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Serotonin (5-HT) is a neurotransmitter and an immune 
modulator. 

 

In vitro

 

, antidepressants with a serotonergic 
mode of action have, at concentrations within the 
therapeutical range, negative immunoregulatory effects, i.e., 
they increase the production rate of interleukin-10 (IL-10), a 
negative immunoregulatory cytokine. We have hypothesized 
that part of these effects may be explained by the 
serotonergic activities of antidepressants on immunocytes. 
This study was carried out to examine the effects of 5-HT, 
p-chlorophenylalanine (PCPA), a 5-HT depleting agent, 
flesinoxan (a 5-HT1A agonist), m-chlorophenylpiperazine 
(mCPP; a 5-HT2A/2C agonist), and ritanserin (a 5-HT2A/

 

2C antagonist) on the production rate of interferon-

 

g

 

 
(IFN

 

g

 

), a proinflammatory cytokine, and IL-10 by whole 
blood stimulated with polyclonal activators. The IFN

 

g

 

/IL-
10 production ratio was computed, since this ratio reflects 
the pro- versus anti-inflammatory capacity of cultured 

whole blood. We found that: 1) 5-HT, 150 ng/mL, 1.5 

 

m

 

g/
mL, and 15 

 

m

 

g/mL significantly decreased the IFN

 

g

 

/IL-10 
ratio; 2) PCPA (5 

 

m

 

M) significantly suppressed the 
production of IFN

 

g

 

 and IL-10; 3) flesinoxan (15 ng/mL; 1.5 

 

m

 

g/mL) had no significant effects on the production of the 
above cytokines; and 4) mCPP (2.7 

 

m

 

g/mL) and ritanserin 
(5.0 

 

m

 

g/mL) suppressed the IFN

 

g

 

/IL-10 ratio. It is 
concluded that intracellular 5-HT may be necessary for an 
optimal synthesis of IFN

 

g

 

 and IL-10, and that extracellular 
5-HT concentrations at or above serum values may 
suppress the production of the proinflammatory cytokine 
IFN

 

g

 

. The negative immunoregulatory effects of 
antidepressive drugs are probably not related to their 
serotonergic activities.
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Serotonin (5-hydroxytryptamine, 5-HT) is a neurotrans-
mitter, a vasoactive amine released by platelets at sites
of inflammation and an immune modulator (Roszman
et al. 1985; Mossner and Lesch 1998; Kubera and Maes
1999). In humans, 5-HT is produced, outside the central
nervous system, by enterochromaffin cells and it is
stored in circulating platelets and to a lesser extent in
monocytes and lymphocytes (Essmann 1978). 5-HT is
released from platelets and lymphocytes/monocytes
following stimulation by platelet activating factors or
lectins/interferon-

 

g

 

 (IFN

 

g

 

), respectively (Finocchiaro et
al. 1988). Moreover, it has been demonstrated that lym-
phoid organs are innervated by serotonergic neurons
and that 5-HT may influence the proliferation and dif-
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ferentiation of immunocompetent cells (Cohen et al.
1985; Felten et al. 1991). Pharmacological and molecular
analyses have confirmed the presence of 5HT1A and
5HT2A/C receptors on activated human immunocytes
and specific 5-HT transporter sites on macrophages/
lymphocytes (Aune et al. 1994).

The effect of 5-HT on cell-mediated immunity and
on the inflammatory response system (IRS) is still a
matter of controversy. Some studies show that 5-HT
has immunosuppressive effects. Devoino et al. (1968)
reported that substances, which have the property to
increase 5-HT concentrations, inhibit immunogenesis
and antibody production in rodents. 5-HT may sup-
press delayed hypersensitivity and transplantation im-
munity (for review see Devoino and Morozova 1988).
Bonnet et al. (1984) found that 5-HT suppresses murine
lymphocytic response to phytohemagglutinin A (PHA)
and/or allogeneic cells. p-Chlorophenylalanine (PCPA),
an inhibitor of 5-HT synthesis, enhances the production
of antibodies (Jackson et al. 1985). Other immune func-
tions, however, may be stimulated by 5-HT. For example,
cutaneous injection of 5-HT can initiate a delayed-type
hypersensitivity reaction through local recruitment and
activation of CD4

 

1

 

 T-helper cells (Ptak et al. 1991). Low
doses (100 ng/ml) of exogenously added 5-HT stimu-
late T cell proliferation in response to interleukin-2 (IL-2)
(Young et al. 1993; Young and Mathews 1995). En-
hancement of murine T-cell blastogenesis by 5-HT has
been shown to occur through the 5-HT2 receptor
(Young et al. 1993), whereas activation of human T
cells may occur through 5-HT1A receptors (Aune et al.
1994). Jahnova (1994) showed immuno-activating ef-
fects of 5-HT on the production of antibodies. Boranic et
al. (1987), on the other hand, reported that 5-HT as well
as PCPA suppressed antibody production.

The effects of 5-HT on the production of cytokines by
human immunocytes was the subject of a few studies.
Arzt et al. (1991) showed that 5-HT inhibits, in a con-
centration-dependent way, the LPS-induced produc-
tion of tumor necrosis factor by human macrophages.
This effect was blocked by the 5-HT2 receptor antago-
nist, ketanserin. In humans, 5-HT promotes IFN

 

g

 

 pro-
duction by NK cells probably through a 5HT1A recep-
tor mediated mechanism (Hellestrand et al. 1993).

There is now evidence that major depression is ac-
companied by disorders in the peripheral and central
turnover of 5-HT (for review see Maes and Meltzer
1995). There is also evidence that the production rate of
proinflammatory cytokines, such as IL-1, IL-6 and IFN

 

g

 

is increased in patients with major depression (for re-
view see Maes 1997; Connor and Leonard 1998; Seidel
et al. 1995; Sluzewska et al. 1995). It is hypothesized that
the increased production of the above cytokines may
play a role in the etiology of depression (Maes et al.
1995; Yirmiya 1996, 1997; Connor and Leonard 1998).
Indeed, IL-1, IL-6, and IFN

 

g

 

 given to experimental ani-

mals and humans may produce depressive symptoms
or full blown major depression (for review see Maes
1997; Bluthé et al. 1992; Yirmiya 1996).

It is thought that antidepressants, such as selective
5-HT reuptake inhibitors (SSRIs), 5-HT-noradrenaline
reuptake inhibitors (SNRIs) and some tricyclic antide-
pressants (TCAs) exert their antidepressant activity
through modulation of the brain serotonergic system
(for review see Maes and Meltzer 1995). Antidepres-
sants have also significant negative immunoregulatory
activities. In depressed patients, prolonged treatment
with SSRIs normalizes the initially increased produc-
tion of IL-6, IFN

 

g

 

, and positive acute phase proteins
(Seidel et al. 1995; Sluzewska et al. 1995; Maes et al.
1997). 

 

In vitro

 

, co-incubation of human whole blood
with SSRIs (fluoxetine, sertraline), an SNRI (venlafax-
ine), TCAs (imipramine, clomipramine), a reversible
MAO-A inhibitor (RIMA; moclobemide, and L-5-HTP,
the immediate precursor of 5-HT, significantly in-
creased the production of IL-10 and/or decreased that
of IFN

 

g

 

 (Maes et al. 1999; Lin et al. in press; Kubera and
Maes 1999). The results suggest that antidepressants
with a serotonergic mode of action have, at concentra-
tions within the therapeutical range, negative immuno-
regulatory effects. The exact mechanisms by which an-
tidepressive drugs affect cytokine production have
remained elusive. It may be hypothesized that part of
these effects may be explained by the serotonergic activi-
ties of antidepressants (for review see Maes and Meltzer
1995), such as depletion of intracellular 5-HT stores, in-
creased extracellular 5-HT, 5-HT2A/2C receptor block-
ade, or 5-HT1A receptor stimulation. However, to the
best of our knowledge, the effects of serotonergic ago-
nists and antagonists on the production of IFN-

 

g

 

 and
IL-10 have not been studied as yet.

The specific aims of the present study were to exam-
ine the effects of 5-HT, PCPA (a 5-HT depleting agent),
flesinoxan (a 5-HT1A agonist), mCPP (a 5-HT2A/2C
agonist), and ritanserin (a 5-HT2A/2C antagonist) on
the production rate of IFN

 

g

 

 and IL-10 by whole blood
stimulated with polyclonal activators. The results of the
present study provide a critical test to elucidate
whether serotonergic mechanisms modulate the pro-
duction of IFN

 

g

 

 and IL-10; and whether the effects of
antidepressants on these cytokines are mediated by se-
rotonergic mechanisms.

 

MATERIALS AND METHODS

Subjects

 

Blood samples for the assay of IL-10 and IFN

 

g

 

 were col-
lected from 26 subjects, i.e., 19 healthy volunteers, di-
vided into two subgroups according to age (

 

,

 

 45 years
versus 

 

>

 

 45 years), and seven major depressed patients
who suffered from treatment resistant depression
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(TRD). The mean ages and male/female ratio of these
subgroups were: 12 younger volunteers (mean age 

 

5

 

35.4 

 

6

 

 9.6 years, male/female ratio: 5/7); 7 older volun-
teers (mean age 

 

5

 

 51.6 

 

6

 

 1.7 years, male/female ratio:
2/5); and TRD patients (mean age 

 

5

 

 50.6 

 

6

 

 3.9 years,
male/female ratio: 2/5). The normal volunteers had a
negative past and present history of axis-I psychiatric
illnesses. None was a regular drinker and none had
ever been taking antidepressant or antipsychotic drugs.

All subjects, i.e., normal volunteers and depressed
patients, were free of medical illness, and were free of
acute infections, as well as inflammatory or allergic re-
actions for at least two weeks prior to the study. They
were free of drugs known to modify the immune or en-
docrine functions for at least one month before blood
was sampled. All subjects abstained from caffeine, nico-
tine, and alcohol for at least 12 hr before blood was
sampled. The depressed patients were admitted to the
University Department of Psychiatry, AZ Stuivenberg,
Antwerp, Belgium. Patients fulfilled with the DSM-IV
diagnostic criteria for major depression (American Psy-
chiatric Association, 1994). We used the Structured
Clinical Interview for DSM-III-R, Patient Version to
make the diagnosis (Spitzer et al. 1990). The depressed
patients were resistant to treatment with fluoxetine, 20–
60 mg daily, administered daily for at least six weeks.
Patients were still taking fluoxetine when blood was
sampled. The mean Hamilton Depression Rating Scale
score (17-item version) (Hamilton 1960) in the de-
pressed patients was 25.1 (

 

6

 

 3.2). All subjects gave
written informed consent after the study design was
fully explained.

 

Methods

 

After an overnight fast, blood for the assays of IFN

 

g

 

and IL-10 was taken at 9 a.m. (

 

6

 

 30 min). The effects of
the serotonergic agents on these cytokines were exam-
ined by stimulating 1/10 diluted whole blood with
PHA (1 

 

m

 

g/ml; Murex Diagnostics Ltd, Dartford, En-
gland) and LPS (5 

 

m

 

g/ml (E.Coli 026 lyophylized and
sterilized by gamma-irradiation); Sigma, Belgium). Di-
luted whole blood stimulated with PHA 

 

1

 

 LPS offers
the most appropriate and reproducible culture condi-
tion in order to measure cytokine production (Zangerle
et al. 1992; De Groote et al. 1992, 1993). Diluted whole
blood cultures reflect the in-vivo immune cellular and
humoral interactions and may be employed to examine
the effects of drugs on cytokine secretion (Zangerle et
al. 1992; De Groote et al. 1992, 1993; Maes et al. 1998). A
total of 1.8 ml of RPMI-1640 medium with L-glutamine
(Gibco BRL) supplemented with 100 IU/mL penicillin
(Sigma), 100 

 

m

 

g/mL streptomycin (Sigma), and PHA 

 

1

 

LPS were placed into 24 well cell culture plates (Falcone
3047; Becton Dickonsen). The serotonergic substances
were dissolved in sterile water, whereas sterile water

alone served as the corresponding control. Twenty mi-
croliters of each serotonergic drug solution was added
to the wells and gently mixed with the medium. A total
of 0.2 ml of whole blood from each of 26 subjects were
cultured with 5-HT (150 ng/mL, 1.5 

 

m

 

g/mL and 15 

 

m

 

g/
mL), PCPA (5

 

m

 

M), flesinoxan (15 ng/mL and 1.5 

 

m

 

g/
mL), mCPP (27 ng/mL and 2.7 

 

m

 

g/mL), and ritanserin
(50 ng/mL and 5.0 

 

m

 

g/mL).
The viability of cells was checked by ethidium-bro-

mide-dye exclusion. The samples were incubated for 24
hours in a humidified atmosphere at 37

 

8

 

C, and 5% CO2.
Supernatants were taken off carefully under sterile con-
ditions, divided into eppendorf tubes, and frozen im-
mediately at 

 

2

 

75

 

8

 

C. IFN

 

g

 

 and IL-10 were quantified by
means of ELISA methods (Eurogenetics, Tessenderlo,
Belgium) based on appropriate and validated sets of
monoclonal antibodies as described by us previously
(Maes et al. 1999). All assays of IFN

 

g

 

 or IL-10 were car-
ried out on the same day in one run by the same opera-
tor (AL). The intra-assay CV values for both analytes
were less than 8%. In our laboratory, the detection lim-
its are 0.9 U/mL for IFN

 

g

 

 and 10 pg/mL for IL-10.

 

Statistics

 

Repeated measure design analyses of variance (RM
ANOVAs) were used to examine the: 1) within-subject
variability with the effects of serotonergic drugs as tem-
poral condition, i.e., the positive control versus each of
the serotonergic drugs at the different concentrations;
and 2) between-subject variability with the three study
groups (younger volunteers, elderly volunteers, and
depressed patients) and gender as factors. All results of
RM design ANOVAs were corrected for sphericity.
Tests on simple effects were employed to clarify main
effects or significant interactions. A simple effect is the
effect of one variable at one level of the other variable.
Differences among treatment means were ascertained
by means of the Dunn test. In order to examine the ratio
of the secretion of pro-inflammatory (IFN

 

g

 

) versus neg-
ative immunoregulatory (IL-10) cytokines, the IFN

 

g

 

/IL-
10 ratio was computed as: z transformed IFN

 

g

 

 and z
transformed IL-10 (Maes et al. 1998). IFN

 

g

 

 and IL-10 and
their ratio were processed in Box-Cox transformation.

 

RESULTS

 

Figure 1 shows the effects of 5-HT on the production of
IFN

 

g

 

 and IL-10. RM design ANOVA showed a signifi-
cant drug effect on IFN

 

g

 

 production (F 

 

5

 

 11.8, df 

 

5

 

 3/
85, 

 

p

 

 

 

5

 

 .00002), but no significant drug X group interac-
tion (F 

 

5

 

 0.92, df 

 

5

 

 6/85, 

 

p

 

 

 

5

 

 .5). Dunn tests showed
significantly lower IFN

 

g

 

 production in the 5-HT 1.5

 

m

 

g/mL (t 

 

5

 

 2.89, 

 

p

 

 

 

5

 

 .005) and 15 

 

m

 

g/mL (t 

 

5

 

 5.86, 

 

p

 

 

 

5

 

.000007), but not 150 ng/mL (t 

 

5

 

 2.02, 

 

p

 

 

 

5

 

 .04) condi-
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tions than in the control condition (tested at p 5 .017).
RM design ANOVA showed no significant drug effects
on IL-10 production (F 5 2.2, df 5 2/74, p 5 .1), although
there was a significant drug X group effect (F 52.9, df 5
5/74, p 5 .018). Analyses on simple effects showed a sig-
nificant drug effect in elderly volunteers (F 5 5.1, df 5
3/90, p 5 .003), but not in younger volunteers (F 5 2.2,
df 5 3/90, p 5 .09) or major depressed patients (F 5 0.6,
df 5 3/90, p 5 .6). In elderly normal volunteers, Dunn
tests showed significant suppressant effects of 5-HT at
the 1.5 mg/mL (t 5 5.41, p 5 .00001) and 15 mg/mL (t 5
4.23, p 5 .0002), but not at 150 ng/mL (t 5 1.93, p 5 .05)
(tested at p 5 .017).

RM design ANOVA performed on the IFNg/IL-10
ratio showed a significant drug effect (F 5 13.9, df 5 2/
74, p 5 .00005), but no significant drug X group interac-
tion (F 5 1.8, df 5 5/74, p 5 .1). Dunn tests showed that
the IFNg/IL-10 ratio was significantly lower at the 5-
HT 150 ng/mL (t 5 4.27, p 5 .0002), 1.5 mg/mL (t 5
2.64, p 5 .009) and 15 mg/mL (t 5 6.24, p 5 .000003)
conditions than in the control condition.

Figure 1 shows the effects of PCPA on the produc-
tion of IFNg and IL-10. RM design ANOVAs showed
significant drug effects on IFNg (F 5 110, df 5 1/31, p ,
1025) and IL-10 (F 5 95.5, df 5 1/30, p , 1025), but no
significant drug x group interactions for IFNg (F 5 2.1,
df 5 2/31, p 5 .1) or IL-10 (F 5 1.6, df 5 2/30, p 5 .2).
There were no significant effects of PCPA on the IFNg/
IL-10 ratio (F 5 0.3, df 5 1/30, p 5 .6) and no significant
group X drug interaction (F 5 0.4, df 5 2/30, p 5 .7).

RM design ANOVAs did not show any significant
effects of flesinoxan (at the two concentrations) on
IFNg (F 5 1.8, df 5 2/61, p 5 .2), IL-10 (F 5 0.4, df 5 2/
51, p 5 .7), or the IFNg/IL-10 ratio (F 5 0.7, df 5 1/41,
p 5 .6). There were no significant group X drug interac-
tion patterns for IFNg (F 5 0.2, df 5 4/61, p 5 .9), IL-10
(F 5 1.4, df 5 3/51, p 5 .2), or the IFNg/IL-10 ratio (F 5
0.7, df 5 3/41, p 5 .5).

Figure 2 shows the effects of mCPP and ritanserin on
the production of IFNg and IL-10. RM design ANOVAs
showed that there were no significant effects of mCPP
on IFNg (F 5 2.2, df 5 2/61, p 5 .1) and IL-10 (F 5 1.5,
df 5 2/51, p 5 .2). The interaction pattern group X drug
was not significant for IFNg (F 5 1.0, df 5 4/61, p 5 .4)
and IL-10 (F 5 1.5, df 5 3/51, p 5 .2). RM design
ANOVA showed that there was a significant effect of
mCPP on the IFNg/IL-10 ratio (F 5 3.7, df 5 2/57, p 5
.03), but no significant group x drug interaction (F 5
1.6, df 5 4/57, p 5 .2). Dunn tests (tested at p 5 .025)
showed that the IFNg/IL-10 ratio was significantly
lower in the mCPP 2.7 mg/mL condition (t 5 0.25, p 5
.8), but not 27 ng/mL (t 5 0.25, p 5 .8) condition, than
in the control condition.

RM design ANOVA showed a significant effect of
ritanserin on the production of IFNg (F 5 5.2, df 5 2/
58, p 5 .008), but no significant group x drug interac-

tion (F 5 1.7, df 5 4/58, p 5 .2). Dunn tests (performed
at p 5 .025) showed a significantly lower IFNg produc-
tion in the ritanserin 5.0 mg/mL (t 5 3.15, p 5 .003), but
not in the 50 ng/mL (t 5 0.96, p 5 .8) condition than in
the control condition. RM design ANOVA did not
show significant effects of ritanserin on the production
of IL-10 (F 5 1.7, df 5 2/58, p 5 .2) and no significant
group X drug interactions (F 5 1.3, df 5 4/58, p 5 .3).
RM design ANOVA showed a significant effect of ri-
tanserin on the IFNg/IL-10 ratio (F 5 5.7, df 5 2/55, p 5
.006), but no significant group X drug interaction (F 5
2.1, df 5 4/55, p 5 .09). Dunn tests showed a significantly
lower IFNg/IL-10 ratio in the ritanserin 5.0 mg/mL con-
dition (t 5 2.98, p 5 .004), but not 50 ng/mL (t 5 0.15, p 5
.9) condition, than in the control condition.

RM design ANOVAs showed significant differences
in culture supernatant IFNg (F 5 3.9, df 5 2/31, p 5 .03),
but not IL-10 (F 5 1.8, df 5 2/30, p 5 .2) or the IFNg/
IL-10 ratio (F 5 0.4, df 5 2/30, p 5 .7) between the
study groups. Dunn tests (performed at p 5 .017)
showed significant lower IFNg production in elderly
than in younger volunteers (t 5 2.64, p 5 .012) and ma-
jor depressed patients (F 5 3.14, p 5 .004). There were
no significant differences in IFNg production between
younger volunteers and major depressed patients (t 5
0.51, p 5 .6).

DISCUSSION

The major findings of this study are that: 1) 5-HT, 150
ng/mL, 1.5 mg/mL, and 15 mg/mL, significantly de-
creased the IFNg/IL-10 ratio; 2) PCPA significantly
suppressed the production of IFNg and IL-10; 3) flesi-
noxan had no significant effects on the production of
the above cytokines; and 4) the higher concentrations of
mCPP and ritanserin suppressed the IFNg/IL-10 ratio.
Since IFNg is a proinflammatory cytokine and IL-10 an
anti-inflammatory cytokine, our results suggest that 5-HT,
mCPP and ritanserin may have negative immunoregu-
latory effects. IFNg is produced by activated Th1 (T
helper-1) lymphocytes and by natural killer cells. IL-10
is produced by a variety of cells, including T lympho-
cytes, B lymphocytes, and monocytes. Thus, its expres-
sion is not confined to a particular T cell subset (Th-1
like) as in the rodent (Cavaillon 1996). IL-10 was origi-
nally characterized as a factor which inhibits the secre-
tion of IFNg by Th1 cell clones (Murray et al. 1997).
Moreover, IL-10 downregulates the production of
monocytic cytokines (Cavaillon 1996). The ratio of IFNg
to IL-10 in culture supernatants is of critical importance
in determining the pro- or anti-inflammatory capacity
of culture supernatants (Katsikis et al. 1995).

Previously, it has been found that 5-HT concentra-
tions, close to the physiological concentrations, have
immuno-stimulating effects, whereas higher concentra-
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Figure 1. Effects of serotonin (5-HT, 150 ng/mL, 1.5 mg/mL, and 15 mg/mL) and p-chlorophenylalanine (PCPA, 5 mM) on
the stimulated production of interferon-g (IFNg) and interleukin-10 (IL-10) and on the IFNg/IL-10 ratio. d: Younger normal
volunteers; s: Older normal volunteers; .: Treatment resistant major depressed patients.
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Figure 2. Effects of m-chlorophenylpiperazine (mCPP, 27 ng/mL and 2.7 mg/mL), and ritanserin (50 ng/mL and 5.0 mg/
mL) on the stimulated production of interferon-g (IFNg) and interleukin-10 (IL-10) and on the IFNg/IL-10 ratio. d: Younger
normal volunteers; s: Older normal volunteers; .: Treatment resistant major depressed patients.
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tions have immunosuppressive effects (Aune et al.
1994; Roszman et al. 1985; Bonnet et al. 1984). The base-
line concentrations of 5-HT in serum are between 50
and 200 ng/mL, whereas under pathological conditions
such as inflammation, ischemia, or trombosis, extracel-
lular 5-HT levels may increase to 3 mM. Thus, in the
present study we employed 5-HT at concentrations
found in normal serum and during pathological condi-
tions. It has been reported that both T cells and mono-
cytes release 5-HT in culture medium after PHA stimu-
lation and that concentrations of 5-HT between 1028 M
to 1027 M, sufficient to activate 5-HT receptors, can be
reached in these cultures. We found that 5-HT at all
concentrations lowered the IFNg/IL-10 ratio, an effect
which mainly could be ascribed to the suppressive ef-
fects on IFNg secretion. These findings extend those of
Bonnet et al. (1984) and Devoino and Morozova (1988)
who reported that exogenous 5-HT may suppress vari-
ous aspects of cell-mediated immunity. Devoino et al.
(1968) suggested that these changes might be related to
central rather than to peripheral 5-HT activities, be-
cause lesions of the serotonergic raphe nuclei promoted
stimulation in immune responsivity. Nevertheless, our
results show that 5-HT has direct effects on peripheral
blood immunocytes. Our results also suggest that the
suppressive effects of antidepressive drugs on the
IFNg/IL-10 ratio are probably not related to direct ef-
fects of 5-HT. Indeed, the present study showed that
5-HT significantly suppressed the production of IFNg,
whereas the common activity of different antidepres-
sants, such as SSRIs, TCAs, HCAs, RIMAs, and L-5-HTP
is to increase IL-10 secretion, rather than decreasing
that of IFNg.

The second major finding of this study is that PCPA,
an agent which inhibits 5-HT synthesis, dramatically
suppressed the production of both IFNg and IL-10.
Since monocytes and lymphocytes may synthesize 5-HT
(Finocchiaro et al. 1988), coincubation of whole blood
with PCPA most likely inhibits 5-HT synthesis in lym-
phocytes and monocytes. Since we have shown that
PCPA inhibits the production of IFNg and IL-10, we
may hypothesize that endogenous 5-HT exerts an auto-
crine and necessary role in the secretion of those cyto-
kines. In this respect, Aune et al. (1994) showed that en-
dogenous 5-HT was indispensable for human T cell
proliferation. PCPA at the same concentrations as em-
ployed in the present study (5 mM) inhibited the prolif-
erative responses of T cells to polyclonal activators,
whereas the inhibition of T cell proliferation by PCPA
was reversed by 5-HTP (Aune et al. 1994). Thus, intrac-
ellular 5-HT may be necessary for an optimal synthesis
of IFNg and IL-10, whereas extracellular 5-HT concen-
trations at or above serum values may suppress the
production of the proinflammatory cytokine IFNg.

The third major finding of this study revolves around
the immunoregulatory effects of 5-HT1A and 5-HT2 re-

ceptor agonists and antagonists. A number of 5-HT re-
ceptor subtypes have been identified on immunocytes.
Serotonergic receptors on leukocytes were already
demonstrated in 1982 (Eliseeva and Stefanovich 1982).
Functional, pharmacological, biochemical, and molecu-
lar analyses have identified the 5HT1A receptor on hu-
man NK cells and activated PBMC and T cells (Aune et
al. 1993, 1994; Hellestrand et al. 1993). Pharmacological
and molecular analyses demonstrated the presence of
5HT2C receptors on human activated T lymphocytes.
In the present study, no significant effects of flesinoxan,
a 5-HT1A agonist, on IFNg or IL-10 production could
be found. We found that ritanserin as well as mCPP sig-
nificantly decrease the IFNg/IL-10 production ratio. In
the case of ritanserin it is clear that this effect is ob-
tained through inhibition of the IFNg production.
5HT2A/C antagonists in the murine model inhibit the
passive transfer of DTH reactions (Gershon et al. 1975;
Ameisen et al. 1989) and IFNg-induced murine mac-
rophage Ia expression (Sternberg et al. 1987). 5-HT2A/C
antagonists modulate IFNg-induced phagocytosis by
murine macrophages (Sternberg et al. 1987). Arzt et al.
(1991) reported that 5-HT inhibits—in a concentration
dependent way—the LPS-induced production of tumor
necrosis factor by human macrophages, and that this ef-
fect was blocked by the 5-HT2 receptor antagonist, ke-
tanserin. On the other hand, 5-HT2A/C receptor antag-
onists were not able to inhibit PHA-stimulated
proliferation of T cells (Aune et al. 1994; Nordlind et al.
1992). Enhancement of murine T-cell blastogenesis by
5-HT has been shown to occur through 5-HT2 receptors
(Young et al. 1993). The production of Th-1 cytokines,
such as IL-2 and IFNg, by Ag-stimulated, immune murine
spleen cells is inhibited by 5HT1A receptor antagonists,
but not by 5HT2 receptor antagonists (Aune et al. 1994).

Our observations further underscore the role of 5-HT
in the production rate of proinflammatory (IFNg) ver-
sus negative immunoregulatory (IL-10) cytokines and
may suggest an involvement of the 5HT2A/C, but not
5-HT1A, receptors in 5-HT-mediated IFNg versus IL-10
production. However, also the role of 5-HT2A/C related
mechanisms for the production of IFNg versus IL-10 ap-
pears inconclusive since both agonists and antagonists
at these receptor sites have similar effects on the IFNg/
IL-10 production ratio. Perhaps the effects of mCPP
may in part be explained by its 5-HT reuptake inhibi-
tory effects (Baumann et al. 1995) or its activity at other
5-HT receptors, such as the 5-HT1D sites (Schoeffter
and Hoyer 1989). Moreover, mCPP has been shown to
bind to a2-adrenergic receptors (Hamik and Peroutka
1989). Stimulation of a2-adrenenoceptors may result in
negative immunoregulatory effects (Maes et al. unpub-
lished data).

Our results that 5-HT2A/C receptor antagonists and
agonists do not modulate the production rate of IL-10
suggest that the negative immunoregulatory effects of
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SSRIs and TCAs, which may in part exert their anti-
depressant efficacy through their activity at 5-HT2A/C
receptors (see review in Maes et al. 1997), may not be
ascribed to 5-HT2A/C mechanisms.

Future research should focus on the effects of antide-
pressants and serotonergic agents on cyclic AMP
(cAMP). Xia et al. (1996) reported that TCAs as well as
SSRIs significantly elevate intracellular cAMP concen-
trations in T lymphocytes and monocytes. Elevation of
the intracellular levels of cAMP differently affects the
production of IL-10 and IFNg (Benbernou et al. 1997).
cAMP-elevating agents inhibit IFNg mRNA expression
and IFNg levels in lymphocytes, and significantly en-
hance IL-10 mRNA expression and the intracellular lev-
els of IL-10 (Benbernou et al. 1997). In monocytes,
cAMP elevating drugs augment the stimulated synthe-
sis of IL-10 at both protein and mRNA levels (Platzer et al.
1995). 5-HT stimulates cAMP formation in homogenates
of rat hippocampus in a concentration-dependent man-
ner; 5-HT1A, 5-HT7, and 5-HT4 receptors are involved in
mediating these responses (Markstein et al. 1999).

In the present study we found that the production of
IFNg was significantly lower in older than in younger
volunteers and that the production of IFNg was signifi-
cantly higher in fluoxetine-treated TRD patients than in
age-matched normal volunteers. The differences be-
tween both age-groups may be explained by the previ-
ous findings that ageing is associated with various al-
terations in lymphoid cell functioning, such as
decreased IFNg production (Candore et al. 1993). The
higher IFNg production in depressed patients treated
with fluoxetine could perhaps be explained by previous
findings that IFNg production is significantly increased
in depressed patients and that IRS activation is more
pronounced in patients with TRD despite antidepres-
sive treatment (see review in Maes 1997; Seidel et al.
1995). However, the data presented are for a small co-
hort of subjects. Moreover, the study groups do not in-
clude a spectrum of older individuals and drug-free de-
pressed patients.

Although the data suggest differences between the
younger and older normal volunteers and depressed
patients following fluoxetine, a larger cohort of young
and old individuals and drug-free depressed patients
should be studied in order to establish valid conclu-
sions. In addition, it should be stated that this study em-
ployed diluted whole blood stimulated with PHA 1
LPS to study the effects of drugs on the production of
cytokines. It is conceivable that comparable results will
be obtained using other polyclonal activators. Neverthe-
less, diluted whole blood stimulated with LPS 1 PHA
offers the most appropriate and reproducible culture
condition in order to measure cytokine production and
to study the effects of any drugs on the production of cy-
tokines (Zangerle et al. 1992; De Groote et al. 1992, 1993).
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