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Abstract:

Considerable attention has been paid to a possible role of immunological dysregulation in the pathogenesis of depression. It has been

reported that combined administration of antidepressant drugs and the non-competitive NMDA receptor antagonist amantadine re-

duces immobility time in the forced swimming test (FST). Moreover, preliminary clinical data show that such a combination of

drugs has a beneficial effect on treatment-resistant depressed patients. Since immune activation and a pro-inflammatory response are

clearly evident in treatment-resistant depression, the aim of the present study was to examine the effect of a combination of the anti-

depressant fluoxetine and amantadine on immunoendocrine parameters in rats subjected to the forced swimming test. The obtained

results revealed synergistic antidepressant effects of the combined administration of fluoxetine (10 mg/kg) and amantadine

(10 mg/kg) – drugs otherwise ineffective when given separately in the above doses. Antidepressant activity was accompanied with

a significant decrease in the capacity of splenocytes to proliferate in response to concanavalin A. Moerover, fluoxetine and the com-

bination of amantadine and fluoxetine reduced relative spleen weight in rats subjected to the FST, compared to rats treated with the

vehicle. The combination of amantadine and fluoxetine enhanced the production of the negative immunoregulator interleukin-10

(but not interferon-�) in rats subjected to the FST. The exposure to the FST produced an increase in plasma corticosterone levels,

which was significantly attenuated by pretreatment with fluoxetine and amantadine. In summary, the antidepressive efficacy of

a combination of fluoxetine and amantadine given in suboptimal doses may be related to the negative immunoendocrine effects of

these drugs.
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Introduction

The immunological theory of depression suggests that

pathological immunoactivation, e.g., an increased

production of pro-inflammatory cytokines, plays an

important role in the ethiology of depression [46, 64,

68, 69]. A number of effects of pro-inflamatory cyto-

kines in animals and patients subjected to cytokine

immunotherapy resemble those observed in depres-

sion [e.g., 39, 61]. A brain neuroimaging study with

cytokine-treated patients showed changes similar to

those observed in depressed patients [48]. Chronic

immune activation or an inflammatory process seems
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to be particularly evident in treatment-resistant de-

pression (TRD) [62, 63]. We reported earlier a signifi-

cant increase in the proliferative activity of peripheral

blood mononuclear cells isolated from the blood of

TRD patients (prior to an antidepressant therapy) [34]. Fur-

thermore, it has been found that pro-inflammatory cytoki-

nes activate the hypothalamic-pituitary-adrenal axis (HPA),

and depression is usually associated with the hyperactivity

of the HPA axis [27].

If an increased level of pro-inflammatory cytokines

is involved in the etiology of depression, it may be ex-

pected that antidepressants should have a negative im-

munoregulatory effect. Indeed, a suppressive effect of

antidepressants on the production of pro-inflammatory

cytokines and a stimulating effect on the production

of interleukin-10 (IL-10) as a negative immunoregu-

lator have been shown in depressed patients and ani-

mals subjected to a chronic mild stress model of de-

pression and treated with antidepressant drugs, as well

as with human whole blood co-incubated with antide-

pressant agents in vitro [38, 41, 42]. Similarly, the hy-

peractivity of the HPA axis is altered during a clinically

effective therapy with antidepressant drugs [23, 26].

All the currently used antidepressant drugs, includ-

ing both tricyclic and novel agents such as venlafax-

ine or milnacipran, show their therapeutic efficacy in

a maximum of 60–70% of depressive patients only.

Therefore, in order to improve the therapy, a combi-

nation of antidepressants from various pharmacologi-

cal groups or a combination of an antidepressant drug

and a substance that can enhance its effect is used in

the clinic. Recently much attention has been devoted

to the glutamatergic system in general, and to NMDA

receptor antagonists in particular [58]. Unfortunately,

in the case of the latter, many of these compounds

have very limited value in patients, partly as a result

of extremely poor CNS penetration in some cases or

unacceptable side effects in others [6]. It seems that

the clinical tolerability of non-competitive NMDA re-

ceptor antagonists may depend on their low affinity

and, possibly, subunit specificity within the NMDA

complex [51].

Amantadine (AMA), a non-competitive NMDA re-

ceptor antagonist, is currently uses in the clinic (in

Parkinson’s disease and in depressed patients infected

with Borna disease virus) [16, 20]. In our earlier pa-

pers we described synergistic, antidepressant-like ef-

fects of a combination of AMA and such antidepres-

sant drugs as, e.g., imipramine, fluoxetine (FLU) and

venlafaxine, in the forced swimming test (FST) in rats

[58]. In addition, preliminary clinical studies demon-

strated that combined treatment of drug-resistant, uni-

polarly depressed patients with imipramine and AMA

had showed significant therapeutic activity [55].

A similar result was reported by Stryjer et al. [66]

who also observed that in a small open-label trial,

AMA given with conventional antidepressants

brought about a 50% improvement in treatment-

resistant patients and, ever more interestingly, a de-

crease in the time required for a therapeutic improve-

ment in some of those patients. These findings sug-

gest that the observations made for animals may also

be valid in the clinic.

In the search for mechanisms that might be sub-

stantial for the synergistic antidepressant-like effect of

a combination of AMA and antidepressant drugs, we

found earlier that co-treatment with imipramine and

AMA induced a positive interaction, assessed by the

FST, and that behavioral changes were accompanied

with normalization of some stress-induced immu-

noendocrine parameters [32]. It is noteworthy that

FST is regarded as a model of the depressive state and

is widely used as a predictor of antidepressant activity

in rodents [50]. Some neuroimmune-endocrine changes

observed in the FST can mimic those found in de-

pressed patients [12]. Therefore, the present study

was aimed at examining the effect of combined treat-

ment with the selective serotonin reuptake inhibitor

FLU and AMA on such immune parameters as prolif-

eration of splenocytes and their ability to produce pro-

and anti-inflammatory cytokines, as well as on HPA

axis activity in rats subjected to the FST.

Materials and Methods

Animals

Male Wistar rats (230–250 g), obtained from a licensed

animal breeder (T. Górzkowska, Warszawa, Poland)

were kept under standard animal house conditions (at

a room temperature of 23°C, on a 12/12 h light/dark

cycle, the light on at 07:00), with food and water ad

libitum. The rats were randomly divided into 5 groups

and were acclimatized for at least 1 week before the

experiment. Experiments were performed in accor-

dance with the European Community Council Direc-

tive of 24 November 1986 (86/609 EEC). All the ex-
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perimental protocols were approved by the Local Bio-

ethics Commission (for Animal Experiments) at the

Institute of Pharmacology, Polish Academy of Sci-

ences in Kraków.

Rat FST

The animals were individually subjected to two trials,

during which they were forced to swim in a cylinder

(40 cm high, 18 cm in diameter) filled with water

(25°C) to a height of 15 cm. There was a 24-h interval

between the first and second trial. The first trial lasted

15 min, while the second one was carried out for

5 min. The total duration of immobility was measured

throughout the second trial [50]. FLU (hydrochloride,

Farmacom, Kraków, Poland), 10 mg/kg, and AMA

(hydrochloride, Sigma, USA), 10 mg/kg, were dis-

solved in distilled water; either of those drugs or dis-

tilled water (vehicle) were injected intraperitoneally

(ip) three times: at 24, 5 and 1 h before the test. FLU

was also co-injected with AMA in doses and at times

stated above. Control rats were injected with the vehi-

cle and were not subjected to the FST. Each group

consisted of six rats.

Preparation of cell suspensions

The rats were decapitated two hours after the last ve-

hicle/drug(s) injection and 1 h after the FST. Their

spleens and thymuses were aseptically dissected and

weighed. The spleens were gently crushed in a glass

homogenizer. Spleen cells were resuspended in an

RPMI-1640 medium (Sigma, USA), and were centri-

fuged at 500 × g for 5 min. Cell pellets were resus-

pended in the same medium, supplemented with anti-

biotics (50 µg/ml of penicillin, 50 µg/ml of strepto-

mycin), a 10% fetal bovine serum and 2 mM of

L-glutamine (all those reagents were obtained from

Sigma, USA).

Proliferative response of splenocytes to mito-

gen stimulation in vitro

The proliferative response of spleen cells was previ-

ously described by Kubera et al. [33]. 4 × 106 spleno-

cytes per ml were stimulated with 1.25 µg/ml of con-

canavalin A (Con A). The cells in a final volume of

0.2 ml were incubated in 96-well plates at 37°C for 72 h.

Cell proliferation was determined by adding 10 µl

(0.5 µCi) of [3H]thymidine per well (ICN Pharmaceu-

ticals, USA; SpA 6.7 Ci/mmol) 16 h before the end of

incubation. The cultures were harvested with an auto-

matic cell harvester (Scatron, Norway), and [3H]thymid-

ine incorporation was assessed using a liquid scintilla-

tion counter (Beckman LS 6500). Each group con-

sisted of six rats.

Determination of cytokines

Rat splenocytes were tested for their ability to pro-

duce IL-10 and interferon-� (IFN-�) after mitogen

stimulation. Splenocyte suspensions were seeded at

a concentration of 4 × 106 cell/ml in 24-well corning

tissue culture plates, and were then stimulated with

a Con A solution (1.25 µg/ml). Cell-free supernatants

were collected 72 h later and stored at –20°C. All en-

zyme-linked immunosorbent assays (ELISA) were

based on monoclonal-monoclonal antibody pairs (for

IL-10 – obtained from BD-Pharmingen, Dendermonde,

Belgium; for IFN-�-purchased from U-CyTech, Utrecht,

the Netherlands).

The intra-assay CV values from both those analy-

ses did not exceed 10%. In our laboratory, detection

limits were 5 pg/ml for IFN-� and 10 pg/ml for IL-10.

The viability of cells was checked with tryphan blue.

Each group consisted of six rats.

Corticosterone assay in blood plasma

Blood for determination of corticosterone concentra-

tion was collected from the tail immediately after the

FST, and also 1 h later, when the rats were killed by

decapitation. The blood was collected on EDTA and

centrifuged at 800 × g for 15 min; the supernatant was

removed and stored at –20°C until further analyzed.

Corticosterone was extracted from the plasma to etha-

nol, and was measured by a radioimmunological

method. Ethanol plasma extracts were dried under

a nitrogen stream, dissolved in 0.1 ml of 0.05 mM

phosphate buffer, pH = 7.0, containing a 0.9% NaCl

and a 0.1% gelatin (Sigma Chemical Co.), and were

then incubated with a 0.1 ml solution of 1,2,6,7-[3H]-

corticosterone (20,000 dpm/sample; Amersham, s.a.

85 Ci/mmol) and with a 0.1 ml solution of a corticos-

terone antibody (Biogenesis) for 16 h at 4°C. The free

and the bound corticosterone was separated using

a dextran-coated charcoal. Samples were incubated

for 10 min at 4°C with 0.2 ml of a 0.05% dextran

(Dextran T 70, Pharmacia) and a 0.5% charcoal (acti-

vated, Sigma) suspension. After centrifugation at
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1,000 × g for 20 min, 0.3 ml of the supernatants were

placed in a scintillator and radioactivity was measured

in a �-counter (Beckmann LS 335). Corticosterone

content was calculated using a log-logit transforma-

tion. The assay sensitivity was 10 pg/tube. The intra-

and interassay coefficients of variation were lower

than 5 and 8%, respectively. Each group consisted of

six rats.

Statistical analysis

The data were evaluated by a one-way analysis of

variance (ANOVA), followed, when appropriate, by

individual comparisons with the control using Dun-

nett’s test. The data are presented as the mean ± SEM.

Results

Rat FST

FLU (10 mg/kg) or AMA (10 mg/kg) given alone did

not change the immobility time of rats in the FST

(Fig. 1). However, combined administration of FLU

(10 mg/kg) and AMA (10 mg/kg) in doses inactive

per se induced a statistically significant decrease in

the immobility time of rats (indicating an antidepres-

sant-like effect in that model (F(3,20) = 129.90, p < 0.001;

Fig. 1).

Thymus and spleen weight

There were no significant differences in the weight of

the thymuses in any of the groups studied (F(4,25) =

2.78, ns; Fig. 2A). The relative spleen weight (the

weight of the spleen divided by the body weight) was

significantly reduced in FLU (10 mg/kg)-treated rats,

as well as after joint administration of FLU (10 mg/kg)

and AMA (10 mg/kg) compared to non-stressed rats

treated with the vehicle (F(4,25) = 4.92, p < 0.01; Fig.

2B).
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Proliferative activity of splenocytes in response

to Con A

FST stress significantly increased (by 34%) the prolif-

erative activity of splenocytes in response to Con A

(1.25 µg/ml) stimulation as compared to the vehicle-

treated control. Pre-treatment of the stressed rats with

AMA (10 mg/kg) or with a combination of AMA

(10 mg/kg) and FLU (10 mg/kg) significantly reduced

of the stress-induced increase in the proliferation of

splenocytes in response to Con A (F(4,25) = 4.61, p < 0.01;

Fig. 3).

Cytokine production by splenocytes

The production of IL-10 was not changed in rats sub-

jected to stress compared to vehicle-pre-treated rats

not exposed to the FST. The ability of splenocytes to

produce IL-10 was higher in the stressed animals

pre-treated with a combination of FLU (10 mg/kg)

and AMA (10 mg/kg) compared to non-stressed ani-

mals. Administration of FLU (10 mg/kg) alone had no

significant effect on that result; however, a tendency

towards an increase was observed (F(4,25) = 5.34, p <

0.01; Fig. 4A). There were no significant differences

in IFN-� production in any of the groups studied

(F(4,25) = 0.45, ns; Fig. 4B).

Plasma corticosterone level

The FST significantly elevated plasma corticosterone

concentration (by 73%) immediately after the FST.

Administration of AMA (10 mg/kg) or FLU (10 mg/kg)

alone had no significant effect on the hormone level;

after the time, the corticosterone level tended to de-

crease. In animals, co-administration of the two

drugs, induced a significant decrease the FST-induced

corticosterone level immediately after the FST

(F(3,40) = 2.85, p < 0.05; Fig. 5A). One hour after the

FST, the corticosterone level was ca. 2.5-fold higher

than in the control animals, and the difference was

statistically significant. However, no significant dif-
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ferences in the corticosterone level were found in any

of the groups studied (FLU or AMA and FLU + AMA)

compared to the FST-stressed animals (F(4,25) = 4.05,

p < 0.05; Fig. 5B).

Discussion

The obtained results have shown that combined treat-

ment with FLU (10 mg/kg) and AMA (10 mg/kg) sig-

nificantly reduces the immobility time of rats in the

FST (being an indicator of an antidepressant-like ef-

fect in this model), while FLU or AMA per se are in-

effective at the above dose. It seems that this synergis-

tic effect is not related to changes in general locomo-

tor activity or in pharmacokinetic interactions, since

exploratory activity was unaltered or even decreased

in the FST after co-administration of AMA and FLU

[58]. Our earlier findings demonstrated also synergis-

tic effect after co-administration of imipramine and

AMA in the FST, but no change in general locomotor

activity or in the levels of imipramine and its metabo-

lite desipramine in rat plasma and brain, when meas-

ured one hour after exposure to the FST [56].

In the present study we have observed that FST

causes a significant increase in the proliferative activ-

ity of T cells, and that joint administration of subopti-

mal doses of AMA and FLU, or AMA alone signifi-

cantly reduces this activity. These results indicate that

FST stress may initiate accumulation and/or activa-

tion of spleen T lymphocytes with a high proliferative

ability in response to T cell mitogens, whereas ad-

ministration of the above-mentioned drugs before the

FST induces an opposite effect. The immunostimula-

tory effect of acute stress on the proliferative activity

of splenocytes in response to T cell mitogens was also

described by other authors [5, 43, 53]. They suggested

that the increased splenocyte proliferation following

stress may have important biological implications.

The spleen is primarily involved in the interaction

with blood-borne pathogens. Hence, the stress-

induced activation of splenocyte functions may en-

hance the protection against blood-borne pathogens.

On the other hand, acute stress was found to reduce

the proliferative activity of peripheral blood lympho-

cytes in humans and animals [3, 5, 65]. It was shown

that the spleen of acutely stressed animals contained

relatively more T cells and naive CD4+ cells, a more

rapidly proliferating subset of T cells [5]. On the other

hand, a decrease in the number of T cells was ob-

served in the blood of stressed animals. Changes in

the redistribution of T lymphocytes were mediated by

stress-induced increases in plasma corticosterone, and

by alterations in either the expression or the affinity of

surface adhesion molecules on leukocytes and/or en-

dothelial cells [14, 15].

It is noteworthy that AMA, used in the study, is not

selective: for example, it exhibits dopaminergic, nora-

drenergic and serotonin activity, blocks monoamine

oxidase A and probably raises �-endorphin/�-lip-

otropin levels [29]. AMA can modulate glutamatergic

neurotransmission by blocking NMDA receptors. It

was shown that AMA used in higher doses directly in-
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hibited T lymphocytes [9, 10]. Indeed, treatment of

isolated mouse spleen T cells, but not accessory cells,

with AMA inhibited the proliferative response to Con

A. Moreover, it was demonstrated that AMA affected

CD8+ cells (suppressor/cytotoxic cells), but had no ef-

fect on CD4+ ones [9]. The possible AMA-mediated

modes of action on the cascade of events involved in

the activation and proliferation of T lymphocytes are:

a) the hydrophobic bonding of AMA to membrane

lipids (steric modification of cellular receptors), and

b) the inhibitory activity of AMA on protein synthe-

sis, phospholipid metabolism [8] and soluble phos-

pholipases A and C [28]. In vitro studies have shown

a direct inhibitory effect of AMA (used in relatively

high doses) on lymphocyte proliferation [10]. On the

other hand, studies conducted on mice indicate

a marked sequestration of AMA in the spleen [1]. Our

earlier investigations suggested that the direct inhibi-

tory effect of AMA on T-cell activity was rather un-

likely, since AMA given to unstressed animals did not

modulate the immune parameters studied [32]. AMA

may modulate immunoreactivity indirectly (it was

discussed in our previous paper [32], by enhancing

dopaminergic, serotonergic or noradrenergic neuro-

transmission [4, 18, 30, 31, 35, 44, 45, 47, 52, 59, 67].

The basic neurochemical action of FLU consists in

inhibiting the reuptake of serotonin (5-HT) into pre-

synaptic neurons, which leads to elevation of the syn-

aptic concentrations of this neurotransmitter. FLU ele-

vates the synaptic concentration of 5-HT not only in

the central nervous system, but also in the periphery.

The effect of 5-HT on the cell-mediated immunity and

on the inflammatory response is still a matter of con-

troversy. Some studies show that intracellular 5-HT

may be necessary for an optimal activity of immune

cells, and that extracellular 5-HT concentration equal

to or above the serum values may have an immuno-

suppressive effect [36]. It was found earlier that treat-

ment with FLU enhanced T cell proliferation and

Th-1 cytokine IFN-� and TNF-� production without

changing CD4/CD8 subsets. Apart from the above-

described effect, FLU is also able to act directly on T

lymphocytes by modulating their proliferation in

a dual manner depending on cellular activation by two

mechanisms: one being dependent on 5-HT and the

other independent of 5-HT [22]. The latter results in-

dicate that FLU exerts an immunomodulatory effect

under non-pathological condition, partly due to its di-

rect effects on T cells [22]. Under chronic stress, FLU

restores T cell proliferation and IL-2, IFN-� and tu-

mor necrosis factor-� production by means of com-

pensatory mechanisms [23]. In addition, the CD4/

CD8 ratio is also normalized by FLU administration,

but this seems to be a non-compensatory effect, spe-

cifically associated with stress. No changes have been

observed in other lymphoid cells, i.e. natural killer

and B lymphocytes. Furthermore, these above study

indicates that FLU is able to reverse T cell reactivity

impairment in vitro by exerting a direct action at clini-

cally relevant doses [23].

In summary, it is suggested that administration of

AMA alone or in combination with FLU to stressed

animals may lead to an enhanced accumulation of

5-HT and dopamine, which – in turn – facilitates apop-

totic processes in the spleen [30]. Both these drugs

also stimulate central noradrenergic, serotonergic and

dopaminergic transmission and the activity of the

HPA axis, which may produce an immunosuppressive

effect. The possibility of a direct inhibitory effect of

FLU and AMA on lymphocytes has already been dis-

cussed elsewhere. Antidepressant drugs are also ef-

fective in reversing the increased immune function in

a depression-like state in animals [2, 41, 42].

The present results showed that FLU at a dose of

10 mg/kg did not evoke an antidepressant-like effect

in the FST, nor had a significant effect on IL-10 pro-

duction: nevertheless, a tendency towards an increase

in IL-10 production was observed. On the other hand,

treatment with AMA alone or with a combination of

AMA and FLU induced a significant increase in IL-10

production. Some earlier findings indicated that, like

other antidepressants, selective sereotonin reuptake

inhibitors increased IL-10 production in vitro in con-

sequence of co-incubation of the whole blood of nor-

mal humans with antidepressants [38], and in vivo –

in depressed patients and animals chronically treated

with antidepressants [37]. IL-10 is a negative regula-

tor of Th-1 functions [21, 24], but does not exert

a suppressive effect on the proliferation of T lympho-

cytes [32].

Our present paper, as well as our earlier studies on

the effect of the combined treatment with AMA and

imipramine of rats subjected to a forced swimming

stress model of depression, describes no significant

differences in IFN-� production in any of the groups

studied [32]. On the other hand, our previous studies

showed that AMA used in a wild range of concentra-

tions inhibited the IFN-� production by mitogen-

stimulated human blood cells obtained from young

healthy donors, and that the latter effect was still
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stronger after co-treatment of human blood with

AMA and FLU [40]. Also our earlier studies indicated

an inhibitory effect of FLU on IFN-� production by

human blood cells, although such an effect was ob-

served in young healthy volunteers and not in de-

pressed patients [38]. It may therefore be speculated

that genetic differences between human beings and

rats, and/or the effect of stress or depression can

change the ability of spleen or blood cells to respond

by diminishing the IFN-� production evoked by

AMA, imipramine, FLU, or a combination of AMA +

imipramine or AMA + FLU by making depressed hu-

man beings and rats resistant to the inhibitory effect

of antidepressants on IFN-� production.

In the present study we observed a decrease in the

relative spleen weight in FLU- and FLU + AMA-

stressed animals. The obtained results are in line with

some earlier findings, since – according to a theoreti-

cal prediction and other authors’ papers – a significant

reduction in relative spleen weight can be observed in

stressed, antidepressant drug-pretreated rats rather

than in non-stressed, antidepressant drug-treated ani-

mals [12].

Our findings that the FST-induced increase in

plasma corticosterone concentration is suppressed by

co-treatment with FLU and AMA are in line with

other authors’ results [60, 70]. It is well known that

acute administration of the majority of antidepressant

drugs leads to activation of the HPA axis in both hu-

mans and laboratory animals. However, in contrast to

acute effects, long-term administration of antidepres-

sants lowers ACTH and corticosterone levels in the

blood and CRH concentration in the hypothalamus [7,

19, 25, 26]. A suppressive effect on the HPA axis ac-

tivity was demonstrated for the majority of antide-

pressant drugs in rats kept under basal and stressful

conditions; however, that effect depended on the time

of drug administration and was more frequently ob-

served under stressful conditions. In the case of the

FST, sub-chronic administration of antidepressant

drugs decreased the stress-induced corticosterone

concentrations in some experiments, but often no ef-

fect or only a tendency towards a decrease was ob-

served [11–13, 17, 57, 60]. The present study indi-

cates that triple administration of FLU does not de-

crease the stress-induced corticosterone concentrations,

but co-treatment with FLU and AMA may lower cor-

ticosterone level. We previously described a similar

effect of imipramine administered jointly with AMA

on corticosterone concentration, and a reverse action

of those drugs on immobility time in the FST [32].

The above data are in line with the hypothesis that the

hyperactivity of the HPA axis may be involved in the

pathogenesis of depression, and that adrenocortical

enzyme inhibitors exert an antidepressant effect [49,

54, 57].

In conclusion, the present study suggests a func-

tional relationship between the behavioral and the im-

munoendocrinological effects of combined admini-

stration of FLU and AMA to rats in the FST, a model

used for screening antidepressant drugs. The fact that

administration of antidepressants can normalize the

stress-induced immunoendocrine changes permits

a conclusion that the therapeutic effectiveness of anti-

depressants may be connected with their impact on

not only the central nervous system, but also the im-

mune and endocrine systems closely related to it.
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