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Abstract
Depression is associated with an altered immune response, which could be normalized by antidepressant drugs. However, little is

known about the influence of antidepressants on the peripheral immune response and function of macrophages in individuals not

suffering from depression. Our studies were aimed at determining the influence of antidepressant drugs on the humoral and

cellular immune response in mice. Mice were treated intraperitoneally with imipramine, fluoxetine, venlafaxine, or moclobemide

and contact immunized with trinitrophenyl hapten followed by elicitation and measurement of contact sensitivity by ear swelling

response. Peritoneal macrophages from drug-treated mice were either pulsed with sheep erythrocytes or conjugated with

trinitrophenyl and transferred into naive recipients to induce humoral or contact sensitivity response, respectively. Secretion of

reactive oxygen intermediates, nitric oxide, and cytokines by macrophages from drug-treated mice was assessed, respectively, in

chemiluminometry, Griess-based colorimetry and enzyme-linked immunosorbent assay, and the expression of macrophage

surface markers was analyzed cytometrically. Treatment of mice with fluoxetine, venlafaxine, and moclobemide results in sup-

pression of humoral and cell-mediated immunity with a reduction of the release of macrophage proinflammatory mediators and

the expression of antigen-presentation markers. In contrast, treatment with imipramine enhanced the humoral immune response

and macrophage secretory activity but slightly suppressed active contact sensitivity. Our studies demonstrated that systemically

delivered antidepressant drugs modulate the peripheral humoral and cell-mediated immune responses, mostly through their

action on macrophages. Imipramine was rather proinflammatory, whereas other tested drugs expressed immunosuppressive

potential. Current observations may be applied to new therapeutic strategies dedicated to various disorders associated with

excessive inflammation.
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Introduction

Depression is one of the most common diseases resulting
from complex interactions of genetic, immunological, and
environmental factors. However, the etiology of depressive
disorder is not yet completely understood. The previously
hypothesized inflammatory basis of depression1 was raised
by Smith2 as the ‘‘macrophage theory of depression’’ after
the observation that administration of monokines to healthy
volunteers may lead to the development of symptoms

of a major depressive episode. Furthermore, the higher inci-
dence of depression in women and in patients with auto-
immune disorders suggests an important role of activation
of macrophages (Mfs) by estrogens and mediators of exces-
sive inflammation in the pathogenesis of depression.2

Finally, the higher serum levels of proinflammatory cyto-
kines and activation of circulating monocytes were also
detected in patients with depression in comparison to
healthy individuals.3 In addition, treatment of co-existing
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inflammatory disease with inhibitors of cytokines in
depressed patients also ameliorated the symptoms of
depression,4 and possibly could improve the response to
treatment with conventional antidepressant drugs.5

Intriguingly, a clinical trial of the clinical applicability of
tumor necrosis factor antagonist, infliximab, in treatment-
resistant depression gave promising positive results.6

Altogether, these observations strongly supported the
inflammatory and Mf theories of depression. It is worth
noting that proinflammatory factors, such as cytokines
secreted by peripheral Mfs, are able to cross the blood–
brain barrier through various postulated mechanisms,
which then activate local inflammation in the central ner-
vous system (CNS).7,8 Additionally, microglia activated by
systemic or local stimuli play an important role in the
inflammatory response in the CNS, which could result in
the alteration of the synthesis and metabolism of neuro-
transmitters, for instance by increasing monoamine
re-uptake.9 During depression microglia were shown to
activate the 2,3-dioxygenase-dependent metabolism of tryp-
tophan, which inhibits serotonin synthesis.10 Furthermore,
inflammation associated with depression may increase the
risk of cardiovascular disorders11 and cancer development12

in depressed patients.
Resident Mfs of the phagocyte system are involved

in various innate immune mechanisms, especially in
antimicrobial and antitumor defense, and cellular debris
clearance. Moreover, tissue Mfs, especially those of mono-
cytic origin, play an important role in the induction and
orchestration of adaptive humoral and cellular immune
response through their ability to phagocytose, process and
present antigens and to release various pro and antiinflam-
matory factors. Apart from antigen-presenting activity, Mfs
act as effector cells in delayed-type hypersensitivity, includ-
ing the cutaneous contact sensitivity (CS) reaction.13 As
such they are a critical lynchpin in the overall immune
response. Due to their expression of various cell-
membrane-associated and intracellular receptors, Mfs can
react to numerous signaling molecules, including cytokines,
hormones, neurotransmitters, and bioactive compounds of
different medications.14 Additionally, Mfs express a high
plasticity of their current phenotype, which contemporarily
is classified as classically or alternatively activated.13 The
population of Mfs in the CNS mainly consists of microglia
as well as perivascular, meningeal, and choroid Mfs.15

Resident Mfs, including microglia, colonize the brain
tissue prenatally to support neurogenesis, mainly through
secretion of neurotrophic factors, and to provide the phago-
cytic and other recently reviewed functions in the CNS.16

Interestingly, microglia can sense and respond to the alter-
ations of neurotransmission in the CNS16 and peripheral
Mfs are likely to possess the same ability.

Pharmacotherapy of depression includes several groups
of drugs that differ greatly in their chemical and pharma-
cological properties.17 Since disturbances of neurotransmis-
sion are a leading abnormality in the pathogenesis of
depression, drugs ameliorating this process are clinically
important. These are represented by tricyclic antidepressant
drugs (TCA), such as imipramine (IMI); selective serotonin
re-uptake inhibitors (SSRI), such as fluoxetine (FLUO);

serotonin-norepinephrine re-uptake inhibitors (SNRI),
such as venlafaxine (VENLA); and reversible monoamine
oxidase (MAO)-A inhibitors like moclobemide (MOCLO).
The most important clinical effect of antidepressants’ action
in the CNS results from an increase of the level of neuro-
transmitters, especially serotonin, in the synapses. It should
be stressed that different cells of the immune system, espe-
cially Mfs, can sense the alterations of neurotransmitters
concentrations and their relation due to the expression of
serotonin18 and norepinephrine19 receptors.

Therapy with antidepressant drugs seems to impact the
dysregulated immune response mechanisms in patients
with depression,20 mainly through the amelioration of the
cytokine profile in serum.21 Nevertheless, their possible
effect on systemic immunity is not well described, espe-
cially in individuals not suffering from depression.
Therefore, our present studies aimed to investigate the
influence of treatment with the aforementioned antidepres-
sant drugs on the immune activity of peripheral Mfs
in mice.

Materials and methods
Mice

In all experiments, 10–12-week-old male mice (24� 2 g) of
the inbred CBA/J strain from the breeding unit of the
Department of Immunology, Jagiellonian University
Medical College, Krakow, Poland were used according to
the guidelines of the 1st Local Ethics Committee (approval
no. 152/2012). Mice were fed autoclaved food and water ad
libitum. The general scheme of experiments is shown in the
Figure 1(a).

Antidepressant drug administration

Fluoxetine hydrochloride (FLUO, cat. no. F132) in a daily
dose of 10 mg/kg per mouse, imipramine hydrochloride
(IMI, cat. no. I7379) in a daily dose of 20 mg/kg per mouse,
MOCLO (cat. no. M3071) in a daily dose of 5 mg/kg per
mouse and venlafaxine hydrochloride (VENLA, cat. no.
V7264) in a daily dose of 5 mg/kg per mouse (Sigma, St.
Louis, MO, USA) were used as sterile phosphate-buffered
saline (PBS) solutions for intraperitoneal injections. Both,
donors of Mfs as well as mice actively sensitized with
hapten, were treated with the proper drug for seven days.

Reagents

Several reagents were used, including acetone, ethanol
(P.O.Ch. S.A., Gliwice, Poland), Dulbecco’s phosphate-buf-
fered saline (DPBS), fetal calf serum (FCS), PBS, RPMI1640,
thioglycollate medium (Gibco Life Technologies, Grand
Island, NY, USA), heparin sodium salt, lucigenin (bis-N-
methylacridinum nitrate), luminol (3-aminophthalic hydra-
zide), 2-mercaptoethanol (2-ME), mineral oil (heavy
fraction), zymosan (Sigma, St. Louis, MO, USA), extra
virgin olive oil (Basso Fedelee Figli s.r.l., San Michele
di Serino, Italy), 2,4,6-trinitrobenzene sulfonic acid
(TNBSA) (Eastman Kodak, Rochester, NY, USA), twice
recrystallized 2,4,6-trinitrophenyl chloride (picryl chloride,
PCL) (Chemica Alta, Edmonton, Alberta, Canada),
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sheep red blood cells (SRBC) (Graso Biotech, Starogard
Gdanski, Poland).

Enzyme-linked immunosorbent assay kits

The following enzyme-linked immunosorbent assay

(ELISA) kits were used: Mouse tumor necrosis factor

(TNF) alpha ELISA Ready-SET-Go!� (sensitivity 8 pg/ml,

cat. no. 88-7324-22), Mouse IL-6 ELISA Ready-SET-Go!�

(sensitivity 4 pg/ml, cat. no. 88-7064-22), Mouse IL-10

Platinum ELISA Test (sensitivity 5 pg/ml, cat. no.

BMS614/2), Mouse transforming growth factor (TGF)-

beta1 Platinum ELISA Test (sensitivity 7.8 pg/ml, cat. no.

BMS608/4), (eBioscience Inc., San Diego, CA, USA);

Mouse IL-12p40 BD OptEIATM Set (sensitivity 15.6 pg/ml,

cat. no. 555165; BD Biosciences, San Diego, CA, USA).

Antibodies

In cytometric analysis, fluorescein isothiocyanate (FITC)-
conjugated rat anti-mouse Mac-3 monoclonal antibody
(mAb), phycoerythrin (PE)-conjugated rat anti-mouse
I-Ak, CD80, CD86, CD40, CD11b, CD14, CD16/32 mAb
(BD Pharmingen, San Diego, CA, USA) were used.

Harvest of oil-induced or thioglycollate-induced
peritoneal Mfs

Peritoneal exudates were induced by intraperitoneal injec-
tion (on the second day of drug treatment) of either 1 ml of
mineral oil or 2 ml of thioglycollate medium (in the case of
Mfs tested in humoral response assays). Five days later,
peritoneal exudate cells (containing over 95% of non-
specific esterase-positive cells)22 were harvested by wash-
ing the peritoneal cavity with 5 ml of ice-cold DPBS

Figure 1 Experimental design. (a) The general scheme of successive experiments performed. In each experiment, mice were treated for seven days with each

respective antidepressant drug. To assess humoral immune response, thioglycollate-induced peritoneal macrophages (TMfs) collected from these mice were pulsed

with SRBCs and transferred intraperitoneally into drug-untreated recipients. For evaluation of active contact sensitivity (CS) reaction, drug-treated mice were contact

sensitized, then challenged with PCL and elicited CS was measured as ear swelling response. Oil-induced peritoneal macrophages (OIL Mfs) from drug-treated mice

were tested either for expression of surface markers in cytometry, generation of ROIs in a chemiluminescence assay, or for secretion of cytokines and nitric oxide during

cell culture. Finally, drug-treated mice were the source of OIL Mfs, which, after conjugation with trinitrophenyl (TNP) hapten (TNP-Mfs) were transferred intravenously

into mice that were then epicutaneously (e.c.) sensitized and subsequently challenged with PCL to estimate CS reaction measured as ear swelling response in TNP-Mf

recipients. (b) Scheme of experiment testing for early 2-h and late 24-h phases of active CS reaction in antidepressant drug-treated, e.c. sensitized mice.

(c) Presentation of the model of intravenous adoptive transfer of TNP-Mfs from antidepressant drug-treated donors into naive recipients one day before PCL e.c.

sensitization for testing of drug-influenced TNP-Mf impact on early and late phases of CS reaction measured as ear swelling response after challenge with PCL. (A color

version of this figure is available in the online journal.)
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containing heparin (5 U/ml) and, after washing, were used
in the assays as peritoneal Mfs collected from either drug-
treated donors or untreated control mice.

Chemiluminescence assay

The generation of reactive oxygen intermediates (ROIs) by
control Mfs from naive mice and by Mfs from donors trea-
ted with drugs was assessed in a luminol-dependent and a
lucigenin-dependent chemiluminescence assay. Mfs were
placed in duplicates on 96-well black plates (Nunc,
Roskilde, Denmark) at a concentration of 1�106 cells per
well in 200 ml of RPMI1640 with 10% FCS. After a 15-min
incubation at 37�C of Mfs with chemiluminescence probes,
Mf oxidative burst was stimulated in selected wells with
mouse serum-opsonized zymosan (10 particles per Mf)
just before measurement of chemiluminescence with a
Lucy 1 luminometer (Anthos, Salzburg, Austria), which
lasted for 75 min. The averaged results of the kinetics of
ROIs generation were expressed in relative units of lumi-
nescence emission per second.

Measurement of cytokines and nitric oxide
concentration

Mfs from control or drug-treated mice were partially stimu-
lated with lipopolysaccharide (LPS) (200 ng) and cultured
in standard conditions (37�C and 5% CO2) at a concentra-
tion of 2� 106 cells per well in 2 ml of RPMI1640 with 5%
FCS. Culture supernatants were collected for evaluation of
nitric oxide (NO), IL-6, IL-12p40, and TNFa concentrations
after 24 h and for IL-10 and TGF-b1 measurement after 48 h
of culture. Nitric oxide concentration was measured in
freshly collected supernatants in a method based on a mod-
ified Griess reaction.23 Cytokine concentrations were mea-
sured after storage of supernatants at �80�C in ELISA
according to manufacturer procedures.

Flow cytometry

Apart from testing CD16/32 expression, peritoneal Mfs
from naive or drug-treated mice were incubated with
mAb (clone 2.4G2) to block Fc receptors. Then cells were
incubated with FITC-conjugated anti-mouse Mac-3 mAb
and PE-conjugated mAb against either I-Ak (MHC class
II), CD80, CD86, CD40, CD11b, CD14, or CD16/32 surface
markers. After washing, Mfs were analyzed by flow cyto-
metry (FACSCalibur, BD Bioscience, San Jose, CA, USA) for
expression of selected markers. In each case, 5� 104 cells
were analyzed for data acquisition.

Hemolytic plaque forming and direct
hemagglutination assays24

Thioglycollate-induced Mfs harvested from control
untreated or drug-treated mice were incubated with SRBC
for 30 min at 37�C in ratio 1:10. After lysis of non-
phagocytosed SRBC by osmotic shock, SRBC-pulsed Mfs
were transferred intraperitoneally into naive recipients
(4� 106 Mf per mouse). Seven days later blood, sera and
spleens were collected individually with a measurement
of spleen weight for each. Serum titers of total anti-SRBC

antibodies (in collected sera) as well as IgG antibodies (in
sera pre-incubated with 0.15 M 2-ME) were measured in
direct hemagglutination (HA) and expressed as a log2 of
titers. Titers of specific IgM antibodies were calculated by
subtraction of IgG titers from total antibody serum titers.
Briefly, two-fold dilutions of sera in DPBS were incubated
with 1% SRBC suspension for 90 min at 37�C to show agglu-
tination. Further, single cell suspensions of each spleen in
RPMI1640 were incubated with 1% SRBC in the presence of
guinea pig complement for 90 min at 37�C to enumerate the
number of plaque forming cells (PFC) in a plaque forming
assay (PFA) performed in triplicates by a slide technique.
The averaged results were expressed as the number of PFC
per spleen (PFC/spl).

Active sensitization and assessment
of CS reaction (Figure 1(b))

Control naive mice or mice treated with drugs were actively
sensitized (on the second day of the treatment) by application
of 150ml of a 5% PCL solution in acetone:ethanol (1:3 v/v) on
the shaved abdomen of the animals. Five days later, mice
were challenged by topical application of 10ml of a 0.4%
PCL solution in acetone:olive oil (1:1 v/v) on both sides of
both ears. Two and 24 h later, ear swelling was measured with
an engineer’s micrometer (Mitutoyo, Tokyo, Japan) and, after
subtraction of ear thickness increase in non-sensitized but
challenged littermate animals, were expressed as
delta� standard error (SE) representing the average net ear
swelling reaction in each group, consisting of five mice.

Transfer of trinitrophenyl-conjugated Mfs (Figure 1(c))

Peritoneal Mfs from control or drug-treated mice were con-
jugated with trinitrophenyl (TNP) hapten by incubation
with TNBSA solution in DPBS (2 mg TNBSA per 1�108

cells) for 10 min in darkness at room temperature. Washed
TNP-conjugated Mfs (TNP-Mfs) were then transferred
intravenously into naive recipients that on the next day
were sensitized with a 5% PCL solution (see supra). Five
days later, actively sensitized recipients of TNP-Mfs were
challenged with a 0.4% PCL, and subsequent ear swelling
was measured as described above.

Statistical analysis

All experiments were performed two to five times, and rep-
resentative results are shown in the figures. Analysis of
variance (ANOVA) with a post hoc RIR Tukey test was
used to estimate the statistical significance of differences
observed between all, control and experimental groups;
and p< 0.05 was considered as a minimum level of
significance.

Results
Antidepressant drugs influence the induction
of humoral immunity by antigen-pulsed Mfs

Mfs as efficient phagocytes and antigen-presenting cells are
involved in the induction of the humoral immune response
to corpuscular antigens. Thus, Mfs harvested from mice
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treated with each antidepressant drug were pulsed with
SRBC (as a cellular antigen) and then transferred intraper-
itoneally into naive mice, from which seven days later, sera
and spleens were collected for assessment of the parameters
of humoral immunity, i.e. serum antibody titers in HA
and number of antibody-producing cells in PFA. A signifi-
cantly decreased number of antibody-producing cells was
observed in spleens of recipients of SRBC-pulsed Mfs from
donors treated with MOCLO and VENLA (Figure 2(a),
groups E and D, respectively). Similar tendency
was observed after treatment of Mf donors with FLUO
(Figure 2(a), group C). In contrast, an increased number of
antibody-producing cells were determined in spleens of
recipients of SRBC-pulsed Mfs from donors treated with
IMI (Figure 2(a), group B). Furthermore, approximately
half-reduced titers of the total SRBC-specific antibodies
were measured in sera of recipients of SRBC-pulsed Mfs
from MOCLO-, VENLA- and FLUO-treated donors
(Figure 2(b), groups E, D and C, respectively), while recipi-
ents of SRBC-pulsed Mfs from IMI-treated donors
expressed enhanced serum titer of SRBC-specific antibodies
(Figure 2(b), group B). Interestingly, SRBC-specific antibo-
dies of IgM class were not detected in sera of recipients of
SRBC-pulsed Mfs from donors treated with FLUO and
VENLA (Figure 2(b), groups C and D).

Treatment with antidepressant drugs affects
CS response

To determine the influence of antidepressant therapy on
cellular allergic immune response, on the second day,
mice treated with the studied drugs were contact immu-
nized with PCL hapten, and five days later a CS reaction
was elicited by ear challenge with PCL and then measured
as an ear swelling response. A significantly suppressed
2-h CS reaction, reflecting early B1 B cell and mast
cell-dependent phase of cutaneous allergy, was observed
in mice treated with FLUO and VENLA and to a lesser

extent with IMI (Figure 3(a), groups C, D and B, respect-
ively). Similarly, suppression of the CS late phase mediated
by effector T cells and Mfs was demonstrated in mice trea-
ted with IMI, FLUO, and VENLA (Figure 3(b), groups B, C
and D, respectively), whereas MOCLO insignificantly
affected both CS phases (Figure 3(a) and (b), group E).

Hapten-conjugated Mfs, when transferred intravenously
into naive mice, were shown to be tolerogenic rather than
immunogenic and to very weakly induce CS response.25

Our current studies determined whether antidepressant
drugs influence this phenomenon by the transfer of TNP-
Mfs from drug-treated donors into recipients that two days
later were contact immunized with PCL followed by ear
challenge to elicit CS reaction. Both the early and late
phases of CS were strongly suppressed in immunized
recipients of TNP-Mfs from donors treated with FLUO
(Figure 4(a) and (b), group C), and, to a lesser extent, with
VENLA and MOCLO (Figure 4(a) and (b), groups D and E),
while transferred TNP-Mfs from IMI-treated donors
enhanced both, the early (Figure 4(a), group B) and late
(Figure 4(b), group B), phases of CS reaction.

Expression of surface markers of Mfs from mice
treated with antidepressant drugs

Cytofluorometrically analyzed expression of CD11b, CD14,
and CD16/32 phagocytosis markers was reduced on the
surface of peritoneal Mfs harvested from donors treated
with FLUO, VENLA, and MOCLO, whereas a slight
increase of the expression of these markers was demon-
strated in Mfs from IMI-treated donors (Table 1). Further,
analysis of MHC class II, CD80, CD86, and CD40 markers of
antigen presentation showed a similar trend, i.e. their
expression was reduced in Mfs from donors treated with
FLUO, VENLA, and MOCLO and increased in Mfs from
donors treated with IMI (Table 1). It is worth noting that
the strongest reduction of MHC class II expression was
observed in Mfs from FLUO-treated mice, while the

Figure 2 Antidepressant drugs impact humoral immune response. Mouse donors of macrophages were treated with imipramine (20 mg/kg/day), fluoxetine (10 mg/

kg/day), venlafaxine (5 mg/kg/day), or moclobemide (5 mg/kg/day) for seven days. Then, isolated thioglycollate-induced peritoneal macrophages, after pulsing with

sheep red blood cells (SRBC), had been injected intraperitoneally into recipients, from which sera and spleens were collected individually seven days later. (a) Number

of plaque-forming cells (PFC) expressing specific antibody-producing B cells in spleens of macrophage recipients was estimated through a plaque-forming assay and

indicated as a mean number of PFC per spleen. (b) SRBC-specific antibody titers in sera of donor mice were assessed through a direct hemagglutination assay and

expressed as a mean value of log2 of antibody titer. N¼ 5; *P<0.05; **P<0.01; compared to respective control
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lowest expression of CD11b and CD16/32 receptors was
detected in the case of Mfs from MOCLO-treated donors.

Treatment of mice with antidepressant drugs affects
the secretion of cytokines, NO, and ROIs by Mfs

The plasticity of the phenotype of Mfs orchestrating
the immune response, apart from the profile of expressed
surface molecules, also depends on the ability to release
various soluble factors, including cytokines, NO and
ROIs, which secretion was assessed for Mfs from mice trea-
ted with assayed drugs.

Unstimulated Mfs from donors treated with FLUO,
VENLA, and MOCLO expressed a decreased release of
proinflammatory IL-6, TNFa, and IL-12p40, while unstimu-
lated Mfs from mice treated with IMI showed an enhanced
release of IL-6 (Figure 5(a)). On the other hand, the treat-
ment of mice with all tested drugs resulted in a reduction of
the secretion of IL-6, TNFa, and IL-12p40 by Mfs stimulated

with LPS (Figure 5(a)). Furthermore, the secretion of IL-10
was enhanced in the case of unstimulated Mfs from mice
treated with FLUO and MOCLO as well as LPS-stimulated
Mfs from MOCLO-treated mice (Figure 5(b)). In addition,
the release of TGF-b1 was increased in the case of unstimu-
lated Mfs from donors treated with IMI and VENLA as well
as LPS-stimulated Mfs from mice treated with IMI and
MOCLO (Figure 5(b)).

Furthermore, the treatment of mice with all tested drugs
resulted in inhibition of NO production by standard-
cultured unstimulated Mfs (Figure 6). LPS-stimulated
secretion of NO was also inhibited in the case of Mfs from
donors treated with IMI and FLUO, while treatment of ani-
mals with VENLA and MOCLO only moderately affected
Mf production of NO after stimulation with LPS (Figure 6).

Luminol- and lucigenin-dependent chemiluminescence
analysis demonstrated inhibited generation of ROIs by
zymosan-stimulated Mfs from mice treated with VENLA

Figure 4 Hapten-conjugated macrophages from antidepressant drug-treated donors influence the contact sensitivity reaction in sensitized recipients. Oil-induced

peritoneal macrophages from mice treated for seven days with respective antidepressant drug were conjugated with trinitrophenyl (TNP) hapten and then transferred

intravenously into naive recipients that on the next day were sensitized with picryl chloride (PCL). Five days later, recipients of TNP-conjugated macrophages were

challenged with PCL on the skin of both ears. Contact sensitivity reaction was measured (a) 2 h and (b) 24 h later as ear swelling response and, after subtraction of ear

thickness increase in non-sensitized but challenged littermate animals, expressed as delta� standard error (SE). N¼5; *P<0.05; **P<0.01

Figure 3 Repeated administration of antidepressant drugs affects active contact sensitivity in mice. On the second day of treatment with each respective anti-

depressant drug mice were contact sensitized with picryl chloride (PCL), and five days later were challenged by topical application of PCL on the skin of both ears.

Elicited contact sensitivity reaction was measured (a) 2 h and (b) 24 h later as ear swelling response and, after subtraction of ear thickness increase in non-sensitized but

challenged littermate animals, expressed as delta� standard error (SE). N¼ 5; *P<0.05; **P<0.01; ***P<0.005
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and, to a lesser extent, with FLUO and MOCLO (Figure 7(a)
and (b)). In contrast, zymosan-induced generation of ROIs
by Mfs from IMI-treated mice was significantly increased
(Figure 7(a) and (b)).

Discussion

The antiinflammatory and immunosuppressive activities of
various antidepressant drugs were frequently shown in
patients with major depression mainly as a normalization
of the previously increased level of proinflammatory cyto-
kines in blood plasma during therapy.26,27 However, the

influence of antidepressant drugs on the immune response
of healthy individuals was poorly characterized in the past.
Therefore, our studies aimed to investigate whether anti-
depressant drugs can modulate humoral and cellular
immune responses with a special emphasis on the role of
Mfs in observed drug-mediated effects. Our studies demon-
strated that treatment of mice with FLUO, VENLA, and
MOCLO generally leads to suppression of humoral and
cell-mediated immunity with a reduction of Mf secretory
activity, while treatment of mice with IMI enhanced
humoral immune response and Mf secretory activity, but

Figure 5 Secretion of cytokines by macrophages is affected by repeated administration of antidepressant drugs. Oil-induced peritoneal macrophages from mice

treated with each respective antidepressant drug were cultured in standard conditions, in some cases after stimulation with LPS (200 ng), at concentration of 2� 106

cells per well in 2 ml of culture medium. Enzyme-linked immunosorbent assay (ELISA) was used to measure (a) concentration of IL-6, TNFa, and IL-12p40 in super-

natants collected after 24 h of culture and (b) concentration of IL-10 and TGF-b1 in supernatants collected after 48 h of culture. N¼5; *P<0.05; **P< 0.01; compared to

respective control

Table 1 Antidepressant drug treatment alters the expression of macrophage surface markers of antigen phagocytosis and presentation

(% of cells)

CD14 CD11b CD16/32 MHC II CD80 CD86 CD40

Total Mac3þ Total Mac3þ Total Mac3þ Total Mac3þ Total Mac3þ Total Mac3þ Total Mac3þ

Mf ctrl 34.5 31.6 87.6 34.7 80.2 36.2 42.0 23.0 70.9 34.4 50.3 33.1 49.4 31.0

Mf IMI 37.6 34.9 80.8 39.7 78.7 38.9 43.2 18.7 68.4 37.7 53.6 37.3 52.7 34.8

Mf FLUO 28.4 26.8 85.9 30.5 72.8 29.2 34.8 16.5 66.9 30.5 44.1 29.6 41.4 26.7

Mf VENLA 28.9 26.6 84.6 29.0 86.6 30.7 49.5 18.1 74.9 29.1 51.4 30.7 54.7 28.0

Mf MOCLO 33.7 31.4 65.9 19.2 60.8 27.5 28.7 22.0 65.7 29.9 34.6 28.0 20.4 14.5

Note: The level of expression of markers of phagocytosis (CD14, CD11b, CD16/32) and antigen presentation (MHC class II, CD80, CD86, CD40) on the surface of oil-

induced peritoneal macrophages from mice treated for seven days with each respective antidepressant drug was analyzed cytometrically. Results were shown as a

percentage of macrophages expressing a particular marker within either the total population of analyzed macrophages or the Mac3þ subpopulation of macrophages.

N¼ 4; statistically non-significant.

Mf: macrophages; Mf ctrl: control macrophages; Mf IMI: macrophages from imipramine-treated mice; Mf FLUO: macrophages from fluoxetine-treated mice; Mf VENLA:

macrophages from venlafaxine-treated mice; Mf MOCLO: macrophages from moclobemide-treated mice.
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slightly suppressed active CS. Furthermore, it was con-
firmed that Mf immune activity was significantly affected
by drug treatment. Thus, it proved that Mfs can perceive
and respond to drug-derived modulatory signals as well as

transmit them further, even into untreated recipient

animals.
Previously, it was reported that orally administered par-

oxetine, another representative of SSRIs, did not affect the

Figure 6 Nitric oxide release by macrophages is altered by treatment with antidepressant drugs. Oil-induced peritoneal macrophages from mice treated with each

respective antidepressant drug were cultured in standard conditions, in some cases after stimulation with LPS (200 ng), at concentration of 2�106 cells per well in 2 ml

of culture medium. Nitric oxide concentration in the 24-h-culture supernatant was measured in method based on modified Griess reaction. N¼5; *P<0.05; compared

to respective control

Figure 7 Repeated administration of antidepressant drugs influence the generation of reactive oxygen intermediates (ROIs) by macrophages. Oil-induced peritoneal

macrophages from mice treated for seven days with each respective antidepressant drug were incubated on 96-well black plates at concentration of 1�106 cells per

well with chemiluminescence probes, i.e. (a) luminol or (b) lucigenin, and then stimulated with zymosan. Kinetics of ROIs generation was then measured as chemi-

luminescence emission in luminometer. The averaged results were expressed in relative units of luminescence emission (RULE) per second

Mf ctrl: control macrophages; Mf IMI: macrophages from imipramine-treated mice; Mf FLUO: macrophages from fluoxetine-treated mice; Mf VENLA: macrophages

from venlafaxine-treated mice; Mf MOCLO: macrophages from moclobemide-treated mice N¼4
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humoral immune response to SRBC evaluated in PFA nor
altered Mf phagocytosis and engulfment of SRBC,28 which
contrasts with our current results (Figure 2). Thus, to our
knowledge, the modulation of humoral immunity by the
assayed antidepressant drugs through the direct impact
on Mfs was shown here for the first time. Interestingly,
B lymphocytes from recipients of Mfs from FLUO- and
VENLA-treated donors seemed to undergo an accelerated
immunoglobulin class switching, since specific IgM antibo-
dies were not detected in the sera of these mice.

In line with current results is former observation that
treatment of mice with FLUO strongly suppresses CS reac-
tion induced by PCL29 as well as 2,4-dinitrofluorobenzene
(DNFB) haptens.30 Immunization of mice with DNFB
hapten activates effector T CD8þ cytotoxic lymphocytes,
in contrast to PCL hapten, which activates the effector
response of T CD4þ lymphocytes and Mfs.

Previous reports hypothesized that the antiinflammatory
effect of antidepressant therapy in humans results from the
ability of prescribed drugs to modulate the cytokine-
dependent signaling pathways, possibly through impact
on cytokine release.31 This is in accordance with our obser-
vations and several other studies,27 which also revealed that
the addition of MOCLO to the cultures of healthy volunteer
whole blood cells increased the LPS-stimulated release of
IL-10 and significantly decreased the unstimulated release
of TNFa.32 Recently, it was also shown that repeated
administration of FLUO into hapten-immunized mice also
influenced cytokine secretion by splenocytes with the
enhancement of IL-10 and the reduction of TNFa
release.29,30 The influence of antidepressant drugs on the
production of cytokines by human cells was previously
reviewed.33 Among other things, it was determined that
FLUO, VENLA, and IMI addition to the culture of LPS-
stimulated blood cells of patients with depression increased
the release of IL-6 and did not affect TNFa secretion.34 In
contrast, other in vitro studies demonstrated the inhibition
of LPS-stimulated release of IL-6 and TNFa by human
blood monocytes cultured in the presence of IMI.35 This is
consistent with our observations that IMI treatment down-
regulated LPS-stimulated secretion of IL-6 and TNFa.
Paroxetine, the aforementioned representative of SSRIs,
has recently been shown to reduce the secretion of IL-6 by
LPS-stimulated mouse Mfs through inhibition of intracellu-
lar IkBa phosphorylation. Interestingly, these results were
duplicated with fluoxetine,36 which is in line with our
observations.

Apart from cytokine secretion, Mfs also orchestrate the
immune response through the generation of ROIs and
NO,13 which, as currently shown, can be modulated by anti-
depressant drugs. Previously, the reduction of basal NO
release was observed in peritoneal Mfs from rats that
received FLUO thrice and subsequently were subjected to
a forced swimming test.16,37 On the contrary to our studies,
the moderate inhibitory effect of IMI added to Mf culture on
the generation of ROIs was previously mentioned.38

Further, no significant effect of single administration of
FLUO on ROIs generation was recently reported in
mice.39 However, the direct impact of repeated administra-
tion of antidepressant drugs on the generation of ROIs and

NO by Mfs harvested from drug-treated mice, to our know-
ledge, was investigated here for the first time.

The aforementioned results imply that repeated admin-
istration of antidepressant drugs, especially FLUO,
VENLA, and MOCLO, leads to a reduction of Mf capability
to phagocytose, process, and present antigens followed by
suppression of humoral and cellular immune response.
This effect is also associated with a reduction of the expres-
sion of Mf surface markers of antigen phagocytosis and
presentation. Thus, as a result of the repeated administra-
tion of antidepressant drug into healthy (not suffering from
depression) individuals, the suppression of antibody-
mediated humoral as well as allergic cellular immunity is
observed. These clinically important effects may promote
the inclusion of antidepressant drugs into the therapy of
other diseases, including those of allergic, autoimmune,
and inflammatory origin. A formerly suggested40 possibil-
ity of a future application of antidepressant drugs to ther-
apy of cutaneous allergic contact dermatitis was recently
reviewed.41 FLUO was also suggested to be a promising
alternate therapeutic agent in drug-resistant Burkitt’s
lymphoma.42 The therapeutic effect of chosen antidepres-
sant drugs used as an adjuvant analgesics43,44 may
also be augmented by their antiinflammatory potential.
Furthermore, excessive inflammation is observed in various
metabolic, neuroendocrine, and cardiovascular disorders.
Therefore, the application of antidepressant drugs in the
complex therapy of these syndromes may have beneficial
effects, primarily by enhancing the mood of the patient and
secondarily by suppressing chronic inflammation. On the
other hand, the potentially adverse suppressive effect of
chronic antidepressant therapy in patients with depression
should be considered, because it may impair antimicrobial
or antitumor immunity. This assumption seems to be
supported by the observation that, although FLUO
administered in an acute manner into healthy animals
greatly enhances leukocyte rolling and adhesion on the
endothelium through the increase of serotonin plasma
concentrations, chronic treatment with FLUO significantly
disturbs the early phase of inflammation through the severe
impairment of leukocyte recruitment.45

Our research findings indicate that antidepressant drugs
may have diverse effects, conceivably dependent on the cel-
lular target. For instance, treatment of mice with IMI leads
to proinflammatory activation of Mfs, expressed among
other things as an enhancement of CS in sensitized recipi-
ents of hapten-conjugated Mfs, while repeated administra-
tion of IMI into actively sensitized animals resulted in slight
suppression of CS reaction. Currently, various mechanisms
are considered to be responsible for the antiinflammatory
action of antidepressant drugs.46 It is most likely that the
observed antiinflammatory effects are a result of both, the
direct impact of the drug’s bioactive compound on Mfs and
other immune cells as well as changes in the concentration
and relation of neurotransmitters sensed by these cells,
especially Mfs.47 The antiinflammatory effect of FLUO
was shown to result from the inhibition of the expression
of inducible NO synthase and cyclooxygenase-2 in an LPS-
stimulated RAW cell line in a glycogen synthase kinase-
3beta-dependent manner, suggesting a significant role of
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this kinase in immunomodulation by FLUO.39 Additionally,
under the action of FLUO, the reduced expression of
cyclooxygenase-2 in a rat ligature-induced periodontitis
model48 and the suppressed production of prostaglandin
E2 by LPS-stimulated human synovial cells49 were also
detected. Other studies revealed the ability of FLUO to alle-
viate symptoms of experimental mouse colitis by inhibition
of proinflammatory signaling dependent on nuclear factor
kB (NFkB) in epithelial cells.50 Targeting of NFkB was also
responsible for the aforementioned inhibition of cytokine
release by mouse Mfs treated with paroxetine and
FLUO.36 Furthermore, the inhibition of secretion of proin-
flammatory cytokines under the influence of antidepressant
drugs was assumed to be a result of an increased intracel-
lular concentration of cyclic adenosine monophosphate due
to the stimulation of G-protein coupled receptors, and anti-
depressant drugs are suspected to be able to bind directly to
these receptors.27 However, since serotonin receptors are
members of the family of G-protein coupled receptors,
and their agonist was recently shown to inhibit sys-
temic inflammation induced by TNFa,51 it is also possible
that antidepressant drug-mediated enhancement of
serotonin level may be responsible for the observed antiin-
flammatory effect. Thus, the interaction of a particular
antidepressant drug with cells of the immune system
seems to be a complex phenomenon,52 which requires fur-
ther investigation.

In conclusion, our studies strongly suggest that anti-
depressant drugs repeatedly administered to individuals
not suffering from depression modulate the humoral and
cell-mediated immune response, mostly through action on
Mfs. Additionally, it was shown previously that experimen-
tal administration of either FLUO or a TCA representative
alleviated the clinical symptoms of rheumatoid arthritis53,54

or inflammatory bowel disease.55 A similar beneficial effect
was obtained by administration of VENLA into mice with
experimental autoimmune encephalomyelitis.56 In add-
ition, it was reported that IMI inhibited in vitro differenti-
ation of human monocytes into macrophage-like cells.57

Our results showed that, apart from the regulation of cyto-
kine production, antidepressant drugs modulate other
immune functions of Mfs. Hence, currently observed effects
of treatment with different antidepressant drugs possess
significant translational potential and indicate that
these drugs could be considered for application in complex
therapeutic strategies dedicated to various inflammatory
diseases.
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