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Depression is associated with abnormal functions of the immune system.
In this study, we investigated how two modern antidepressant therapies,
chronic treatment with transcranial magnetic stimulation (TMS) and admini-
stration of an antidepressant belonging to selective serotonin reuptake in-
hibitors (SSRI), paroxetine, affect the proliferative response of thymocytes
and splenocytes stimulated in vitro with various mitogens. Paroxetine (10
mg/kg) and TMS (B = 1.2 T, f = 30 Hz, t = 330 s) were applied once daily for
12 consecutive days, while, if given jointly paroxetine was injected 30 min
before TMS. The mitogens used were: concanavalin A (Con A), pokeweed
mitogen (PWM) or lipopolysaccharide (LPS). While either treatment applied
alone had no effect on proliferative response, the joint application of par-
oxetine and TMS significantly depressed it. The literature data suggest that
pulsed magnetic field may directly inhibit mitogen-activated lymphocyte
proliferation, which is also inhibited by the presence of high level of sero-
tonin. The present results suggest that both effects are additive, and because
of that application of both treatments, whose effects alone are insufficient to
prompt the reaction, possibly because adaptive changes during chronic treat-
ment, results in a significant inhibition of lymphocyte proliferation.

Key words: transcranial magnetic stimulation (TMS), paroxetine, thy-
mocytes, splenocytes, proliferative response
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Abbreviations: Con A – concanavalin A, ECS –
electroconvulsive shock, HPA axis – hypothala-
mus-pituitary-adrenal axis, LPS – lipopolysaccha-
ride, PWM – pokeweed mitogen, SSRI – selective
serotonin reuptake inhibitor, TMS – transcranial
magnetic stimulation

INTRODUCTION

Immunological dysfunctions in the course of
depression are recently intensively investigated,
but the results are inconsistent, possibly due to etio-
logical variability of depression [20]. Both immu-
nosuppression and pathological activation, similar
to that observed in inflammation or autoimmune
diseases, were reported [20, 14]. It has been demon-
strated that pharmacotherapy of depression results
in normalization of some disturbed indices of im-
munoreactivity [14], but much less is known whether
seismotherapy: electroconvulsive treatment (ECT)
or repeated transcranial magnetic stimulation (TMS)
affects also the immunological system. It has been
reported that unilateral left-sided TMS transiently
elevates the number of CD4+ and CD8+, subpopu-
lations of T lymphocytes, while right-sided stimu-
lation depresses the number of CD8+ T lympho-
cytes [1]. On the other hand, it was reported that
chronic exposure to alternating electromagnetic
field generated by industrial and domestic appli-
ances might disturb the functions of the immuno-
logical system [3, 10, 16]. The profile and intensity
of those changes depend on the functional state of
the cells, characteristics of the field and duration of
exposure. These studies examined the in vivo and
in vitro effects of magnetic field on humans and
isolated lymphocytes, respectively.

The aim of this study was to investigate how
two modern antidepressant therapies, chronic treat-
ment with TMS and administration of an antide-
pressant belonging to selective serotonin reuptake
inhibitor (SSRI), paroxetine, affect the proliferative
response of the rat thymocytes and splenocytes
stimulated in vitro with various mitogens. In par-
ticular, we were interested in the action of TMS un-
der conditions of prolonged inhibition of serotonin
reuptake. The results demonstrated that paroxetine
treatment and TMS, which were unable to affect
the reactivity of lymphocytes and splenocytes
when given separately, produced a definitive de-
pression of proliferative activity of immunological
cells when given together.

MATERIALS and METHODS

Animals

The experiment was carried out on male Wistar
rats weighting 250–280 g, kept under standard hous-
ing conditions (room temperature 23°C, a 12/12
light/dark cycle, light on at 6:00) with free access
to food and water. The rats were randomly divided
into 4 groups, 6 rats in each, and were acclimated
for at least 1 week before beginning the experi-
ment. All treatments conformed to the NIH Animal
Care Guide and were approved by Local Ethics
Commission.

Drug and TMS treatments

All treatments were applied for 12 consecutive
days, once daily, between 8:00–10:00 a.m. Par-
oxetine (Smith-Kline Beecham Pharmaceuticals,
UK) was dissolved in sterile distilled water and ad-
ministered intraperitoneally (ip) at the dose of
10 mg/kg.

For magnetic stimulation, the new prototype
of stimulator MS-3, constructed in ZDANiA Inc.
(Academy of Mining and Metallurgy, Kraków, Po-
land) was used. The apparatus was described in de-
tail elsewhere [31, 33]. The rats receiving TMS
were placed in special restraining tubes. The core-
coil was held immediately above the rat’s head, and
the coil-skin distance did not exceed 1 cm. The al-
ternating magnetic field (magnetic induction B =
1.2 T, frequency f = 30 Hz) was applied for 330 s
every day. Control rats were immobilized in the
tubes for 330 s and exposed to noise artifacts as
animals receiving TMS, but no magnetic field was
applied. The rats undergoing TMS were injected
with paroxetine or water 30 min before magnetic
stimulation.

Cell cultures

Twenty four hours after the last treatment, the
rats were decapitated, their thymuses and spleens
were aseptically dissected and the organs were gen-
tly homogenized in a glass/glass homogenizer. The
cell suspensions were prepared using RPMI 1640
medium (Biomed, Lublin, Poland). Splenocytes or
thymocytes were washed, and viable nucleated
cells were counted using Türck stain solution. Vi-
ability of the cells was 85–90% as assessed using
standard trypan blue dye exclusion method. Proli-
ferative response of thymocytes and splenocytes

634 �
�� �� ���	���
��� ����� ��� �������

	
 ����� �
 �������� �
 ����



was assessed in vitro in triplicates using the stan-
dard [�H]-thymidine incorporation assay [12]. 4 × 10&

cells suspended in RPMI 1640 medium, supple-
mented with 10% heat-inactivated fetal calf serum
(Biochrom Seromed, Germany), 50 �g/ml of peni-
cillin, 50 �g/ml of streptomycin, and 2 mM/ml of
L-glutamine (all Sigma, USA), were incubated in
96-well flat-bottomed plates (Nunc) in a final volu-
me of 0.2 ml. Cultures of splenocytes were stimu-
lated with concanavalin A (Con A, Sigma, USA) at
a final concentration of 2 �g/ml of culture medium,
pokeweed mitogen (PWM, Sigma, USA) at 1 �g/ml,
or lipopolysaccharide (LPS) from E. coli, serotype
026:B6 (Sigma, USA) at 5 �g/ml. Cultures of thy-
mocytes were stimulated with Con A (2 �g/ml).
Concentrations of mitogens used in the present ex-
periment were optimal and gave maximal prolifera-
tive effect. The cells were cultured under standard
conditions (37°C, 90% humidity, 5% CO�) in an in-
cubator (Assab, Sweden) for 72 h. [�H]-CH�-thymi-
dine (ICN Pharmaceuticals, USA, specific activity
6.7 Ci/mmol) at 0.5 �Ci was added to each well
16 h before termination of culture. The cultures
were harvested with an automatic cell harvester
(Scatron, Norway) and [�H]thymidine uptake was
estimated by liquid scintillation counter (Beckman
LS 6500).

Statistical analysis

The results were analyzed statistically using
one-way ANOVA followed by the Least Signifi-
cant Difference test. Data are presented as a mean
± SEM.

RESULTS

Neither administration of paroxetine nor TMS
for 12 days affected proliferative response of thy-
mocytes and splenocytes to mitogen stimulation
(Figs. 1–4). However, a combined treatment with
the antidepressant and TMS resulted in depression
of the response, although not always the difference
between all control groups and the group receiving
combined treatment reached the level of statistical
significance. The unequivocal significant diffe-
rences were observed in the responses of spleno-
cytes to PWM (Fig. 3) while in other groups sig-
nificance was attained for the differences between
some groups receiving a single treatment (Figs. 1,
2, 4).

DISCUSSION

Numerous observations indicate that the changes
in the state of the central nervous system, particu-
larly of the mood level, are accompanied by the
changes in immunological status of the organism,
and conversely, the diseases involving immuno-
logical responses influence behavior [20, 17].

The mood-immune status relationship has been
most often investigated in stress and depression
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[17, 18]. Serotonin has been postulated to be one of
possible links between the psychotic depression
and immune responses, as on the one hand, a defi-
cit in the functions of the central serotonergic sys-
tem is one of the important neurochemical features
of depression [5], and on the other, serotonin was
found to modulate immunological responses such
as proliferation of lymphocytes induced by mito-
gens [15, 30].

Serotonin regulates the immunological system
by both central and peripheral mechanisms. Central
action of serotonin on immunological processes via
endocrine system is evidenced by the fact that in-
tracerebroventricular administration of a serotonin

uptake inhibitor, fluoxetine, that results in an in-

crease in serotonin concentration in the environ-

ment of central serotonin receptors, affects the pro-

liferation response of lymphocytes in a manner

very similar to that observed after ip administration

of the drug [27]. Serotonin may also act directly on

lymphocytes. Serotonin in lymphatic organs de-

rives from macrophages, lymphocytes, basophils,

mast cells and blood platelets, and also, secondar-

ily, the noradrenergic sympathetic nerve endings,

that are capable of serotonin reuptake [22]. The

high-affinity serotonin uptake system (whose role

has not been fully elucidated yet) operates in lym-

phocytes T [7]. The activated lymphocytes and

macrophages produce and release serotonin [9],

and activated lymphocytes T express serotonin re-

ceptors [2]. Available data demonstrate that sero-

tonin affects the immunological responses both in

in vitro and in vivo conditions, and its action is

biphasic: low concentrations of serotonin stimulate,

while its high levels suppress the immunological

system. Thus, serotonin may be regarded as an

autocrine and paracrine modulator of immunologi-

cal responses [15, 30].
It should be emphasized that serotonin is not the

only neurotransmitter that modulates the immune

system. The neuroendocrine modulatory pathway

could be affected by interactions with adrenergic

system [28] or hypothalamo-pituitary-adrenal (HPA)

axis [6]. In fact, lymphatic organs do not receive

serotonergic innervation, but they are abundantly

supplied by adrenergic projections [8].
The activity of the central serotonergic system

is modulated by antidepressants that effectively, al-

beit with considerable latency, elevate the mood of

depressed patients. Virtually all antidepressant treat-

ments increase the extracellular serotonin level, as

measured by brain microdialysis [21].
Regarding the effects of antidepressants on the

immune system, Pellegrino and Bayer [27] have re-

ported that a single administration of a serotonin

uptake inhibitor fluoxetine depresses the prolifera-

tion of lymphocytes, while no such effect was ex-

erted by fluoxetine given chronically, for 2 weeks.

The inhibitory effect may be related to the increase

in serotonergic neurotransmission, while the lack

of changes after chronic administration may indi-

cate development of compensatory adaptive changes.
In addition to antidepressant drugs, some physi-

cal therapies are also effective in treatment of de-

pression. Repetitive TMS has recently been intro-
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duced as a novel antidepressant treatment, alterna-

tive to electroconvulsive therapy. The first very

enthusiastic reports [26] have not been later com-

pletely confirmed [11], but TMS is still regarded as

potentially valuable antidepressant treatment. In

animal experiments, TMS was found to produce

behavioral and biochemical effects similar, though

weaker, to those produced by electroconvulsive

shock (ECS) [19, 34]. Interestingly, alternating

electromagnetic field was also reported to affect the

immune system, although the effects were not ro-

bust, as it has been reported that the effect on iso-

lated cells of the immune system depends on the

characteristics of the field and the time of exposure

on the one hand, and on the functional state of the

cells on the other [16].
Effects of physical treatment on intracellular

signals can be altered by the pretreatment with anti-

depressant drugs. Our previous study has shown

that pretreatment with some antidepressants (i.e.

imipramine, mianserin and amitriptyline) modu-

lated the effects of ECS on the responsiveness of

the central adrenergic receptors in rats [23–25, 29].

Since TMS (similarly to ECS) decreases the re-

sponse of the �-adrenoceptor-coupled cyclic AMP

system [32] and lymphatic organs are supplied by

adrenergic projections, the changes in the function-

ing of adrenergic receptors induced by combined

treatment with antidepressants and physical agents

may affect the reactivity of lymphocytes.
In the present study, we wanted to find out

whether clinically effective antidepressant thera-

pies with various mechanisms of action affect the

immune system of the rat. To this end, we investi-

gated the effect of paroxetine, a modern and effec-

tive antidepressant of SSRI group, and TMS, the

upcoming antidepressant treatment, administered

in a manner which is regarded as relevant to its an-

tidepressant action [4, 35] on immunological re-

sponsiveness. The lymphocyte response to stimula-

tion with mitogens, assessed by measurement of

incorporation of labeled thymidine, is regarded as

a model of antigenic activation of the immune sys-

tem. With the help of mitogens specifically activat-

ing various lymphocyte populations, it is possible

to assess in a simple way their participation in the

immunological response. Under applied experi-

mental conditions, Con A stimulates preferentially

T lymphocytes, LPS activates B lymphocytes, and

PWM induces both B and T lymphocytes, but B

lymphocytes proliferate mainly in the presence of

T lymphocytes [12, 13]. The selection of mitogens
used in this study permits, therefore, to assess the
reactivity of B and T lymphocytes separately and in
cooperation.

In this experiment, we found out that standard
treatments with paroxetine (at the dose of 10 mg/kg
which was found to increase serotonin level in di-
alysate of the frontal cortex [21]) and TMS, admin-
istered for 12 days, that are sufficient to induce in
rats changes that are predictive of therapeutic ac-
tion (e.g. decrease in immobilization time in Por-
solt’s test [35]) produce no significant changes in
the proliferative response of thymocytes or spleno-
cytes. The fact that we were unable to find any
changes in immunological response of lympho-
cytes B and T obtained from animals treated chro-
nically with paroxetine or TMS could be explained
by development of such adaptive changes, particu-
larly as the cells were obtained from animals 24 h
after the last treatment. At this time, not only no di-
rect effects of TMS are present, but also the level of
paroxetine, and, consequently, the serotonin uptake
inhibition, is very low. However, the combined
treatment with paroxetine and TMS for 12 days
leads to a depression of proliferation of lympho-
cytes. As both treatments act by different mecha-
nisms, it might be suggested that the effect of their
combination overcomes the adaptive changes. This
probably is due to a simultaneous increase in extra-
cellular serotonin level due to the action of paroxe-
tine and the direct inhibitory effect of electromag-
netic field on lymphocyte proliferation.

The current results suggest that, at least for im-
munological responses, the combination of antide-
pressant treatments with different mechanisms of
action produces an effect stronger than either treat-
ment alone. It is probable that similarly to the effect
on immunological response, the combination of an-
tidepressant treatments with different mechanisms
of action, such as pharmacotherapy with SSRIs and
seismotherapy with TMS, will produce stronger ef-
fect also in elevation of mood in depressed patients.
As patients with psychotic depression often de-
velop immunological disturbances, the possible in-
troduction of combined treatment of depression
with SSRIs and TMS into clinic must be carried out
with caution.
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