosen, 1995 ; Skinner et al. 2003)

and all the antidepressant compounds tested are

inhibitors of CYP2D6 (Brosen, 2004 ; Skinner et al.

2003). Consequently, a pharmacodynamic interaction

appears more plausible. Indeed, substantial evidence

supports the belief that impairment in the opioid
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system underlies the pathophysiology of depression.

This has been suggested, among other reasons, be-

cause m-opioid receptors are densely distributed in

several brain regions implicated in the response to

stressors and emotionally salient stimuli. Further-

more, interestingly, it has been shown that there is

such a pronounced reduction in m-opioid receptor

availability in the posterior thalamus and anterior

cingulate cortex of patients with major depressive

disorder that none responded to fluoxetine treatment

(Kennedy et al. 2006). This would suggest a possible

role for opioid therapy in refractory depression. Fur-

thermore, in addition to this per se effect of m-opioid

agonists on these brain areas, a secondary mechan-

ism has been suggested involving the serotonergic

system. In-vivo microdialysis data have shown that

systemic morphine administration in the dorsal

raphe nucleus suppresses the GABAergic mediated

inhibition of 5-HT release (Tao et al. 1996), which re-

sults in a disinhibition of serotonergic neurons and

the release of an excess of central 5-HT in forebrain

projection areas related to emotional integration, in-

cluding the thalamus, nucleus accumbens, amygdala,

frontal cortex, striatum, hypothalamus and ventral

hippocampus (Tao & Auerbach, 1995). This would

suggest that opiates indirectly stimulate 5-HT release

in projection areas, in addition to their direct effect on

opioid receptors. However, additional mechanisms

could be implicated. There is some clinical and

preclinical evidence showing how SSRI effects are

augmented by dopamimetic compounds such as

olanzapine (Shelton et al. 2001), bupropion (Lam et al.

2004) or methylphenidate (Weikop et al. 2007b).

Their association will lead to an enhanced dopami-

nergic neurotransmission in corticolimbic areas

(Weikop et al. 2007a, b). Interestingly, it has been

shown that acute administration of morphine in-

creases dopaminergic neurotransmission in the nu-

cleus accumbens (Bassareo et al. 1996 ; Pothos et al.

1991). Therefore, dopaminergic neurotransmission

augmentation could be contributing to the effect re-

ported here. In summary, these actions (direct or in-

direct) in specific forebrain regions implicated in

the response to emotional stress could be responsible

for the augmentation of the antidepressant response

in the tail suspension test and it would argue in

favour of a possible pivotal role of opioid add-

on therapies in refractory depression (Fichna et al.

2007).

In the field of pain, evidence indicates that opioids

interact supraspinally with serotonergic neurons in

the nucleus raphe magnus and periaqueductal grey

matter, facilitating the descending antinociceptive

pathway through the same mechanism described

above (Millan, 2002). This fact could be interesting in

the context of the comorbidity between depression

and pain and it argues in favour of the combination of

opioid and monoaminergic mechanisms acting in the

somatic and emotional sphere.

Concerning the opioid–NA combination, our study

shows that there is no cooperative interaction. It has

been shown that opioids inhibit NA release in slices

of hippocampus, cerebellum, cerebral cortex and pre-

optic area (Diez-Guerra et al. 1987 ; Hagan & Hughes,

1984 ; Peoples et al. 1991 ; Werling et al. 1987). More-

over, it has also been demonstrated that morphine

alone has no effect on NA release, but it attenuated

GABA-augmented NA release in the hypothalamus

and abolished it in the cortex (Fiber & Etgen, 2001;

Peoples et al. 1991). These data suggest that in brain

areas related with mood regulation a blocking effect,

rather than a synergistic one, would be more likely in

the combination of codeine plus NA inhibitors in the

tail suspension test. This could be the reason for the

lack of interaction in mixed compounds. However,

further studies will be necessary to explore the bio-

chemical basis of opioid/5-HT/NA modulation in

other paradigms of depression after long-term treat-

ment.

In summary, in the present study we have shown

that the combination of the weak opioid receptor ag-

onist, codeine, and 5-HT reuptake inhibitors provokes

a robust reduction in immobility time in the tail sus-

pension test. This suggests that the combination of

opioid and serotonergic mechanisms might be a new

strategy for the development of antidepressant drugs

for the treatment of refractory depression. Moreover,

considering the analgesic properties of opioids they

could act on pain when this symptom is present as a

remaining symptom in depression.
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