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Abstract:

Treatment with amantadine (AMA), an N-methyl-D-aspartate (NMDA) receptor antagonist and antidepressant drug, increased the

antidepressant activity of subsequent drugs in experimental studies and in patients suffering from treatment-resistant depression

(TRD). Recent evidence indicates that depression may be accompanied by activation of an inflammatory response. These data indi-

cate that pro-inflammatory cytokines may play a role in the etiology of depression, particularly in TRD. The present in vitro study

shows the ability of AMA, used at concentrations between 10�� to 10�� M, to reduce the production of the pro-inflammatory cytoki-

nes, specifically interferon-� (IFN-�) and tumor necrosis factor-� (TNF-�). In addition, AMA treatment increased the production of

the negative immunoregulator, interleukin-10 (IL-10). Furthermore, the combined treatment of AMA with fluoxetine (FLU), but not imi-

pramine (IMI), had a stronger immunomodulatory effect on cytokine production than AMA alone. The above data provide additional ra-

tionale for the treatment of patients suffering from depression with a combination of AMA and a selective serotonin reuptake inhibitor.
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Introduction

Currently used antidepressant drugs are ineffective in

30–40% of patients suffering from depression. Due to

such a high percentage of patients in which antide-

pressant drugs are ineffective, there is an urgent need

for alternative antidepressant treatments.

Amantadine (AMA) is an N-methyl-D-aspartate

(NMDA) receptor antagonist that has been used since

1966 as an antiviral agent against influenza-A viral in-

fections. Unfortunately, the swine influenza A (H1N1)

virus has been found to be resistant to AMA [9].

AMA has significant antidepressant activity in pa-

tients infected with the Borna disease virus that are

suffering from depression [14, 16]. Although AMA

alone has a mild antidepressant effect, which is insuf-

ficient for use of the drug as an antidepressant, combi-

nation of AMA and a tricyclic antidepressant (TCA)
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seems to significantly increase the effectiveness of

AMA as an antidepressant. Recently, the synergistic

antidepressant-like behavioral effects of a combina-

tion of AMA and the TCA, imipramine (IMI), or

a combination of AMA and the selective serotonin re-

uptake inhibitor, fluoxetine (FLU), have recently been

tested in forced swimming test in rats [21, 28, 36, 37,

40, 41]. Furthermore, a number of preliminary results

indicate specific therapeutic activity of a combination

of AMA and IMI in the treatment of treatment-

resistant depression (TRD) [36, 39].

Both medically ill and medically healthy patients

suffering from major depression have been found to

exhibit all the important signs of inflammation, in-

cluding elevation of a number of inflammatory cyto-

kines and their soluble receptors. Much of the interest

in inflammation and depression has focused on cyto-

kines that mediate the innate immune response, in-

cluding tumor necrosis factor (TNF)-�, interleukin

(IL)-1�, interleukin-1 receptor antagonist (IL-1Ra),

and IL-6. However, data on the increase of markers of

T cell activation, such as interferon (IFN)-�, IL-2 or

a soluble receptor for IL-2, in depressed patients seem

to suggest that both acquired (e.g., T and B cells) and

innate (e.g., macrophages) immune responses may be

involved [25, 27, 33]. Prolonged activation of the im-

mune system or chronic inflammation seem to partici-

pate in the pathomechanism of TRD [42, 43]. Previ-

ously, we showed a marked increase in the prolifera-

tive activity of peripheral blood mononuclear cells in

TRD patients prior to antidepressant therapy [22].

Therefore, it is hypothesized that an increased produc-

tion of some of the above-mentioned cytokines may

play an important role in the etiology of depression,

particularly in TRD patients.

A hypothesis that pro-inflammatory cytokines play

a role in the pathophysiology of depression suggests

that the effectiveness of antidepressants comes from

their ability to interfere with cytokine production. To

this end, we have shown that various antidepressants,

including selective serotonin inhibitors and tricyclic

antidepressants, have negative immunoregulatory ef-

fects by increasing the production of IL-10, a negative

immunoregulator, or reducing the IFN-�/IL-10 ratio.

Moreover, previously we described the synergistic

antidepressant-like effects of a combination of AMA

(10 mg/kg) and IMI (5 mg/kg). At these doses, AMA

and IMI are ineffective when given separately in the

forced swimming test (FST), an animal model of de-

pression. The synergistic effect of AMA and IMI is

connected with the reversal of the stress-induced in-

crease in proliferation of splenocytes in response to

concanavalin A and enhanced production of the negative

immunoregulator, IL-10, in rats subjected to the FST

[21]. Therefore, the aim of the present study was to ex-

amine the effect of AMA alone or in combination with

either IMI or FLU on the production of IFN-�, TNF-�,

IL-10 and IL-1Ra in stimulated whole human blood.

Materials and Methods

Subjects

Twenty normal volunteers, including 10 women (av-

erage age of 23.3 ± 1.8 years) and 10 men (average

age of 28.2 ± 7.4 years), from Mastricht University

were used in this study. The following characteristics

describe all of the normal volunteers: i) they had

a negative past and present history of axis-I psychiat-

ric disorders, including depression, psychoses and

substance abuse disorders; ii) were non-smokers; iii)

had never taken antidepressants or antipsychotic

drugs; iv) were free from any chronic medical illness

and any drugs affecting the immune or the endocrine

systems; and v) were free from acute infections, as

well as inflammatory or allergic reactions for at least

two weeks. The volunteers abstained from caffeine and

alcohol for at least 12 h prior to blood sampling. The

study design was approved by the Local Bioethics Com-

mission and the volunteers gave their written informed

consent after the study project was fully explained.

Methods

After an overnight fast, whole blood was taken at 9

a.m. (± 30 min). The effects of FLU, IMI and/or AMA

on the production of IFN-�, TNF-�, IL-10 and IL-1Ra

were examined by stimulating the diluted whole

blood (0.75 ml of RPMI-1640 medium supplemented

with L-glutamine and 0.25 ml of blood) with phytohe-

magglutinin (PHA; at a concentration of 1 µg/ml; Mu-

rex Diagnostics Ltd, Dartford, England) and lipopoly-

saccharide (LPS; at a concentration of 5 µg/ml; E. coli
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026:B6; Sigma, Belgium) in a 24-well cell culture

plate (Falcon 353047, Becton Dickinson).

026:B6; Sigma, Belgium) in a 24-well cell culture

plate (Falcon 353047, Becton Dickinson).

The diluted whole blood stimulated with PHA and

LPS offers the most appropriate and reproducible cul-

ture conditions for measuring cytokines. Diluted whole

blood cultures reflect in vivo cellular and humoral im-

mune interactions and may be used to examine the ef-

fects of drugs on cytokine secretion [13, 24]. IMI,

FLU and AMA were dissolved in sterile medium,

while medium alone served as the corresponding con-

trol. Then it was added 20 µl of each solution to the

wells and gently mixed the medium. Whole blood

collected from each volunteer (0.25 ml) was cultured

with three concentrations of AMA (10–7 M, 10–6 M and

10–5 M) and two concentrations of IMI or FLU, (10–6 M

and 10–5 M) alone or in combination with AMA at

a concentration of 10–6 M. The above solutions were

incubated in a humidified atmosphere at 37°C and 5%

CO2 for 24 h (to assay for TNF-�) or 72 h (to assay

for IFN-�, IL-10 and IL-1Ra). Supernatants were

carefully removed under sterile conditions, transferred

to Eppendorf tubes, and immediately frozen at –20°C.

The four cytokines were assayed by enzyme-linked

immunosorbent assay (ELISA) methods based on

appropriate and validated sets of monoclonal antibod-

ies (Eurogenetics, Tessenderlo, Belgium). All the as-

says were carried out on the same day using the same

batch of antibodies applied by the same operator.

Intra-assay coefficient of variation (CV) values were

below 8%.

Statistical analysis

The data are presented as the mean ± standard error of

the mean (SEM). The significance of differences be-

tween the means was evaluated by Duncan’s test fol-

lowing a one-way or a two-way analysis of variance.

Results

IFN-� was present at 1336 ± 320 pg/ml in whole

blood incubated with vehicle alone. The treatment of

whole blood with AMA alone at three different con-

centrations, 10–7, 10–6 or 10–5 M, significantly de-

creased IFN-� production to 855 ± 123, 822 ± 145 and

683 ± 178 pg/ml, respectively. Figure 1a and 1b shows

no significant effect of treatment with IMI or FLU

alone on IFN-� production at the two concentrations

studied. AMA (at a concentration of 10–6 M) in com-

bination with FLU at a dose of 10–6 M (Fig. 1a) or at

a dose of 10–5 M (Fig. 1b) significantly inhibited

IFN-� production compared to treatment with either

FLU or AMA alone. No significant gender differences

in IFN-� levels, as well as no significant drug or gen-

der interactions, were observed.

In terms of IL-10, whole blood incubated with ve-

hicle had 209 ± 92 pg/ml of IL-10. Treatment of

whole blood with AMA at a concentration of 10–7,

10–6 or 10–5 M, significantly increased IL-10 produc-

tion to 251 ± 89, 284 ± 102 and 290 ± 131 pg/ml, re-

spectively. Figure 2 shows that not only AMA, but

also IMI and FLU, enhanced IL-10 production. Dun-

can’s test indicates that there were no significant differ-

ences between the effects of FLU and IMI (10–6 M and
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10–5M) on IL-10 production. A combination of AMA

(10–6 M) and FLU (10–6 M) significantly enhanced

IL-10 production compared to FLU or AMA alone

(Fig. 2a). No such effect was observed at higher doses of

FLU or upon combination of AMA with IMI. No sig-

nificant gender differences in IL-10 production, as well

as no significant drug × gender interaction were seen.

TNF-� was present at 4691 ± 1655 pg/ml in blood

incubated with vehicle alone. AMA at a concentration

of 10–7, 10–6 or 10–5 M significantly decreased TNF-�

production to 3991 ± 1011, 3588 ± 1109 and 3449 ±

1050 pg/ml, respectively. IMI or FLU, at either con-

centration used, did not affect TNF-� production in

the whole blood. A combination of AMA and FLU at

a dose of 10–6 M (Fig. 3a), as well as a combination of

AMA and FLU at a dose of 10–5 M (Fig. 3b), signifi-

cantly inhibited TNF-� production compared to treat-

ment with FLU alone, but not compared to AMA

alone. No significant gender differences in TNF-� and

no significant drug × gender interaction were found.

AMA, IMI and FLU alone, or in combination, did

not affect IL-1Ra production (data not shown).

Discussion

Here we present data on the treatment of whole blood

with AMA in combination with IMI and/or FLU. The

main findings of the present study are as follows: 1)

IMI, FLU and AMA each increase IL-10 production;

2) AMA treatment decreases the production of IFN-�

and TNF-�; 3) a combination of FLU and AMA re-

duces IFN-� and TNF-� production and increases

IL-10 production and the effects of this combination

treatment are much stronger than those evoked by ei-

ther drug alone; and 4) FLU increases the anti-

inflammatory effect of AMA.

The mechanism by which antidepressant drugs af-

fect cytokine production remains to be elucidated.

Lymphocytes, macrophages, natural killer cells and

other cells engaged in the production of TNF-�,

1108 �����������	��� 
������ ����� ��� ���������

0

TNFα

20

40

60

80

100

120

%
o

f
c
o

n
tr

o
l

*
&

b)

20

40

60

80

100

120

%
o

f
c
o

n
tr

o
l

*
&

b)

0

20

40

60

80

100

120

%
o

f
c
o

n
tr

o
l

*
#

a)

AMA (10 6M) – + – – + +

IMI (10–6M) – – +

FLU (10–6M) – – – + – +

0

20

40

60

80

100

120

%
o

f
c
o

n
tr

o
l

*
#

a)

AMA (10– – + – – + +

IMI (10– – – + – + –

FLU (10– – – – + – +

AMA (10–6M) – + – – + +

IMI (10–5M) – – + – + –

FLU (10–5M) – – – + – +

Fig. 3. 4�� �		��� �	 ��������������� ���� �� �� ���+������� ��
��������� 4�5 � ����������3 0��� ������� 	��� �, ������ 6��� 
����� %�� ������ ��� ��������� %��� ��� 7; ��<�9 ��� �)� �
7� ��<�9 �� ��� �������� �� �+����� �	 �(� �� 5�: �� � �������������
�	 �,��( 7�9 �� �,��( 7+93 �(� %�� ���� �� � ������������� �	 �,��(
7a� b93 4�� �6� �	 4�5 � %�� ���������� ����� �� 
���� ������3
4�� ���� ��� ��6�� �� � ������� �	 ��� ���� �	 ��� ������ %��� = � >
,3,; �������� �� 8
)� �� > ,3,; �������� �� 5�: �� � ������������� �	
�,�� (� � � > ,3,; �������� �� 	�������� �� � ������������� �	 �,�� (3

Fig. 2. 4�� �		��� �	 ��������������� ���� �� �� ���+������� ��
��������� �� �, ����������3 0��� ������� 	��� �, ������ 6��� 
����� %�� ������ ��� ��������� %��� ��� 7; ��<�9 ��� �)� �
7� ��<�9 �� ��� �������� �� �+����� �	 �(� �� 5�: �� � �������������
�	 �,��( 7�9 �� �,��( 7+93 �(� %�� ���� �� � ������������� �	 �,��(
7a� b93 4�� �6� �	 �� �, %�� ���������� ����� �� 
���� ������3 4��
���� ��� ��6�� �� � ������� �	 ��� ���� �	 ��� ������ %��� = � > ,3,;
�������� �� 8
)� � � > ,3,; �������� �� 5�: �� � ������������� �	
�,�� (



IFN-�, IL-10 and IL-1Ra have functional receptors

that respond to several neurotransmitters and hor-

mones. Changes in the density of these receptors,

which may be induced by alterations in the concentra-

tion of neurotransmitters in the lymphoid cell envi-

ronment, may affect the activity of these cells [26].

The presence of noradrenergic and serotonergic re-

ceptors on lymphocytes and macrophages may ac-

count for the potential mechanism by which antide-

pressants affect the immune system. Antidepressants

may modulate the level of noradrenaline and/or sero-

tonin in the environment of immunocytes. Stimulation

of either the 5-hydroxytryptamine receptor 1A (5-HT1A)

or the 5-hydroxytryptamine receptor 4 (5-HT4) with se-

rotonin and �1 or �2 adrenergic receptors by nora-

drenaline raises the intracellular level of cyclic adeno-

sine monophosphate (cAMP). A rise in cAMP, in turn,

increases the expression of IL-10 mRNA and intracel-

lular levels of IL-10 and inhibits IFN-� mRNA ex-

pression and intracellular levels of IFN-�.

AMA inhibits the proliferative activity of T cells [10,

11]. Moreover, the inhibition of the proliferative activity

of T cells is known to be associated with a decrease in

the production of pro-inflammatory cytokines.

AMA, an antagonist of the NMDA receptor, is

speculated to modulate cytokine production via the

NMDA receptor as well. NMDA receptors are ion

channels gated by glutamate, the major excitatory

neurotransmitter in the mammalian central nervous

system (CNS). NMDA receptors are widespread in

the CNS and are involved in numerous physiological

and pathological processes, including synaptic plas-

ticity, chronic pain, psychosis and depression. Human

and rodent T lymphocytes express functionally active

NMDA receptors that control cell activation [7]. Re-

verse transcriptase-polymerase chain reaction (RT-

PCR) analysis has shown that resting human T cells

express the NMDA receptor subunits, NR1 and

NR2B, while PHA-activated peripheral blood lym-

phocytes also express the NR2A and NR2D subunit

genes. Moreover, competitive and non-competitive

NMDA-receptor antagonists have been reported to in-

hibit PHA-induced T cell proliferation and to limit

cell growth by inducing apoptosis in leukemic Jurkat

T cells [31, 32]. Furthermore, NMDA receptor activa-

tion is responsible for enhancing CNS inflammation

[35]. NMDA agonists have been shown to promote

the formation of reactive oxygen species in whole

blood and in lymphocyte fractions [48]. So far, the di-

rect effect of NMDA antagonists on cytokine produc-

tion by lymphocytes has not been studied. Indirect

studies show that AMA plus IMI treatment of experi-

mental animals increases the production of the nega-

tive immunoregulator IL-10 [21]. Moreover, NMDA

antagonists dramatically lower IL-1� and TNF-� re-

lease in hypoxic hippocampal neuron cultures [15].

On the other hand, in patients suffering from chronic

hepatitis C, a combination of IFN-� plus AMA was

found to reduce IL-10 production during the first

month of therapy. Data also suggest that this early de-

cline in IL-10 favors a shift from a Th2 to a Th1 im-

mune response, which has been shown to be associ-

ated with a long-term anti-viral response to treatment

[46, 47].

AMA may also indirectly modulate immunoreac-

tivity by increasing dopaminergic neurotransmission

[2]. Recent studies suggest that dopamine may play

a significant role in the regulation of the immune sys-

tem. Specifically, dopamine has been proposed to

regulate lymphocyte proliferation and differentiation,

as well as cytokine production [4, 5, 12, 19]. The

presence of both D1- and D2-like dopamine receptors

on human and murine lymphocytes has been conclu-

sively demonstrated [4, 6]. Mice deficient in dopa-

mine �-hydroxylase are unable to synthesize norepi-

nephrine, but have a 10-fold higher circulating con-

centration of dopamine than control animals. These

mice deficient in dopamine �-hydroxylase are more

susceptible to infections caused by intracellular patho-

gens and have an impaired Th1 function [1]. Admin-

istration of dopamine or amphetamine (a stimulator of

the dopaminergic system) to mice or rats depressed

their response to mitogens, decreased the generation

of cytotoxic T cells and reduced delayed-type hyper-

sensitivity responses [3, 8, 20, 23, 30].

A vast body of evidence supports the notion that

dopamine may help regulate Th1, macrophage and in-

flammatory responses. Dopamine may regulate these

responses via down-regulation of IFN-� production of

other pro-inflammatory cytokines [18], as well as in-

hibition of expression of adhesive molecules and che-

motactic responses to IL-8 [44, 29]. Moreover, in-

creased expression of pro-inflammatory cytokines has

been reported in Parkinson’s patients [34].

The antagonists acting on the NMDA subtype of

the glutamate receptors inhibit various phenomena as-

sociated with the exposure to nicotine. Certain types

of NMDA receptor antagonists have been well estab-

lished as potently binding to nicotinic receptors and

acting as nicotinic receptor antagonists. Human T and

�����������	��� 
������ ����� ��� ��������� 1109

Inhibitory effect of amantadine on pro-inflammatory cytokines
����� ������ �� �	




B lymphocytes, as well as macrophages, express diverse

nicotinic acetylcholine receptor subtypes. Stimulation

of these receptors negatively regulates the synthesis

and release of pro-inflammatory cytokines [17, 45].

Hence, it is unlikely that the observed inhibitory ef-

fect of AMA on pro-inflammatory cytokine produc-

tion results from an interaction of this drug with the

nicotinic receptor.

The present study shows that AMA, IMI or FLU

alone, as well as a combination of AMA and FLU, sig-

nificantly increased IL-10 production. These results agree

with our earlier findings that antidepressants belonging to

serotonin, noradrenalin and serotonin-noradrenalin reup-

take inhibitors have a common negative immunoregula-

tory effect. These reuptake inhibitors negatively regu-

late an immune response by either increasing IL-10

production or suppressing the IFN-�/IL-10 ratio. In the

present study, the most significant immunomodulatory

effects were reported for AMA, the NMDA antagonist.

As an antagonist of the NMDA receptor, AMA is

speculated to directly or indirectly (e.g., by affecting

the expression of noradrenergic or serotonergic recep-

tors) change the level of second messengers in cells of

the immune system that are crucial to cytokine syn-

thesis. Of particular importance, seems to be the inter-

action between the blockage of NMDA receptors by

AMA and the increase in the extracellular level of se-

rotonin induced by FLU. This is especially important

since the strongest immunomodulatory effect were

observed upon the treatment with a combination of

FLU and AMA.

In previous experimental and clinical studies, we

showed a synergistic, antidepressant-like effect of

a combination of AMA with either IMI or FLU. These

data indicate that joint administration of FLU and

AMA led to activation of the 5-HT1A and 5-HT2 re-

ceptors and a substantial increase in brain-derived

neurotrophic factor (BDNF) gene expression in the

cerebral cortex [38, 39]. The present study demon-

strates that the joint application of FLU and AMA is

more effective at inhibiting pro-inflammatory cytoki-

nes production than treatment with either drug alone.

Our studies, performed with material obtained from

humans and animals, clearly show that AMA alone or

in combination with other antidepressants ought to be

particularly effective in the treatment of depression

connected with pathological activation of the immune

system, specifically in patients with TRD [21, 36, 37, 39].
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