
here is no doubt that dopaminergic, serotoner-
gic, and/or noradrenergic neurotransmission play an
important role in the pathophysiology of major depres-
sion (MD) and schizophrenia. Although the roles of
dopamine in schizophrenia and of serotonin and nora-
drenaline in depression have been studied intensively,
the exact underlying pathological mechanisms of both
disorders are still unclear. 
In MD, glutamatergic hyperfunction seems to be closely
related to the lack of serotonergic and noradrenergic neu-
rotransmission. Altered glutamate levels have been
observed in the plasma, serum, cerebrospinal fluid (CSF),
and in imaging and postmortem studies of depressed
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An inflammatory pathogenesis has been postulated for schizophrenia and major depression (MD). In schizophrenia
and depression, opposing patterns of type-1 vs type-2 immune response seem to be associated with differences in the
activation of the enzyme indoleamine 2,3-dioxygenase and in the tryptophan-kynurenine metabolism, resulting in
increased production of kynurenic acid in schizophrenia and decreased production of kynurenic acid in depression.
These differences are associated with an imbalance in the glutamatergic neurotransmission, which may contribute to
an excessive agonist action of N-methyl-D-aspartate (NMDA) in depression and of NMDA antagonism in schizophre-
nia. Regarding the neuroprotective function of kynurenic acid and the neurotoxic effects of quinolinic acid (QUIN),
different patterns of immune activation may also lead to an imbalance between the neuroprotective and the neuro-
toxic effects of the tryptophan/kynurenine metabolism. The differential activation of microglia cells and astrocytes
may be an additional mechanism contributing to this imbalance. The immunological imbalance results in an inflam-
matory state combined with increased prostaglandin E2 production and increased cyclo-oxygenase-2 (COX-2) expres-
sion. The immunological effects of many existing antipsychotics and antidepressants, however, partly correct the
immune imbalance and the excess production of the neurotoxic QUIN. COX-2 inhibitors have been tested in animal
models of depression and in preliminary clinical trials, pointing to favorable effects in schizophrenia and in MD. 
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patients.1 In schizophrenia, in contrast, dopaminergic
hyperfunction in the limbic system and dopaminergic
hypofunction in the frontal cortex are thought to be the
main neurotransmitter disturbances. Recent research pro-
vides further insight that glutamatergic hypofunction
might be the cause for this dopaminergic dysfunction in
schizophrenia,2 whereas glutamatergic hyperfunction acts
through low NMDA antagonism in the kynurenine path-
way in MD.3 Glutamatergic dysfunction seems to be a
common pathway in the neurobiology of schizophrenia
and depression. The glutamatergic system is closely related
in function to the immune system and to the tryptophan-
kynurenine metabolism, which both seem to play a key
role in the pathophysiology of schizophrenia and MD.4,5

The immune response and type-1 
and type-2 polarization

The innate immune system is phylogenetically the old-
est part of the immune response, natural killer (NK)
cells and monocytes as the first barrier of the immune
system being part of this. The adaptive immune response
with the antibody-producing B-lymphocytes, the T-lym-
phocytes and their regulating “immunotransmitters,” the
cytokines, is the specifically acting component of the
immune system. (Tables I and II). Cytokines regulate all

types and all cellular components of the immune system,
including the innate immune system. Helper T-cells are
of two types, T-helper-1 (TH-1) and T-helper-2 (TH-2).
TH-1 cells produce the characteristic “type-1” activating
cytokines such as interleukin (IL) -2 and interferon
(IFN)-γ. However, since not only TH-1 cells, but also cer-
tain monocytes/macrophages (M1) and other cell types
produce these cytokines, the immune response is called
the type-1 immune response. The humoral, antibody-
producing arm of the adaptive immune system is mainly
activated by the type-2 immune response. TH-2 or cer-
tain monocytes/macrophages (M2) produce mainly IL-
4, IL-10, and IL-13.6 Further terminology separates the
cytokines into proinflammatory and anti-inflammatory
types. Proinflammatory cytokines, such as tumor necro-
sis factor α (TNF-α) and IL-6 are primarily secreted
from monocytes and macrophages, activating other cel-
lular components of the inflammatory response. While
TNF-α is an ubiquitiously expressed cytokine mainly
activating the type-1 response, IL-6 activates the type-2
response including the antibody production. Anti-
inflammatory cytokines such as IL-4 and IL-10 help to
downregulate the inflammatory immune response.
The type-1 immune system promotes the cell-mediated
immune response directed against intracellular pathogens,
whereas the type-2 response helps B-cell maturation and
promotes the humoral immune response, including the
production of antibodies directed against extracellular
pathogens. Type-1 and type-2 cytokines antagonize each
other in promoting their own type of response, while sup-
pressing the immune response of the other; therefore the
term “polarized” can be used.

Inflammation in schizophrenia 
and depression

Infection during pregnancy in mothers of offspring who
later develop schizophrenia has been repeatedly
described, in particular in the second trimester.7,8 The
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Selected abbreviations and acronyms
COX cyclo-oxygenase
IDO indoleamine 2,3-dioxygenase
IL interleukin
KYN kynurenine
KYNA kynurenic acid
MD major depression
QUIN quinolinic acid
TDO tryptophan 2,3-dioxygenase
TNF tumor necrosis factor

Components Innate Adaptive

Cellular Monocytes T- and B-cells

Makrophages

Granulocytes

Natural killer cells

γ/δ-cells

Humoral Complement, acute-phase protein, Antibodies

mannose-binding lectin 

Table I. Components of the unspecific “innate” and the specific “adap-
tive” immune systems in humans. 

Type-1 Type-2

Cytokines IL-2 IL-4

IL-12 IL-13

IFN-γ [IL-10]
IL-18

(TNF-α)

Table II. Cytokines of the polarized immune response. IL, interleukin;
IFN, interferon; TNF, tumor necrosis factor.
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maternal immune response itself, as opposed to any sin-
gle pathogen, may be related to the increased risk for
schizophrenia in the offspring.9 Indeed, increased IL-8
levels of mothers during the second trimester were asso-
ciated with an increased risk for schizophrenia in the off-
spring.7 A fivefold increased risk for developing psy-
choses later on was detected after infection of the
central nervous system (CNS) in early childhood.7,10

These data were confirmed in recent studies.11,12, 13

Signs of inflammation were found in schizophrenic
brains,14 and the term “mild localized chronic encephali-
tis” to describe a slight but chronic inflammatory process
in schizophrenia was proposed.15

An inflammatory model of MD is “sickness behavior,” the
reaction of the organism to infection and inflammation.
Sickness behavior is characterized by weakness, malaise,
listlessness, inability to concentrate, lethargy, decreased
interest in the surroundings, and reduced food intake—
all of which are depression-like symptoms. The sickness-
related psychopathological symptoms during infection
and inflammation are mediated by proinflammatory
cytokines such as IL-1, IL-6, TNF-α, and IFN-γ. The active
pathway of these cytokines from the peripheral immune
system to the brain is via afferent neurons and through
direct targeting of the amygdala and other brain regions
after diffusion at the circumventricular organs and
choroid plexus. Undoubtedly, there is a strong relation-
ship between the cytokine and the neurotransmitter sys-
tems, but the specific mechanisms underlying the hetero-
geneous disease MD are not yet fully understood. 
In humans, the involvement of cytokines in the regula-
tion of the behavioral symptoms of sickness behavior
has been studied by application of the bacterial endo-
toxin lipoploysaccharide (LPS) to human volunteers.16

LPS, a potent activator of proinflammatory cytokines,
was found to induce mild fever, anorexia, anxiety,
depressed mood, and cognitive impairment. The levels
of anxiety, depression, and cognitive impairment were
found to be related to the levels of circulating
cytokines.17

Mechanisms that may contribute to inflammation and
cause depressive states are:
• A direct influence of proinflammatory cytokines on

the serotonin and noradrenaline metabolism
• An imbalance of the type-1—type-2 immune response

leading to an increased tryptophan and serotonin
metabolism by activation of indoleamine 2,3-dioxyge-
nase (IDO) in the CNS, which is associated with:

-A decreased availability of tryptophan and serotonin
-A disturbance of the kynurenine metabolism with
an imbalance in favour of the production of the
NMDA receptor agonist quinolinic acid (QUIN)

-An imbalance in astrocyte and microglial activation
associated with increased production of QUIN.

Effects of antidepressants on the immune function sup-
port this view. The mechanisms and the therapeutic
implications will be discussed below.
Inflammation, caused by infection or by other mecha-
nisms, seems to play a role in schizophrenia and in MD.

Type-1 and type-2 immune responses in schizophrenia

A well established finding in schizophrenia is the
decreased in vitro production of IL-2 and IFN-γ,18,19

reflecting a blunted production of type-1 cytokines.
Decreased levels of neopterin, a product of activated
monocytes/macrophages, also point to a blunted activa-
tion of the type-1 response.20 The decreased response of
lymphocytes after stimulation with specific antigens
reflects a reduced capacity for a type-1 immune response
in schizophrenia, as well.21 intracellular adhesion mole-
cule (ICAM)-1 is a type-1 related protein and a cell-
adhesion molecule expressed on macrophages and lym-
phocytes. Decreased levels of the soluble (s) intercellular
adhesion molecule-1 (ICAM-1), as found in schizophre-
nia, also represent an underactivation of the type-1
immune system.22 Decreased levels of the soluble TNF-
receptor p55—mostly decreased when TNF-α is
decreased—were observed, too.23 A blunted response of
the skin to different antigens in schizophrenia was
observed before the era of antipsychotics.24 This finding
could be replicated in unmedicated schizophrenic
patients using a skin test for the cellular immune
response.25 However, there are some conflicting results
regarding increased levels of Th1 cytokines in schizo-
phrenia.26 The latest meta-analysis showed dominant
proinflammatory changes in schizophrenia but not
involving Th2 cytokines.27 After including antipsychotic
medication effects into the analysis, only increases of IL-
1 receptor antagonist serum levels and of IL-6 serum lev-
els were found. Type-1 parameters, hypothesized to be
downregulated in schizophrenia, were not included in the
meta-analysis, because only a few studies have been per-
formed in unmedicated patients. 
Several reports described increased serum IL-6 levels in
schizophrenia.28 IL-6 serum levels might be especially
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high in patients with an unfavorable course of the dis-
ease.29 IL-6 is a product of activated monocytes, and some
authors refer to it as a marker of the type-2 immune
response. Moreover, several other signs of activation of
the type-2 immune response are described in schizo-
phrenia, including increased Th2 type of lymphocytes in
the blood,30 increased production of immunoglobulinE
(IgE), and an increase in IL-10 serum levels.31,32 In the
CSF, IL-10 levels were found to be related to the sever-
ity of the psychosis.32

The key cytokine of the type-2 immune response is IL-
4. Increased levels of IL-4 in the CSF of juvenile schizo-
phrenic patients have been reported,33 which indicates
that the increased type-2 response in schizophrenia is
not only a phenomenon of the peripheral immune
response.
However, the data show that the immune response in
schizophrenia can be confounded partly by factors spe-
cific to the disease such as its duration, chronicity, or
therapy response, and partly by other factors such as
antipsychotic medication, smoking, etc.

Increased proinflammatory type-1 cytokines in major
depression

Characteristics of the immune activation in MD include
increased numbers of circulating lymphocytes and
phagocytic cells, upregulated serum levels of indicators
of activated immune cells (neopterin, soluble IL-2 recep-
tors), and higher serum concentrations of positive acute
phase proteins (APPs), coupled with reduced levels of
negative APPs, as well as increased release of proin-
flammatory cytokines, such as IL-1, IL-2, TNF-α and IL-
6 through activated macrophages and IFN-γ through
activated T-cells.32-39 Increased numbers of peripheral
mononuclear cells in MD have been described by dif-
ferent groups of researchers.40

Neopterin is a sensitive marker of the cell-mediated
type-1 immunity. The main sources of neopterin are
monocytes/macrophages. In accordance with the find-
ings of increased monocytes/macrophages, an increased
secretion of neopterin has been described by several
groups of researchers.41, 42

The increased plasma concentrations of the proinflam-
matory cytokines IL-1 and IL-6 observed in depressed
patients was found to correlate with the severity of
depression and with measures of the hypothalamus-pitu-
itary-adrenal (HPA)-axis hyperactivity.43, 44 As genetics

plays a role in MD, the genetics of the immune system in
relation to MD has also been investigated. Particular
cytokine gene polymorphisms, eg, in genes coding for IL-
1 and TNF-α may confer a greater susceptibility to
develop MD, although studies are conflicting.45, 46

The production of IL-2 and IFN-γ is the typical marker
of a type-1 immune response. In contrast to schizophre-
nia, IFN-γ is produced in greater amounts by lympho-
cytes of patients with MD than of healthy controls.42, 45

Higher plasma levels of IFN-γ in depressed patients,
accompanied by lower plasma tryptophan availability
were described,42 and the IFNγ/IL-4 ratio, a marker for
Th1/Th2 balance is also higher in depressed patients.45

Data on IL-2 in MD are mainly restricted to the estima-
tion of its soluble receptor sIL-2R in the peripheral
blood. Increased sIL-2R levels reflect an increased pro-
duction of IL-2. The blood levels of sIL-2R were repeat-
edly found to be increased in MD patients.39

Increased expression of ICAM-1 is observed in inflam-
matory processes, and promotes the influx of peripheral
immune cells through the blood-brain barrier.47 By this
mechanism, macrophages and costimulatory lympho-
cytes can invade the central nervous system (CNS), fur-
ther increasing the proinflammatory immune response.
The plasma levels and CNS expression of ICAM-1 are
associated with depressive symptoms in patients treated
with IFN-γ. Increased sICAM-1 levels were observed in
patients with more depressive symptoms,48 and increased
expression of ICAM-1 was found in the prefrontal cor-
tex of elderly depressed patients.49 In late-life depression,
however, there are conflicting results.50

Since different pathologies may underlie the syndrome
of depression, different immunological states might be
involved. Indeed, different types of MD were observed
to exhibit different immune profiles: the subgroup of
melancholic depressed patients showed a decreased
type-1 activation—as observed in schizophrenic
patients40—while the nonmelancholic depressed patients
showed signs of inflammation such as increased mono-
cyte count and increased levels of α2-macroglobulin.40

Suicidality, observed in a very high proportion of
depressed patients, seems to be an example of the
immune activation pattern in depression, since clinical
studies have observed higher levels of type-1 cytokines
in suicidal patients. In a small study, distinct associations
between suicidality and type-1 immune response and a
predominance of type-2 immune parameters in nonsui-
cidal patients were observed.51 An epidemiological study
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hypothesized that high IL-2 levels are associated with
suicidality.52 Increased levels of serum sIL-2R have been
described in medication-free suicide attempters, irre-
spective of the psychiatric diagnosis,53 and treatment with
high-dose IL-2 has been associated with suicide in a case
report.54

These data show that possible different immune states
within the category of MD need to be better differentiated.
The predominant proinflammatory, type-1 dominated
immune state described in MD may be a kind of model
state state restricted to a majority of patients suffering from
MD. Therefore, these and other methodological concerns
have to be considered carefully in future studies.

Therapeutic mechanisms and the type-1/
type-2 imbalance in 

schizophrenia and depression

Schizophrenia: antipsychotic drugs correct the 
type-1/type-2 imbalance

In-vitro studies show that the blunted IFN-γ production
becomes normalized after therapy with neuroleptics.18

An increase of “memory cells” (CD4+CD45RO+) cells—
one of the main sources of IFN-γ production—during
antipsychotic therapy with neuroleptics was observed by
different groups.55 Additionally, an increase of sIL-2R—
the increase reflects an increase of activated, IL-2 bear-
ing T-cells—during antipsychotic treatment was
described.56 The reduced sICAM-1 levels show a signif-
icant increase during short-term antipsychotic therapy,22

and the ICAM-1 ligand leukocyte function antigen-1
(LFA-1) shows a significantly increased expression dur-
ing antipsychotic therapy.57 The increase of TNF-α and
TNF-α receptors during therapy with clozapin was
observed repeatedly.58 Moreover, the blunted reaction to
vaccination with Salmonella typhii was not observed in
patients medicated with antipsychotics.59 An elevation of
IL-18 serum levels was described in medicated schizo-
phrenics.60 Since IL-18 plays a pivotal role in the type-1
immune response, this finding is consistent with other
descriptions of type-1 activation during antipsychotic
treatment. 
Regarding the type-2 response, several studies point out
that antipsychotic therapy is accompanied by a func-
tional decrease of the IL-6 system.19,61 These findings pro-
vide further evidence that antipsychotics have a “bal-
ancing” effect on cytokines.

Therapeutic techniques in depression are associated
with downregulation of the proinflammatory immune
response

Antidepressant pharmacotherapy

A modulatory, predominantly inhibitory effect of selec-
tive serotonin reuptake inhibitors (SSRIs) on activation
of proinflammatory immune parameters was demon-
strated in animal experiments.62, 63

Several antidepressants seem to be able to induce a shift
from type 1 to type 2, in other words from a proinflam-
matory to an anti-inflammatory immune response, since
the ability of three antidepressants (sertraline,
clomipramine, and trazodone) to greatly reduce the IFN-
γ/IL-10 ratio was shown in vitro. These drugs reduced the
IFN-γ production significantly, while sertraline and
clomipramine additionally raised the IL-10 production.61

Regarding other in-vitro studies, a significantly reduced
production of IFN-γ, IL-2, and sIL-2R was found after
antidepressant treatment compared with pretreatment
values.63 A downregulation of the IL-6 production was
observed during amitriptyline treatment; in treatment
responders, the TNF-α production decreased to normal.66

There are also studies, however, showing no effect of
antidepressants to the in-vitro stimulation of cytokines
(overview, ref 67) but methodological issues have to be
taken into account. There is significant evidence suggest-
ing that antidepressants of different classes induce down-
regulation of the type 1 cytokine production in vitro,67

including noradrenaline reuptake inhibitors68 and the
“dual” serotonin and noradrenalin reuptake inhibitors.69

Several researchers have observed a reduction of IL-6
during treatment with the serotonin reuptake inhibitor
fluoxetine.70 A decrease of IL-6 serum levels during ther-
apy with different antidepressants has been observed by
other researchers.71 The shift of imbalanced IFNγ/IL-4
towards normal after 6 weeks' antidepressant treatment
has also been reported.41 On the other hand, other
groups did not find any effect of some antidepressants
on serum levels of different cytokines.61, 72

Since IL-6 stimulates PGE2 and antidepressants inhibit IL-
6 production, an inhibiting action of antidepressants on
PGE2 would be expected, too.73 Over 30 years ago it was
suggested that antidepressants inhibit PGE2.

74 A recent in-
vitro study showed that both tricyclic antidepressants and
selective serotonin inhibitors attenuated cytokine-induced
PGE2 and nitric oxide production by inflammatory cells.75
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Nonpharmacological therapies: electroconvulsive 
therapy and sleep deprivation

Electroconvulsive therapy (ECT) was found to down-
regulate increased levels of the proinflammatory
cytokine TNF-α in patients with MD.76

An immune analysis during sleep showed an increase in
the type-1 monocyte derived cytokines TNF-α and IL-
12 and a decrease of the type-2 IL-10 producing mono-
cytes.77 In contrary, continuous wakefulness blocked the
increase of type-1 and decrease of type-2 cytokines (T.
Lange and S. Dimitrov, personal communication). Thus,
sleep deprivation may exert therapeutic effects through
a low suppression of type-1 cytokines.
Antidepressant pharmacotherapy, but also other anti-
depressant therapeutic agents or techniques, have a
downregulating effect on proinflammatory cytokines.

Divergent effects of type-1 type-2 immune
activation are associated with different

effects on the kynurenine metabolism in
schizophrenia and depression

Schizophrenia

The only known naturally occurring NMDA receptor
antagonist in the human CNS is kynurenic acid
(KYNA). KYNA is one of the several neuroactive inter-
mediate products of the kynurenine pathway (Figure 1).
Kynurenine (KYN) is the primary major degradation
product of tryptophan (TRP). While the excitatory KYN
metabolites 3-hydroxykynurenine (3HK) and QUIN are
synthesized from KYN in the process toward NAD for-
mation, KYNA is formed in a dead-end side arm of the
pathway.78

KYNA acts both as a blocker of the glycine coagonis-
tic site of the NMDA receptor and as a noncompetitive
inhibitor of the α7 nicotinic acetylcholine receptor.79

The production of KYN metabolites is partly regulated
by IDO and tryptophan 2,3-dioxygenase (TDO). Both
enzymes catalyze the first step in the pathway, the degra-
dation from tryptophan to kynurenine. Type-1 cytokines,
such as IFN-γ and IL-2, stimulate the activity of IDO.80

There is a mutual inhibitory effect of TDO and IDO: a
decrease in TDO activity occurs concomitantly with
IDO induction, resulting in a coordinate shift in the site
(and cell types) of tryptophan degradation.81 While it has
been known for a long time that IDO is expressed in dif-

ferent types of CNS cells, TDO was thought for many
years to be restricted to liver tissue. It is known today,
however, that TDO is also expressed in CNS cells, prob-
ably restricted to astrocytes.82

The type-2 or Th-2 shift in schizophrenia may result in a
downregulation of IDO through the inhibiting effect of
Th2 cytokines. TDO, on the other hand, was shown to be
overexpressed in postmortem brains of schizophrenic
patients.82 The type-1/type-2 imbalance with type-2 shift
is therefore associated with overexpression of TDO.
The type 1/type 2 imbalance is associated with the acti-
vation of astrocytes and an imbalance in the activation
of astrocytes/microglial cells.83 The functional excess of
astrocytes may lead to a further accumulation of KYNA.
Indeed, a study referring to the expression of IDO and
TDO in schizophrenia showed exactly the expected
results. An increased expression of TDO compared with
IDO was observed in schizophrenic patients and the
increased TDO expression was found, as expected, in
astrocytes, not in microglial cells.82

However, it is necessary to note that the above proposed
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Figure 1. Neuroimmune interactions of kynurenine intermediates.
Metabolism of tryptophan via the kynurenine pathway leads
to several neuroactive intermediates: kynurenic acid (synthe-
sised by kynurenine aminotransferase, KAT) has neuroprotec-
tive properties through antagonism at the N-methyl-D-
aspartate (NMDA) receptor. Quinolinic acid (QUIN), in contrast,
is an NMDA receptor agonist. Both 3-hydroxykynurenine (3-
OH-kynurenine) and QUIN can induce neurodegeneration and
apoptosis through induction of excitotoxicity and generation
of neurotoxic radicals, respectively. Activity of the key enzyme
of the kynurenine pathway, indoleamine 2,3-dioxygenase
(IDO), and of the 3-OH-kynurenine forming enzyme kynure-
nine monoxygenase (KMO) is induced by proinflammatory
cytokines like interferon-γ (IFN-γ) and inhibited by anti-inflam-
matory cytokines like interleukin-4 (IL-4). Serotonin is normally
degraded to 5-hydroxyindoleacetic acid (5-HIAA), but the
indole ring of serotonin can also be cleaved by IDO. (blue
arrows = activation; red arrows = inhibition).
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mechanism would fit only for the subpopulation of schiz-
ophrenic patients with Th2 dominant immune response.
In those schizophrenics with Th1 dominant immune
response, the kynurenine pathway changes would be
more similar to those changes in MD.84, 85

Major depression

Two directing enzymes of the kynurenine metabolism,
IDO and kynurenine monoxygenase (KMO), are
induced by the type-1 cytokine IFN-γ. The activity of
IDO is an important regulatory component in the con-
trol of lymphocyte proliferation, the activation of the
type-1 immune response, and the regulation of the tryp-
tophan metabolism.85 It induces a halt in the lymphocyte
cell cycle due to the catabolism of tryptophan.87 In con-
trast to the type-1 cytokines, the type-2 cytokines IL-4
and IL-10 inhibit the IFN-γ-induced IDO-mediated tryp-
tophan catabolism.87 IDO is located in several cell types,
including monocytes and microglial cells.88 An IFN-γ-
induced, IDO-mediated decrease of CNS tryptophan
availability may lead to a serotonergic deficiency in the
CNS, since tryptophan availability is the limiting step in
serotonin synthesis. Other proinflammatory molecules
such as PGE2 or TNF-α, however, induce synergistically
with IFN-γ the increase of IDO activity.89 Therefore, not
only IFN-γ and type-1 cytokines, but also other proin-
flammatory molecules induce IDO activity. Since
increased levels of PGE2 and TNF-α were described in
MD, other proinflammatory molecules also contribute
to IDO activation and tryptophan consumption, (eg, ref
39). An imbalance between the NMDA antagonist
action by KYNA and the NMDA agonist action by
QUIN has been proposed to be involved in the patho-
physiology of MD90; a recent study demonstrated this
imbalance in patients with MD.3 Accordingly, since the
activity of the enzyme kynurenine 3 mono-oxygenase
(KMO), directing the production of QUIN, is inhibited
by type-2 cytokines but activated by proinflammatory
type-1 cytokines,91 an increased production of QUIN in
depressive states would be expected. The role of QUIN
in depression is discussed in more detail below.
One of the more consistent findings is that patients with
low 5-hydroxyindoleacetic acid (5-HIAA), the metabolite
of serotonin, in CSF are prone to commit suicide.92, 93 This
gives further indirect evidence for a possible link between
the type-1 cytokine IFN-γ and the IDO-related reduction
of serotonin availability in the CNS of suicidal patients. 

A study in patients suffering from hepatitis C showed
that immunotherapy with IFN-γ was followed by an
increase of depressive symptoms and serum kynurenine
concentrations on the one hand, and a decrease in serum
concentrations of tryptophan and serotonin on the other
hand.94 The kynurenine/tryptophan ratio, which reflects
the activity of IDO, increased. Changes in depressive
symptoms were significantly positively correlated with
kynurenine and negatively correlated with serotonin
concentrations.94 This study and others95 clearly show that
the IDO activity is increased by IFN, leading to an
increased kynurenine production and a depletion of
tryptophan and serotonin. The further metabolism of
kynurenine, however, seems to play an additional crucial
role for the psychopathological states.
In addition to the effects of the proinflammatory
immune response on the serotonin metabolism, other
neurotransmitter systems, in particular the cate-
cholaminergic system, are involved in depression, too.
Although the relationship of immune activation and
changes in catecholaminergic neurotransmission has not
been well studied, an increase in monoamino-oxidase
(MAO) activity, which leads to decreased noradrenergic
neurotransmission, might be an indirect effect of the
increased production of kynurenine and QUIN.45

The proinflammatory immune state in MD leads on the
one hand to a lack of serotonin and on the other hand to
an overproduction of the neurotoxic and depressiogenic
metabolite QUIN by induction of the directing enzymes
of the kynurenine metabolism. Two depressiogenic com-
ponents result from the IDO activation.

Astrocytes, microglia, and 
type-1/type-2 response

The cellular sources for the immune response in the CNS
are astrocytes and microglia cells. Microglial cells, deriv-
ing from peripheral macrophages, secrete preferantially
type-1 cytokines such as IL-12, while astrocytes inhibit
the production of IL-12 and ICAM-1 and secrete the
type-2 cytokine IL-10.96 Therefore, the type-1/type-2
imbalance in the CNS seems to be represented by the
imbalance in the activation of microglial cells and astro-
cytes, although it has to be taken into consideration that
the production of cytokines by astrocytes and microglial
cells depends on activation conditions. The hypothesis of
an overactivation of astrocytes in schizophrenia is sup-
ported by the finding of increased CSF levels of S100B—

Neuroimmune dysregulation in psychiatric disorders - Müller et al Dialogues in Clinical Neuroscience - Vol 11 . No. 3 . 2009

325

PAGES_10_AG_019_BA.qxd:DCNS#42  30/08/09  1:25  Page 325



a marker of astrocyte activation—independent of the
medication state of the schizophrenic patients.97 Microglia
activation was found in a small percentage of schizo-
phrenics and is speculated to be a medication effect.98 A
type-1 immune activation as an effect of antipsychotic
treatment has repeatedly been observed.
Since the type-1 activation predominates in the response
of the peripheral immune system in depression, a domi-
nance of microglial activation compared with astrocyte
activation should be observed in depression. Glial reduc-
tions were consistently found in brain circuits known to be
involved in mood disorders, such as in the limbic and pre-
frontal cortex.99, 100 Although several authors did not dif-
ferentiate between microglial and astrocytic loss, this dif-
ference is crucial due to the different effects of the
type-1/type-2 immune response. Recent studies, however,
show that astrocytes are diminished in patients suffering
from depression,101 although the data are not entirely con-
sistent.102 A loss of astrocytes was in particular observed in
younger depressed patients: the lack of glial fibrillary acid
protein (GFAP)-immunoreactive astrocytes reflects a low-
ered activity of responsiveness in those cells.101 A loss of
astrocytes was found in many cortical layers and in differ-
ent sections of the dorsolateral prefrontal cortex in depres-
sion.103 A reduction of astrocytes has also been observed in
the dentate gyrus of an animal model of IFN-α induced
depression (Myint et al, personal communication).
Moreover, a loss of astrocytes is associated with an
impaired reuptake of glutamate from the extracellular
space into astrocytes by high affinity glutamate trans-
porters.104 Impaired glutamate reuptake from the synap-
tic cleft by astroglia prolongs synaptic activation by glu-
tamate.105 Accordingly, increased glutamatergic activity
has been observed in patients with depression.106

Neuroprotective and neurotoxic metabolites of the
tryptophan-kynurenine metabolism in psychiatric 
disorders

In contrast to microglial cells which produce QUIN,
astrocytes play a key role in the production of KYNA in
the CNS. Astrocytes are the main source of KYNA.107

The cellular localization of the kynurenine metabolism
is primarily in macrophages and microglial cells, but also
in astrocytes.108 KMO, a critical enzyme in the kynure-
nine metabolism, is absent in human astrocytes, how-
ever.109 Accordingly, it has been pointed out that astro-
cytes cannot produce the product 3-hydroxykynurenine

(3-HK), but they are able to produce large amounts of
early kynurenine metabolites, such as KYN and
KYNA.109 This supports the observation that inhibition
of KMO leads to an increase in the KYNA production
in the CNS.110 The complete metabolism of kynurenine
to QUIN is observed mainly in microglial cells, only a
small amount of QUIN is produced in astrocytes via a
side-arm of the kynurenine metabolism. Therefore, due
to the lack of kynurenine-hydroxylase (KYN-OHse), in
case of high tryptophan breakdown to KYN, KYNA
may accumulate in astrocytes. 
A second key player in the metabolization of 3-HK are
monocytic cells infiltrating the CNS. They help astrocytes
in the further metabolism to QUIN.109 However, the low
levels of sICAM-1 (ICAM-1 is the molecule that mainly
mediates the penetration of monocytes and lymphocytes
into the CNS) in the serum and in the CSF of nonmed-
icated schizophrenic patients,22 and the increase of adhe-
sion molecules during antipsychotic therapy indicate
that the penetration of monocytes may be reduced in
nonmedicated schizophrenic patients.57

Quinolinic acid as a depressiogenic and neurotoxic 
substance

Apart from certain liver cells, only macrophage-derived
cells are able to convert tryptophan into quinolinic aci-
dolonic acid.111 Interestingly, in a model of infection, the
highest concentrations of QUIN are found in the gray
and white matter of the cortex, not in subcortical areas.
This finding points out that high levels of QUIN there-
fore may be associated with cortical dysfunction.112

The strong association between cortical QUIN concen-
trations and local IDO activity supports the view that
the induction of IDO is an important event in initiating
the increase of QUIN production.113 In the CNS, invaded
macrophages and microglial cells are able to produce
QUIN.111 During a local inflammatory CNS process, the
QUIN production in the CNS might increase without
changes of the peripheral blood levels of QUIN. The
local QUIN production correlates with the level of β2
microglobulin, an inflammatory marker. Local CNS con-
centrations of QUIN are able to exceed the blood levels
by far.112 Peripheral immune stimulation, however, under
certain conditions also leads to increased CNS concen-
tration of QUIN.111

A recent study showed that depressive symptoms are
related to an high ratio of KYN/KYNA in depression.114
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The increase of this ratio reflects that in depressed states
KYN may be preferentially metabolized to QUIN, while
the KYNA pathway is neglected. 
The increase of QUIN was observed to be associated
with several prominent features of depression: decrease
in reaction time115 and cognitive deficits, in particular dif-
ficulties in learning.112 In an animal model, an increase of
QUIN and 3-hydroxykynurenine was associated with
anxiety.116

QUIN was shown to cause an over-release of glutamate
in the striatum and in the cortex, presumably by presy-
naptic mechanisms.117 The QUIN pathway of the kynure-
nine metabolism—directed by proinflammatory
cytokines—might be the key mechanism involved in the
increased glutamatergic neurotransmission in MD,106

while it is unclear whether QUIN itself has depressio-
genic properties. Thus, an excess of QUIN might be asso-
ciated with excess glutamatergic activation.

COX-2 inhibition as a therapeutic approach in 
schizophrenia and depression

COX inhibition provokes differential effects on kynure-
nine metabolism: while COX-1 inhibition increases the
levels of KYNA, COX-2 inhibition decreases them.118

Therefore, psychotic symptoms and cognitive dysfunc-
tions, observed during therapy with COX-1 inhibitors,
were assigned to the COX-1 mediated increase of KYNA.
The reduction of KYNA levels, by a prostaglandin-medi-
ated mechanism, might be an additional mechanism to the
above-described immunological mechanism for thera-
peutic effects of selective COX-2 inhibitors in schizo-
phrenia.118

Indeed, in a prospective, randomized, double-blind study
of therapy with the COX-2 inhibitor celecoxib added on
to risperidone in acute exacerbation of schizophrenia, a
therapeutic effect of celecoxib was observed.119

Immunologically, an increase of the type-1 immune
response was found in the celecoxib treatment group.120

The finding of a clinical advantage of COX-2 inhibition,
however, could not be replicated in a second study.
Further analysis of the data revealed that the outcome
depends on the duration of the disease.121 This observa-
tion is in accordance with results from animal studies
showing that the effects of COX-2 inhibition on
cytokines, hormones, and particularly on behavioral
symptoms are dependent on the duration of the pre-
ceding changes and the time point of application of the

COX-2 inhibitor.122 In subsequent clinical studies fol-
lowing a similar randomized double-blind placebo-con-
trolled add-on design of 400 mg celecoxib to risperidone
(in one study risperidone or olanzapine) in partly dif-
ferent patient populations, similar positive results of
cyclo-oxygenase inhibition were able to be obtained: in
a Chinese population of first-manifestation schizo-
phrenics,123 and in an Iranian sample of chronic schizo-
phrenics.124 In continuously ill schizophrenics, however,
no advantage of celecoxib could be found.125 In schizo-
phrenia, COX-2 inhibition showed beneficial effects
preferentially in early stages of the disease, the data
regarding chronic schizophrenia are controversial, pos-
sibly in part due to methodological concerns. The data
are still preliminary and further research has to be per-
formed, eg, with other COX-2 inhibitors.

COX-2 inhibition as a possible anti-inflammatory 
therapeutic approach in depression

Due to the increase of proinflammatory cytokines and
PGE2 in depressed patients, anti-inflammatory treatment
would be expected to show antidepressant effects also in
depressed patients. In particular, COX-2 inhibitors seem
to show advantageous results: animal studies show that
COX-2 inhibition can lower the increase of the proin-
flammatory cytokines IL-1β, TNF-α, and of PGE2, but it
can also prevent clinical symptoms such as anxiety and
cognitive decline, which are associated with this increase
of proinflammatory cytokines.122 Moreover, treatment
with the COX-2 inhibitor celecoxib—but not with a
COX-1 inhibitor—prevented the dysregulation of the
HPA-axis, in particular the increase of cortisol, one of the
biological key features associated with depression.122, 126

This effect can be expected because PGE2 stimulates the
HPA axis in the CNS,127 and PGE2 is inhibited by COX-
2 inhibition. Moreover, the functional effects of IL-1 in
the CNS—sickness behavior being one of these effects—
were also shown to be antagonized by treatment with a
selective COX-2 inhibitor.128

Additionally, COX-2 inhibitors influence the CNS sero-
tonergic system. In a rat model, treatment with rofecoxib
was followed by an increase of serotonin in the frontal
and the temporoparietal cortex.129 A possible mechanism
of the antidepressant action of COX-2 inhibitors is the
inhibition of the release of IL-1 and IL-6. Moreover,
COX-2 inhibitors also protect the CNS from effects of
QUIN, ie, from neurotoxicity.130 In the depression model
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of the bulbectomized rat, a decrease of cytokine levels
in the hypothalamus and a change in behavior have been
observed after chronic celecoxib treatment.131 In another
animal model of depression, however, the mixed COX-
1/COX-2 inhibitor acetylsalicylic acid showed an addi-
tional antidepressant effect by accelerating the antide-
pressant effect of fluoxetine.132

Moreover, we were able to demonstrate a significant
therapeutic effect of the COX-2 inhibitor on depressive
symptoms in a randomized, double-blind pilot add-on
study using the selective COX-2 inhibitor celecoxib in
MD.133 Also in a clinical study, the mixed COX-1/COX-
2 inhibitor acetylsalicylic acid accelerated the antide-
pressant effect of fluoxetine and increased the response
rate in depressed nonresponders to monotherapy with
fluoxetine in a open-label pilot study.134 Currently, a large
study with the COX-2 inhibitor cimicoxib is ongoing. For
ethical reasons, clinical trials so far have been performed
in an add-on design; no monotherapy with a COX-2
inhibitor was studied.

Conclusion

A large number of findings point out that inflammation
plays a pivotal role in the pathogenesis of major psychi-
atric disorders, in particular in MD and in schizophrenia.
The differential influence of cytokines and proinflam-
matory mediators, which are altered in schizophrenia and
MD, on the enzyme IDO and the tryptophan/kynurenine

metabolism result in alterations of the serotonergic, glu-
tamatergic, and dopaminergic neurotransmissions; these
alterations are typically found in schizophrenia and MD.
The tryptophan/kynurenine metabolism, however, gen-
erates neurotoxic and neuroprotective metabolites, an
imbalance in this metabolism contributes to the produc-
tion of either the neurotoxic metabolite QUIN or the
neuroprotective metabolite KYNA, both exhibiting dif-
ferent effects on the glutamatergic neurotransmission.
Additionally, a direct influence of cytokines on neuro-
transmitters has been noted. Moreover, cytokines can
also act in a neurotoxic and neuroprotective manner.
Anti-inflammatory drugs, however, are candidates for
antidepressants and antipsychotics, which might be more
related to the pathophysiology of these disorders com-
pared with the neurotransmitter disturbances. The neu-
rotransmitter disturbances might be a final common
pathway of different pathological pathways in schizo-
phrenia and depression, the immunological pathway
might be true for a subgroup of patients suffering from
these disoders. COX-2 inhibitors—most studies have
been performed with celecoxib—have been shown in in-
vitro experiments, animal studies, and clinical trials by
several groups of researchers to exhibit antidepressant
and antipsychotic properties. Other anti-inflammatory
therapeutic approaches will be of interest in the future,
and possibly support the hypothesis that inflammation is
an important pathogenetic factor in depression and schiz-
ophrenia. ❏
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El impacto de la falta de regulación 
neuroinmune sobre la neuroprotección y la
neurotoxicidad en los trastornos 
psiquiátricos: su relación con tratamientos
farmacológicos 

Se ha postulado una patogénesis inflamatoria para
la esquizofrenia y la depresión mayor (DM). En la
esquizofrenia y la depresión, patrones opuestos de
respuesta inmune tipo 1 versus tipo 2 parecen estar
asociados con diferencias en la activación de la
enzima indolamina 2,3 dioxigenasa y en el meta-
bolismo triptófano-kinurenina, lo que lleva a un
aumento de la producción de ácido kinurénico en
la esquizofrenia y disminución de la producción de
este ácido en la depresión. Estas diferencias están
asociadas con un desequilibrio en la neurotransmi-
sión glutamatérgica, el cual puede contribuir a una
excesiva acción agonista del N-metil-D-aspartato
(NMDA) en la depresión y otra antagonista del
NMDA en la esquizofrenia. Respecto a la función
neuroprotectora del ácido kinurénico y a los efec-
tos neurotóxicos del ácido quinolínico (QUIN), los
diferentes patrones de activación inmune también
pueden llevar a un desequilibrio entre los efectos
neuroprotectores y neurotóxicos del metabolismo
triptófano/kinurenina. La activación diferencial de
las células de la microglía y los astrocitos puede ser
un mecanismo adicional que contribuya a este dese-
quilibrio. El desequilibrio inmunológico se traduce
en un estado inflamatorio combinado con un
aumento de la producción de prostaglandina E2 y
aumento de la expresión de ciclo-oxigenasa-2 (COX-
2). Sin embargo, los efectos inmunológicos de
muchos de los antipsicóticos y antidepresivos exis-
tentes corrigen parcialmente el desequilibrio
inmune y el exceso de producción del neurotóxico
QUIN. Los inhibidores de la COX-2 se han evaluado
en modelos animales de depresión y en ensayos clí-
nicos preliminares, y orientan a efectos favorables
en la esquizofrenia y en la DM. 

Impact d’une dysrégulation neuro-immune
sur la neuroprotection et la neurotoxicité
dans les troubles psychiatriques- relation
avec le traitement médicamenteux

L’hypothèse d’une pathogenèse inflammatoire a
été avancée pour la schizophrénie et la dépression
majeure (DM). Dans la schizophrénie et la dépres-
sion, l’opposition des réponses immunes de type 1
vs type 2 semble être associée à des différences
dans l’activation de l’enzyme indoleamine 2,3-
dioxygénase et dans le métabolisme tryptophane-
kynurénine, la production d’acide kynurétique
étant augmentée dans la schizophrénie et dimi-
nuée dans la dépression. Ces différences sont asso-
ciées à un déséquilibre de la neurotransmission glu-
tamatergique qui peut entraîner une action
agoniste excessive du NMDA (N-méthyl-D-
aspartate) dans la dépression et à une action anta-
goniste dans la schizophrénie. En ce qui concerne
la fonction neuroprotectrice de l’acide kynurétique
et les effets neurotoxiques de l’acide quinolinique
(QUIN), différents schémas d’activation immunitaire
peuvent aussi conduire à un déséquilibre entre les
effets neuroprotecteurs et neurotoxiques du méta-
bolisme tryptophane/kynurénine, auquel peut
contribuer l’activation différentielle des cellules de
la microglie et des astrocytes. Le déséquilibre immu-
nologique provoque un état inflammatoire associé
à une production augmentée de prostaglandine E2
et à une expression augmentée de la COX-2 (cyclo-
oxygénase-2). Les effets immunologiques de nom-
breux antipsychotiques et antidépresseurs existants
corrigent cependant en partie ce déséquilibre
immunitaire et l’excès de production du neuro-
toxique QUIN. Les inhibiteurs de la COX-2 ont été
testés dans des modèles animaux de dépression et
dans des études cliniques préliminaires, montrant
des effets favorables dans la schizophrénie et la
dépression.

PAGES_10_AG_019_BA.qxd:DCNS#42  30/08/09  1:25  Page 329



21. Müller N, Ackenheil M, Hofschuster E, Mempel W, Eckstein R. Cellular
immunity in schizophrenic patients before and during neuroleptic treatment.
Psychiatry Res. 1991;37:147-160.
22. Schwarz MJ, Riedel M, Ackenheil M, Müller N. Decreased levels of sol-
uble intercellular adhesion molecule-1 (sICAM-1) in unmedicated and med-
icated schizophrenic patients. Biol Psychiatry. 2000;47:29-33.
23. Haack M, Hinze-Selch D, Fenzel T, et al. Plasma levels of cytokines and
soluble cytokine receptors in psychiatric patients upon hospital admission:
effects of confounding factors and diagnosis. J Psychiatr Res. 1999;33:407-418.
24. Molholm HB. Hyposensitivity to foreign protein in schizophrenic
patients. Psychiatr Quarterly. 1942;16:565-571.
25. Riedel M, Spellmann I, Schwarz MJ, Strassnig M, Sikorski C, Möller HJ,
Müller N. Decreased T cellular immune response in schizophrenic patients.
J Psychiatr Res. 2006;41:3-7.
26. Bresee C, Rapaport MH. Persistently increased serum soluble interleukin-
2 receptors in continuously ill patients with schizophrenia. Int J
Neuropsychopharmacol. 2009;12:861-865.
27. Potvin S, Stip E, Sepehry AA, Gendron A, Bah R, Kouassi E.
Inflammatory cytokine alterations in schizophrenia: a systematic quanti-
tative review. Biol Psychiatry. 2008;63:801-808.
28. Cazzullo CL, Scarone S, Grassi B, et al. Cytokines production in chronic
schizophrenia patients with or without paranoid behaviour. Prog
Neuropsychopharmacol Biol Psychiatry. 1998;22:947-957.
29. Lin A, Kenis G, Bignotti S, et al. The inflammatory response system in
treatment-resistant schizophrenia: increased serum interleukin-6. Schizophr
Res. 1998, 32:9-15
30. Sperner-Unterweger B, Whitworth A, Kemmler G, et al. T-cell subsets
in schizophrenia: a comparison between drug-naive first episode patients
and chronic schizophrenic patients. Schizophr Res. 1999;38:61-70.
31. Schwarz MJ, Chiang S, Müller N, Ackenheil M. T-helper-1 and T-helper-
2 responses in psychiatric disorders. Brain Behav Immun. 2001;15:340-370.
32. van Kammen DP, McAllister-Sistilli CG, Kelley ME. Relationship between
immune and behavioral measures in schizophrenia. In: Wieselmann G, ed.
Current Update in Psychoimmunology. Vienna, Austria; New York, NY: Springer;
1997:51-55.
33. Mittleman BB, Castellanos FX, Jacobsen LK, Rapoport JL, Swedo SE,
Shearer GM. Cerebrospinal fluid cytokines in pediatric neuropsychiatric dis-
ease. J Immunol. 1997; 159:2994-2999.
34. Müller N, Hofschuster E, Ackenheil M, Mempel W, Eckstein R.
Investigations of the cellular immunity during depression and the free inter-
val: evidence for an immune activation in affective psychosis. Prog
Neuropsychopharmacol Biol Psychiatry. 1993; 17:713-730.
35. Maes M, Meltzer HY, Buckley P, Bosmans E. Plasma-soluble interleukin-
2 and transferrin receptor in schizophrenia and major depression. Eur Arch
Psychiatry Clin Neurosci. 1995;244:325-329.
36. Irwin M. Immune correlates of depression. Adv Exp Med Biol. 1999,
461:1-24.:1-24.
37. Müller N, Schwarz MJ. Immunology in anxiety and depression. In:
Kasper S, den Boer JA, Sitsen JMA, eds. Handbook of Depression and Anxiety,
2nd ed. New York, NY: Marcel Dekker; 2002:267-288.
38. Mikova O, Yakimova R, Bosmans E, Kenis G, Maes M. Increased serum
tumor necrosis factor alpha concentrations in major depression and multi-
ple sclerosis. Eur Neuropsychopharmacol. 2001;11:203-208.
39. Sluzewska A, Rybakowski J, Bosmans E, et al. Indicators of immune acti-
vation in major depression. Psychiatry Res. 1996;64:161-167.
40. Rothermundt M, Arolt V, Fenker J, Gutbrodt H, Peters M, Kirchner H.
Different immune patterns in melancholic and non-melancholic major
depression. Eur Arch Psychiatry Clin Neurosci. 2001;251:90-97.
41. Bonaccorso S, Lin AH, Verkerk R, et al. Immune markers in fibromyal-
gia: comparison with major depressed patients and normal volunteers. J
Affect Disord. 1998;48:75-82.
42. Maes M, Scharpe S, Meltzer HY, et al.  Increased neopterin and inter-
feron-gamma secretion and lower availability of L-tryptophan in major
depression: further evidence for an immune response. Psychiatry Res.
1994;54:143-160.
43. Maes M, Scharpe S, Meltzer HY, et al. Relationships between inter-
leukin-6 activity, acute phase proteins, and function of the hypothalamic-
pituitary-adrenal axis in severe depression. Psychiatry Res. 1993;49:11-27.

44. Schiepers OJ, Wichers MC, Maes M. Cytokines and major depression.
Prog Neuropsychopharmacol Biol Psychiatry. 2005;29:201-217.
45. Myint AM, Leonard BE, Steinbusch HW, Kim YK. Th1, Th2, and Th3
cytokine alterations in major depression. J Affect Disord. 2005;88:167-173.
46. Jun TY, Pae CU, Hoon H, Chae JH, Bahk WM, Kim KS, Serretti A. Possible
association between -G308A tumour necrosis factor-alpha gene polymor-
phism and major depressive disorder in the Korean population. Psychiatr
Genet. 2003;13:179-181.
47. Rieckmann P, Nunke K, Burchhardt M, et al. Soluble intercellular adhe-
sion molecule-1 in cerebrospinal fluid: an indicator for the inflammatory
impairment of the blood-cerebrospinal fluid barrier. J Neuroimmunol.
1993;47:133-140.
48. Schäfer M, Horn M, Schmidt F, et al. Correlation between sICAM-1 and
depressive symptoms during adjuvant treatment of melanoma with inter-
feron-alpha. Brain Behav Immun. 2004;18:555-562.
49. Thomas AJ, Ferrier IN, Kalaria RN, et al. Elevation in late-life depres-
sion of intercellular adhesion molecule-1 expression in the dorsolateral pre-
frontal cortex. Am J Psychiatry. 2000;157:1682-1684.
50. Dimopoulos N, Piperi C, Salonicioti A, et al. Elevation of plasma con-
centration of adhesion molecules in late-life depression. Int J Geriatr
Psychiatry. 2006;21:965-971.
51. Mendlovic S, Mozes E, Eilat E, et al. Immune activation in non-treated
suicidal major depression. Immunol Lett. 1999;67:105-108.
52. Penttinen J. Hypothesis: low serum cholesterol, suicide, and interleukin-
2. Am J Epidemiol. 1995;141:716-718.
53. Nassberger L, Traskman-Bendz L. Increased soluble interleukin-2 recep-
tor concentrations in suicide attempters. Acta Psychiatr Scand. 1993;88:48-52.
54. Baron DA, Hardie T, Baron SH. Possible association of interleukin-2
treatment with depression and suicide. J Am Osteopath Assoc. 1993;93:799-
800.
55. Müller N, Riedel M, Schwarz MJ, et al. Immunomodulatory effects of
neuroleptics to the cytokine system and the cellular immune system in schiz-
ophrenia. In Wieselmann G, ed. Current Update in Psychoimmunology. Vienna,
Austria; New York, NY: Springer; 1997:57-67.
56. Müller N, Empl M, Riedel M, Schwarz M, Ackenheil M. Neuroleptic
treatment increases soluble IL-2 receptors and decreases soluble IL-6 recep-
tors in schizophrenia. Eur Arch Psychiatry Clin Neurosci. 1997;247:308-313.
57. Müller N, Riedel M, Hadjamu M, Schwarz MJ, Ackenheil M, Gruber R.
Increase in expression of adhesion molecule receptors on T helper cells dur-
ing antipsychotic treatment and relationship to blood-brain barrier per-
meability in schizophrenia. Am J Psychiatry. 1999;156:634-636.
58. Pollmächer T, Schuld A, Kraus T, Haack M, Hinze-Selch D. [On the clin-
ical relevance of clozapine-triggered release of cytokines and soluble
cytokine-receptors]. Fortschr Neurol Psychiatr. 2001;69(suppl 2):S65-S74.
59. Ozek M, Toreci K, Akkok I, Guvener Z. [Influence of therapy on anti-
body-formation]. Psychopharmacologia. 1971;21:401-412.
60. Tanaka KF, Shintani F, Fujii Y, Yagi G, Asai M. Serum interleukin-18 lev-
els are elevated in schizophrenia. Psychiatry Res. 2000;96:75-80.
61. Maes M, Bosmans E, De Jongh R, Kenis G, Vandoolaeghe E, Neels H.
Increased serum IL-6 and IL-1 receptor antagonist concentrations in major
depression and treatment resistant depression. Cytokine. 1997;9:853-858.
62. Song C, Leonard BE. An acute phase protein response in the olfactory
bulbectomised rat: effect of sertraline treatment. Med Sci Res. 1994;22:313-
314.
63. Zhu J, Bengtsson BO, Mix E, Thorell LH, Olsson T, Link H. Effect of
monoamine reuptake inhibiting antidepressants on major histocompati-
bility complex expression on macrophages in normal rats and rats with
experimental allergic neuritis (EAN). Immunopharmacology. 1994;27:225-244.
64. Maes M, Song C, Lin AH, Bonaccorso S, et al. Negative immunoregu-
latory effects of antidepressants: inhibition of interferon-gamma and stim-
ulation of interleukin-10 secretion. Neuropsychopharmacology. 1999;20:370-
379.
65. Seidel A, Arolt V, Hunstiger M, Rink L, Behnisch A, Kirchner H. Cytokine
production and serum proteins in depression. Scand J Immunol. 1995;41:534-
538.
66. Lanquillon S, Krieg JC, Bening-Abu-Shach U, Vedder H. Cytokine pro-
duction and treatment response in major depressive disorder.
Neuropsychopharmacology. 2000;22:370-379.

P h a r m a c o l o g i c a l  a s p e c t s

330

PAGES_10_AG_019_BA.qxd:DCNS#42  30/08/09  1:25  Page 330



Neuroimmune dysregulation in psychiatric disorders - Müller et al Dialogues in Clinical Neuroscience - Vol 11 . No. 3 . 2009

331

67. Kenis G, Maes M. Effects of antidepressants on the production of
cytokines. Int J Neuropsychopharmacol. 2002;5:401-412.
68. O'Sullivan JB, Ryan KM, Curtin NM, Harkin A, Connor TJ. Noradrenaline
reuptake inhibitors limit neuroinflammation in rat cortex following a sys-
temic inflammatory challenge: implications for depression and neurode-
generation. Int J Neuropsychopharmacol. 2009;12:687-699.
69. Vollmar P, Nessler S, Kalluri SR, Hartung HP, Hemmer B. The antide-
pressant venlafaxine ameliorates murine experimental autoimmune
encephalomyelitis by suppression of pro-inflammatory cytokines. Int J
Neuropsychopharmacol. 2009;12:525-536.
70. Sluzewska A, Rybakowski JK, Laciak M, et al. Interleukin-6 serum lev-
els in depressed patients before and after treatment with fluoxetine. Ann
N Y Acad Sci. 1995;762:474-6.:474-476.
71. Frommberger UH, Bauer J, Haselbauer P, Fraulin A, Riemann D, Berger
M. Interleukin-6-(IL-6) plasma levels in depression and schizophrenia: com-
parison between the acute state and after remission. Eur Arch Psychiatry Clin
Neurosci. 1997;247:228-233.
72. Maes M, Meltzer HY, Bosmans E, Bergmans R, Vandoolaeghe E, Ranjan
R, Desnyder R. Increased plasma concentrations of interleukin-6, soluble
interleukin-6, soluble interleukin-2 and transferrin receptor in major depres-
sion. J Affect Disord. 1995;34:301-309.
73. Pollak Y, Yirmiya R. Cytokine-induced changes in mood and behaviour:
implications for 'depression due to a general medical condition',
immunotherapy and antidepressive treatment. Int J Neuropsychopharmacol.
2002;5:389-399.
74. Mtabaji JP, Manku MS, Horrobin DF. Actions of the tricyclic antide-
pressant clomipramine on responses to pressor agents. Interactions with
prostaglandin E2. Prostaglandins. 1977;14:125-132.
75. Yaron I, Shirazi I, Judovich R, Levartovsky D, Caspi D, Yaron M.
Fluoxetine and amitriptyline inhibit nitric oxide, prostaglandin E2, and
hyaluronic acid production in human synovial cells and synovial tissue cul-
tures. Arthritis Rheum. 1999;42:2561-2568.
76. Hestad KA, Tonseth S, Stoen CD, Ueland T, Aukrust P. Raised plasma
levels of tumor necrosis factor alpha in patients with depression: normal-
ization during electroconvulsive therapy. J ECT. 2003;19:183-188.
77. Dimitrov S, Lange T, Tieken S, Fehm HL, Born J. Sleep associated reg-
ulation of T helper 1/T helper 2 cytokine balance in humans. Brain Behav
Immun. 2004;18:341-348.
78. Schwarcz R, Pellicciari R. Manipulation of brain kynurenines: glial tar-
gets, neuronal effects, and clinical opportunities. J Pharmacol Exp Ther.
2002;303:1-10.
79. Hilmas C, Pereira EF, Alkondon M, Rassoulpour A, Schwarcz R,
Albuquerque EX. The brain metabolite kynurenic acid inhibits alpha7 nico-
tinic receptor activity and increases non-alpha7 nicotinic receptor expres-
sion: physiopathological implications. J Neurosci. 2001;21:7463-7473.
80. Grohmann U, Fallarino F, Puccetti P. Tolerance, DCs and tryptophan:
much ado about IDO. Trends Immunol. 2003;24:242-248.
81. Takikawa O, Yoshida R, Kido R, Hayaishi O. Tryptophan degradation in
mice initiated by indoleamine 2,3-dioxygenase. J Biol Chem. 1986;261:3648-3653.
82. Miller CL, Llenos IC, Dulay JR, Barillo MM, Yolken RH, Weis S. Expression
of the kynurenine pathway enzyme tryptophan 2,3-dioxygenase is increased
in the frontal cortex of individuals with schizophrenia. Neurobiol Dis.
2004;15:618-629.
83. Aloisi F, Ria F, Adorini L. Regulation of T-cell responses by CNS antigen-
presenting cells: different roles for microglia and astrocytes. Immunol Today.
2000;21:141-147.
84. Kim YK, Myint AM, Verkerk R, Scharpe S, Steinbusch H, Leonard B.
Cytokine changes and tryptophan metabolites in medication-naive and
medication-free schizophrenic patients. Neuropsychobiology. 2009;59:123-
129.
85. Mellor AL, Munn DH. Tryptophan catabolism and T-cell tolerance:
immunosuppression by starvation? Immunol Today. 1999;20:469-473.
86. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL.
Inhibition of T cell proliferation by macrophage tryptophan catabolism. J
Exp Med. 1999;189:1363-1372.
87. Weiss G, Murr C, Zoller H, et al. Modulation of neopterin formation
and tryptophan degradation by Th1- and Th2-derived cytokines in human
monocytic cells. Clin Exp Immunol. 1999;116:435-440.

88. Alberati GD, Ricciardi CP, Kohler C, Cesura AM. Regulation of the
kynurenine metabolic pathway by interferon-gamma in murine cloned
macrophages and microglial cells. J Neurochem. 1996;66:996-1004.
89. Braun D, Longman RS, Albert ML. A two-step induction of indoleamine
2,3 dioxygenase (IDO) activity during dendritic-cell maturation. Blood.
2005;106:2375-2381.
90. Myint AM, Kim YK. Cytokine-serotonin interaction through IDO: a neu-
rodegeneration hypothesis of depression. Med Hypotheses. 2003;61:519-525.
91. Chiarugi A, Calvani M, Meli E, Traggiai E, Moroni F. Synthesis and
release of neurotoxic kynurenine metabolites by human monocyte-derived
macrophages. J Neuroimmunol. 2001;120:190-198.
92. Lidberg L, Belfrage H, Bertilsson L, Evenden MM, Asberg M. Suicide
attempts and impulse control disorder are related to low cerebrospinal fluid
5-HIAA in mentally disordered violent offenders. Acta Psychiatr Scand.
2000;101:395-402.
93. Mann JJ, Malone KM. Cerebrospinal fluid amines and higher-lethal-
ity suicide attempts in depressed inpatients. Biol Psychiatry. 1997;41:162-
171.
94. Bonaccorso S, Marino V, Puzella A, et al. Increased depressive ratings
in patients with hepatitis C receiving interferon-alpha-based immunother-
apy are related to interferon-alpha-induced changes in the serotonergic sys-
tem. J Clin Psychopharmacol. 2002;22:86-90.
95. Capuron L, Neurauter G, Musselman DL, et al. Interferon-alpha-
induced changes in tryptophan metabolism. relationship to depression and
paroxetine treatment. Biol Psychiatry. 2003;54:906-914.
96. Aloisi F, Penna G, Cerase J, Menendez IB, Adorini L. IL-12 production
by central nervous system microglia is inhibited by astrocytes. J Immunol.
1997;159:1604-1612.
97. Rothermundt M, Falkai P, Ponath G, et al. Glial cell dysfunction in schiz-
ophrenia indicated by increased S100B in the CSF. Mol Psychiatry. 2004;9:897-
899.
98. Bayer TA, Buslei R, Havas L, Falkai P. Evidence for activation of microglia
in patients with psychiatric illnesses. Neurosci Lett. 1999;271:126-128.
99. Cotter D, Pariante C, Rajkowska G. Glial pathology in major psychiatric
disorders. In Agam G, Belmaker RH, Everall I, eds. The Post-Mortem Brain in
Psychiatric Research. Boston, MA: Kluwer Acad Pub; 2002;291-324.
100. Rajkowska G. Depression: what we can learn from postmortem stud-
ies. Neuroscientist. 2003;9:273-284.
101. Miguel-Hidalgo JJ, Baucom C, Dilley G, et al. Glial fibrillary acidic pro-
tein immunoreactivity in the prefrontal cortex distinguishes younger from
older adults in major depressive disorder. Biol Psychiatry. 2000;48:861-873.
102. Davis S, Thomas A, Perry R, Oakley A, Kalaria RN, O'Brien JT. Glial fib-
rillary acidic protein in late life major depressive disorder: an immunocyto-
chemical study. J Neurol Neurosurg Psychiatry. 2002;73:556-560.
103. Rajkowska G. Astroglia in the cortex of schizophrenics: histopathology
finding. World J Biol Psychiatry. 2005;6:74.
104. Choudary PV, Molnar M, Evans SJ, et al. Altered cortical glutamatergic
and GABAergic signal transmission with glial involvement in depression.
Proc Natl Acad Sci U S A. 2005;102:15653-15658.
105. Danbolt NC. Glutamate uptake. Prog Neurobiol. 2001;65:1-105.
106. Sanacora G, Gueorguieva R, Epperson CN, et al. Subtype-specific alter-
ations of gamma-aminobutyric acid and glutamate in patients with major
depression. Arch Gen Psychiatry. 2004;61:705-713.
107. Heyes MP, Chen CY, Major EO, Saito K. Different kynurenine pathway
enzymes limit quinolinic acid formation by various human cell types.
Biochem J. 1997;326:351-356.
108. Kiss C, Ceresoli-Borroni G, Guidetti P, Zielke CL, Zielke HR, Schwarcz R.
Kynurenate production by cultured human astrocytes. J Neural Transm.
2003;110:1-14.
109. Guillemin GJ, Kerr SJ, Smythe GA, et al. Kynurenine pathway metabo-
lism in human astrocytes: a paradox for neuronal protection. J Neurochem.
2001;78:842-853.
110. Chiarugi A, Carpenedo R, Moroni F. Kynurenine disposition in blood
and brain of mice: effects of selective inhibitors of kynurenine hydroxylase
and of kynureninase. J Neurochem. 1996;67:692-698.
111. Saito K, Crowley JS, Markey SP, Heyes MP. A mechanism for increased
quinolinic acid formation following acute systemic immune stimulation. J
Biol Chem. 1993;268:15496-15503.

PAGES_10_AG_019_BA.qxd:DCNS#42  30/08/09  1:25  Page 331



112. Heyes MP, Saito K, Lackner A, Wiley CA, Achim CL, Markey SP. Sources
of the neurotoxin quinolinic acid in the brain of HIV-1-infected patients and
retrovirus-infected macaques. FASEB J. 1998;12:881-896.
113. Heyes MP, Saito K, Crowley JS. Quinolinic acid and kynurenine path-
way metabolism in inflammatory and non-inflammatory neurological dis-
ease. Brain. 1992;115:1249-1273.
114. Wichers MC, Koek GH, Robaeys G, Verkerk R, Scharpe S, Maes M. IDO
and interferon-alpha-induced depressive symptoms: a shift in hypothesis
from tryptophan depletion to neurotoxicity. Mol Psychiatry. 2005;10:538-544.
115. Heyes MP, Brew BJ, Martin A, et al. Quinolinic acid in cerebrospinal
fluid and serum in HIV-1 infection: relationship to clinical and neurological
status. Ann Neurol. 1991;29:202-209.
116. Lapin IP. Neurokynurenines (NEKY) as common neurochemical links of
stress and anxiety. Adv Exp Med Biol. 2003;527:121-125.
117. Chen Q, Surmeier DJ, Reiner A. NMDA and non-NMDA receptor-medi-
ated excitotoxicity are potentiated in cultured striatal neurons by prior
chronic depolarization. Exp Neurol. 1999;159:283-296.
118. Schwieler L, Erhardt S, Erhardt C, Engberg G. Prostaglandin-mediated
control of rat brain kynurenic acid synthesis--opposite actions by COX-1 and
COX-2 isoforms. J Neural Transm. 2005;112:863-872.
119. Müller N, Riedel M, Scheppach C, et al.  Beneficial antipsychotic effects
of celecoxib add-on therapy compared to risperidone alone in schizophre-
nia. Am J Psychiatry. 2002;159:1029-1034.
120. Müller N, Ulmschneider M, Scheppach C, et al COX-2 inhibition as a treat-
ment approach in schizophrenia: immunological considerations and clinical effects
of celecoxib add-on therapy. Eur Arch Psychiatry Clin Neurosci. 2004;254:14-22.
121. Müller N, Riedel M, Dehning S, et al. Is the therapeutic effect of celecoxib
in schizophrenia depending from duration of disease? Neuropsychopharmacology.
2004;29:176.
122. Casolini P, Catalani A, Zuena AR, Angelucci L. Inhibition of COX-2
reduces the age-dependent increase of hippocampal inflammatory mark-
ers, corticosterone secretion, and behavioral impairments in the rat. J
Neurosci Res. 2002;68:337-343.
123. Zhang Y, Chun Chen D, Long Tan Y, Zhou DF. A double-blind, placebo-
controlled trial of celecoxib addes to risperidone in first-episode and drug-
naive patients with schizophrenia [abstract]. Eur Arch Psychiatry Clin Neurosci.
2006;256(suppl 2):II/50.

124. Akhondzadeh S, Tabatabaee M, Amini H, Ahmadi Abhari SA, Abbasi
SH, Behnam B. Celecoxib as adjunctive therapy in schizophrenia: a double-
blind, randomized and placebo-controlled trial. Schizophr Res. 2007;90:179-
185.
125. Rapaport MH, Delrahim KK, Bresee CJ, Maddux RE, Ahmadpour O,
Dolnak D. Celecoxib augmentation of continuously ill patients with schizo-
phrenia. Biol Psychiatry. 2005;57:1594-1596.
126. Hu F, Wang X, Pace TW, Wu H, Miller AH. Inhibition of COX-2 by cele-
coxib enhances glucocorticoid receptor function. Mol Psychiatry. 2005;10:426-
428.
127. Song C, Leonard BE. Fundamentals of Psychoneuroimmunology. Chichester,
NY: J Wiley and Sons; 2000.
128. Cao C, Matsumura K, Ozaki M, Watanabe Y. Lipopolysaccharide
injected into the cerebral ventricle evokes fever through induction of
cyclooxygenase-2 in brain endothelial cells. J Neurosci. 1999;19:716-725.
129. Sandrini M, Vitale G, Pini LA. Effect of rofecoxib on nociception and
the serotonin system in the rat brain. Inflamm Res. 2002;51:154-159.
130. Salzberg-Brenhouse HC, Chen EY, Emerich DF, et al. Inhibitors of
cyclooxygenase-2, but not cyclooxygenase-1 provide structural and func-
tional protection against quinolinic acid-induced neurodegeneration. J
Pharmacol Exp Ther. 2003;306:218-228.
131. Myint AM, Steinbusch HW, Goeghegan L, Luchtman D, Kim YK,
Leonard BE. Effect of the COX-2 inhibitor celecoxib on behavioural and
immune changes in an olfactory bulbectomised rat model of depression.
Neuroimmunomodulation. 2007;14:65-71.
132. Brunello N, Alboni S, Capone G, et al. Acetylsalicylic acid accelerates
the antidepressant effect of fluoxetine in the chronic escape deficit model
of depression. Int Clin Psychopharmacol. 2006;21:219-225.
133. Müller N, Schwarz MJ, Dehning S, et al. The cyclooxygenase-2 inhibitor
celecoxib has therapeutic effects in major depression: results of a double-
blind, randomized, placebo controlled, add-on pilot study to reboxetine.
Mol Psychiatry. 2006;11:680-684.
134. Mendlewicz J, Kriwin P, Oswald P, Souery D, Alboni S, Brunello N.
Shortened onset of action of antidepressants in major depression using
acetylsalicylic acid augmentation: a pilot open-label study. Int Clin
Psychopharmacol. 2006;21:227-231.

P h a r m a c o l o g i c a l  a s p e c t s

332

PAGES_10_AG_019_BA.qxd:DCNS#42  30/08/09  1:25  Page 332




