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supports the assumption of a low-level neuroinflammatory 
process. Further support comes from the therapeutic benefit 
of anti-inflammatory medications in specific studies and the 
anti-inflammatory and immunomodulatory intrinsic effects 
of antipsychotics.   © 2014 S. Karger AG, Basel

  Introduction

  We humans are constantly being assaulted by infec-
tious agents, noxious chemicals and physical trauma. 
Fortunately, we have evolved a complex process – the in-
flammatory response – to help fight and clear infection, 
remove damaging chemicals and repair damaged tissue 
 [1] . The mechanisms underlying inflammation are of ma-
jor interest because, as noted by Hunter in 1794  [100] , 
‘when inflammation cannot accomplish that salutary 
purpose, it does mischief’. The harmful effects of inflam-
mation can be observed in many infectious or autoin-
flammatory diseases. The interactions between environ-
mental factors and genetically encoded components of 
the inflammatory response determine whether the result 
will be health or disease.

  As in other sites of the body, inflammation in the cen-
tral nervous system (CNS) has a dual role: it may be neu-
roprotective or neurotoxic  [2] . While acute inflammation 
in the CNS (e.g. acute encephalitis) leads to life-threaten-
ing states within hours or days, chronic inflammation in 
the CNS might be associated with impairment over 
months, years or a lifetime. 
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  Abstract

  Increased proinflammatory markers like cytokines have 
been described in the blood and cerebrospinal fluid of pa-
tients suffering from schizophrenia. Animal models have 
shown that a hit in early life to the immune system might 
trigger a lifelong increased immune reactivity. Many epide-
miological and clinical studies show the role of various infec-
tious agents as risk factors for schizophrenia with overlap to 
other psychoses. The first large-scale epidemiological study 
in psychiatry from Denmark clearly demonstrates severe in-
fections and autoimmune disorders during lifetime to be risk 
factors for schizophrenia. Genetic studies have shown the 
strongest signal for schizophrenia on chromosome 6p22.1, 
in a region related to the major histocompatibility complex 
and other immune functions. The vulnerability-stress-in-
flammation model is important as stress may increase proin-
flammatory cytokines and even contribute to a lasting pro-
inflammatory state. The immune system itself is considered 
an important further piece in the puzzle, as in autoimmune 
disorders in general, which are always linked to three factors: 
genes, the environment and the immune system. Alterations 
of dopaminergic, serotonergic, noradrenergic and glutama-
tergic neurotransmission have been shown with low-level 
neuroinflammation and may directly be involved in the gen-
eration of schizophrenic symptoms. Loss of central nervous 
system volume and microglial activation has been demon-
strated in schizophrenia in neuroimaging studies, which 
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  As an example, multiple sclerosis (MS) is an inflam-
matory disease of the CNS that shows a relapsing-remit-
ting course and, in a certain percentage of patients, also a 
chronic, progressive course. Parallels between MS and 
schizophrenia – both often show a chronic course – have 
repeatedly been highlighted as arguments for similar 
pathogenetic mechanisms in these disorders  [3] .

  The concept of ‘smoldering inflammation’ has been 
postulated for MS. It implies that CNS inflammation 
drives the disease process in both the chronic and acute 
stages  [4] . While there is a close interaction between the 
peripheral immune system and the CNS during acute in-
flammation, with invasion of macrophages, B and T cells 
into the latter, in chronic processes the immune response 
is thought to be increasingly secluded from the periph-
eral immune system (‘compartmentalization’ of the in-
flammatory process)  [5,   6] . Chronic MS, for example, is 
primarily characterized by disseminated activation of mi-
croglial cells.

  There are numerous descriptions of an association be-
tween chronic inflammation of the CNS and schizophre-
nia  [7] . For example, symptoms of schizophrenia have 
been described in the encephalitic form of MS  [8] , in viral 
CNS infection with herpes simplex virus types 1  [9]  and 
2  [10] , and measles  [11] , and also in autoimmune pro-
cesses such as poststreptococcal disorders  [12–15] , lupus 
erythematodes and scleroderma  [16–19] . 

  Inflammatory Mechanisms in the CNS

  Inflammation in the CNS is mediated by proinflam-
matory cytokines, microglial cells (resident macrophages 
in the brain), astrocytes and invading immune cells such 
as monocytes, macrophages and T or B lymphocytes. Al-
though a well-regulated inflammatory process is essential 
for tissue homeostasis and proper function, an excessive 
inflammatory response can be the source of additional 
injury to host cells. Uncontrolled inflammation may be 
the result of either infectious agents (e.g. bacteria, viruses) 
or a secondary reaction to neuronal lesions from trauma, 
a genetic effect or environmental toxins.

  Microglia as an Important Cellular Basis of 
Inflammation in the CNS
  Microglia comprise approximately 15% of the total 

CNS cells and are the primary component of the intrinsic 
immune system in the CNS, where they provide the first 
line of defense after injury or disease and are the principal 
component of neuroinflammation.

  Microglia can be activated in different ways. One ex-
ample is when a systemic inflammatory challenge triggers 
microglia activation, resulting in the release of proinflam-
matory cytokines in the CNS, which can mediate ‘sick-
ness behavior’  [20]  and other mental states. Microglia 
play a role in the synthesis of these central cytokines  [18] . 
Cytokine release can be sustained in the absence of the 
triggering signal for a period of about 10 months, and 
thus contribute to a chronic inflammatory state. Alterna-
tively, microglia are ‘sensitized’ or ‘primed’  [21]  by differ-
ent stimuli, including neurodegeneration  [22] , ageing 
 [23]  and stress  [24] . This process of sensitization or prim-
ing results in the elicitation of an exaggerated immune 
response to a low stimulus. After priming, a second stim-
ulus, e.g. low systemic inflammation or stress, may lead 
to microglia proliferation and increased production of 
proinflammatory cytokines by microglia  [25] . This exag-
gerated cytokine response may result in acute changes in 
behavior by exacerbating or re-exacerbating an inflam-
matory pathology in the CNS.

  Kindling and Sensitization of the Immune Response: 
Basis for the Stress-Induced Inflammatory Response 
in Psychiatric Disorders
  The immune response and the release of cytokines 

can become more sensitized for activating stimuli by a 
kindling process: the initial immune response, i.e. the 
release of cytokines and other mediators of immune ac-
tivation, is initiated as a result of exposure to a certain 
stimulus; thereafter, re-exposure to the same stimulus, 
e.g. stress or infection, is associated with an increased 
release of cytokines or a weaker stimulus is necessary for 
the same activation process. This ‘sensitization’ or ‘kin-
dling’ may be due to the memory function of the ac-
quired immune system  [24,   26] . Stress-associated re-
lease of interleukin (IL)-6 was shown to reactivate (pre-
natal) conditioned processes  [27] . In healthy individuals, 
a second stimulus (e.g. systemic inflammation, stress) 
led to immune activation associated with cellular prolif-
eration, and increased production and release of proin-
flammatory cytokines  [25] . This is a key mechanism for 
triggering an immune activation and inflammation, e.g. 
the stress-induced immune activation leading to psy-
chopathological symptoms. A sensitization process in 
the immune system is in accordance with the view that 
after an infection during early childhood, re-infection or 
another stimulation of the immune system in later stag-
es of life might be associated with a boosted release of 
sensitized cytokines resulting in neurotransmitter dis-
turbances.
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  Sensitization phenomena play a role in stress-related, 
cytokine-induced, neurotransmitter-mediated behavior-
al abnormalities, i.e. the cytokine response to a stimulus 
increases while the intensity of the stimulus decreases 
 [24] . In animal experiments, however, cytokines promote 
greater neurotransmitter responses when the animals are 
re-exposed to the cytokine  [28] , for example TNF-α  [29] . 
In the CNS, the stress-induced activation and prolifera-
tion of microglia may mediate these cytokine effects  [30] .

  The Vulnerability-Stress-Inflammation Model of 
Schizophrenia
  The vulnerability-stress model of psychiatric disor-

ders, first postulated for schizophrenia more than 30 
years ago  [31] , focuses on the role of physical and mental 
stress in triggering a psychotic episode. In schizophrenia 
an increased vulnerability of the offspring was shown – in 
addition to genetic vulnerability – if an inflammatory re-
sponse was induced in the mother during the second tri-
mester of pregnancy or in the offspring during later stag-
es of CNS development.

  The underlying mechanisms of the co-occurrence of 
stress and inflammation were studied in animal experi-
ments and stress was repeatedly shown to be associated 
with an increase in proinflammatory cytokines  [24] . The 
genetic risk contribution in the context of pathogen-host-
defense is evident  [32] .

  The specific influence of the inflammatory mecha-
nisms described in schizophrenia on neurotransmitter 
systems will be discussed below. Moreover, the modula-
tion of glutamatergic neurotransmission will be high-
lighted – glutamate is the most abundant neurotransmit-
ter in the CNS and is differentially involved via cytokine-
directed tryptophan/kynurenine metabolism in schizo - 
phrenia, presumably but not exclusively mediated by N-
methyl- D -asparate (NMDA) receptors. Beside others, ge-
netic factors of the kynurenine metabolites play a role 
 [33] .

  Inflammatory Markers in Schizophrenia
  Signs of inflammatory degradation products have 

been described in schizophrenic brain tissue  [34]  – but 
not in control tissue – and in the cerebrospinal fluid 
(CSF) of about 50% of schizophrenic patients  [35] . Re-
garding the cytokine pattern in schizophrenia, a blunted 
type 1 and (compensatory) increased type 2 cytokine 
pattern has been repeatedly observed in unmedicated 
schizophrenic patients  [36] . Overviews on the imbal-
ance of the type 1 and type 2, and the pro- and anti-in-
flammatory immune systems, as well as the innate im-

munity, including the monocytic system, in schizophre-
nia have recently been published, revealing that an 
inflammatory process plays an important role in the 
pathophysiology of at least a subgroup of schizophrenic 
patients  [37,   38] . 

  The Impact of Inflammation on Neurotransmitters in 
Schizophrenia
  Over the last 5 decades, research on the neurobiology 

of schizophrenia has focused overwhelmingly on distur-
bances of dopaminergic neurotransmission  [39] . There is 
no doubt that a dysfunction of the dopamine system is 
involved in the pathogenesis of schizophrenia, although 
the mechanism is not clear and antipsychotic antidopa-
minergic drugs still show unsatisfactory therapeutic ef-
fects. 

  IL-1β, which can induce the conversion of rat mesen-
cephalic progenitor cells into a dopaminergic phenotype 
 [40–42] , and IL-6, which is highly effective in decreasing 
the survival of fetal brain serotonergic neurons  [43] , seem 
to have an important influence on the development of the 
neurotransmitter systems involved in schizophrenia, al-
though the specificity of these cytokines is a matter for 
discussion. Maternal immune stimulation during preg-
nancy was shown to increase the number of mesence-
phalic dopaminergic neurons in the fetal brain; the in-
crease was probably associated with a dopaminergic ex-
cess in the midbrain  [44] . Persistent pathogens might be 
key factors that drive imbalances of the immune reaction 
 [19] . Nevertheless, many questions about immunity and 
immune pathology in virus infections remain unan-
swered  [45] .

  Much evidence seems to indicate that a lack of gluta-
matergic neurotransmission, mediated via NMDA an-
tagonism, is a key mechanism in the pathophysiology of 
schizophrenia  [46] . The only NMDA receptor antago-
nist known to occur naturally in the human CNS is kyn-
urenic acid  [47] . Kynurenic acid is one of at least three 
neuroactive intermediate products of the kynurenine 
pathway. A predominant type 2 immune response in-
hibits the enzyme indoleamine 2,3-dioxygenase, result-
ing in an increased production of kynurenic acid in 
schizophrenia and in NMDA receptor antagonism  [46, 
48] . The recent findings of NMDA receptor antibodies 
in about 10% of acute diseased schizophrenia patients 
(unmedicated) is especially interesting in this regard 
 [49, 50] .

  Regarding the kynurenic acid in schizophrenia, how-
ever, discrepancies in the findings have to be discussed. 
Elevated kynurenic acid has mainly been described in the 
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CSF  [51, 52]  and brains of schizophrenic patients  [53, 54] , 
or in animal models of schizophrenia  [55] . In the periph-
eral blood of first-episode schizophrenia  [56]  and other 
samples of schizophrenic patients, no increased kynuren-
ic acid levels were observed  [57] . Antipsychotic medica-
tion, however, influences kynurenine metabolites and has 
to be regarded as an interfering variable  [56–58] .

  The Possible Role of Infection in Schizophrenia

  Animal models of schizophrenia show that stimula-
tion of the maternal immune system by viral agents 
leads to typical symptoms in the offspring  [59, 60] . Evi-
dence for pre- or perinatal exposure to infections as a 
risk factor for schizophrenia has not only been obtained 
from animal models  [61, 62] , studies in humans have 
also been performed on several viruses  [63–65] . In-
creased risk for schizophrenia in the offspring was also 
observed after respiratory infections  [66, 67]  or genital 
or reproductive tract infections  [67, 68] . Infection of 
mothers with  Toxoplasma gondii  was also described to 
be a risk factor  [69] . 

  Infections before birth increase the risk for later schizo-
phrenia  [70–73]  as well as infections – in particular CNS 
infections – during later stages of brain development. 
Nevertheless, antibody titers against viruses have been 
examined in the sera of schizophrenic patients for many 
years  [74] . The results, however, have been inconsistent, 
for example because interfering factors were not con-
trolled for. Antibody levels are associated with the medi-
cation state, a finding which partly explains earlier con-
troversial results  [75] . In one of our own studies, higher 
titers of different pathogens were found in schizophrenic 
patients than in controls, a phenomenon that we called 
the ‘infectious index’  [76] . 

  Prenatal immune activation – infection-triggered or 
not – is an important risk factor for schizophrenia  [60] . 
In humans, increased maternal levels of the proinflam-
matory cytokine IL-8 during pregnancy were shown to be 
associated with an increased risk for schizophrenia in the 
offspring, regardless of the reason for the increase in IL-8 
 [77] . Moreover, increased maternal IL-8 levels in preg-
nancy were also significantly related to decreased brain 
volume in the schizophrenic offspring, i.e. lower volumes 
of the right posterior cingulum and the left entorhinal 
cortex, and higher volumes of the ventricles  [78] .

  However, a recent study, the first large-scale epide-
miological study in psychiatry, showed that severe infec-
tions and autoimmune disorders during lifetime in-

crease additively the risk of schizophrenia and schizo-
phrenia spectrum disorders  [79] , whereas infections of 
the parents, including intrauterine infections, in this 
large-scale scenario were not confirmed as definite risk 
factors  [79, 80] . As the study sensitivity was evaluated as 
being not very high despite its large scale, only the ‘tip 
of an iceberg’ of risk factors may have been clearly iden-
tified  [80] .

  CNS Volume Loss in Imaging Studies – 

A Consequence of an Inflammatory Process?

  Gross inflammatory changes have not been found in 
neuroimaging or neuropathological studies of schizo-
phrenia. However, there is no doubt that a decreased CNS 
volume can already be observed during the first episode 
and a progressive loss in CNS volume occurs during the 
further course of the disease  [81–84] . Moreover, a rela-
tionship has been described between the volume loss and 
an increased genetic risk for a higher production of the 
immune marker IL-1β  [85] , whilst the relationship be-
tween maternal IL-8 levels and CNS volume has been 
mentioned before  [78] . 

  The PK11195 ligand is used in positron emission to-
mography, PET, to estimate microglial activation  [86] . In 
schizophrenia, the increased expression of PK11195 was 
shown to be a marker of an inflammatory process in the 
CNS  [87, 88] . Moreover, a positive correlation between 
schizophrenic-positive symptoms and expression of the 
PET-activation marker DAA1106, and of duration of dis-
ease and expression of the microglial activation marker 
DAA1106 was observed as well  [89] .

  Cyclo-Oxygenase-2 Inhibition as an

Anti-Inflammatory Therapeutic Approach in 

Schizophrenia

  Modern anti-inflammatory agents have been explored 
in schizophrenia. The cyclo-oxygenase-2 (COX-2) inhib-
itor celecoxib was studied in a prospective, randomized, 
double-blind study of acute exacerbation of schizophre-
nia. There was a statistically significant better outcome in 
the patients receiving celecoxib. The clinical effects of 
COX-2 inhibition in schizophrenia were especially pro-
nounced in cognition  [90] . The efficacy of therapy with a 
COX-2 inhibitor seems most pronounced in the first 
years of the schizophrenic disease process  [91, 92] . A re-
cent study also demonstrated a beneficial effect of acetyl-
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salicylic acid in schizophrenic spectrum disorders  [93] . A 
meta-analysis of the clinical effects of nonsteroidal anti-
inflammatory drugs in schizophrenia revealed significant 
effects on schizophrenic total, positive and negative 
symptoms  [94] , while another meta-analysis found a sig-
nificant benefit only in schizophrenic patients with a 
short duration of disease or in first manifestation schizo-
phrenia  [95] .

  Regarding the role of microglia activation in inflam-
mation, minocycline, an inhibitor of microglia activation, 
is an interesting substance for the treatment of schizo-
phrenia. The improvement of cognition by minocycline 
has been described in animal models of schizophrenia 
 [96] , as well as in two double-blind, placebo-controlled 
add-on therapy trials in schizophrenia  [97,   98] . In clinical 
studies, positive effects on schizophrenic-negative symp-
toms were noted as well  [98] . Case reports have docu-
mented positive effects of minocycline on the whole 
symptom spectrum in schizophrenia  [99] .

  Conclusion 

  The possible influence of an immunological process 
for the pathogenesis of schizophrenia resulting in inflam-
mation has long been neglected. Increasing evidence for 
a role of proinflammatory cytokines in schizophrenia, the 
strong influence of pro- and anti-inflammatory cytokines 
on the tryptophan/kynurenine metabolism and, related 
to that mechanism, the influence of cytokines on the glu-
tamatergic neurotransmission, the results of imaging 
studies, genetic findings and, last but not least, the thera-
peutic effect of anti-inflammatory drugs support the view 
that psychoneuroimmunology and inflammation have 
rightly come more into the focus of schizophrenia re-

search. On the other hand, it has to be regarded that im-
munological research is susceptible to artefacts, interfer-
ing variables such as medication, smoking, stress, sleep 
and others play an important role and cannot always be 
controlled. This can be shown with the example of stress, 
which, according to the ‘vulnerability-stress model’, is 
not only a condition sine qua non in schizophrenia, but 
is also a confounding factor for research of the immune 
system and inflammatory processes. Similarly for neuro-
imaging studies, volume loss might be the result of differ-
ent pathological processes and factors other than inflam-
matory causes may play a role. Nevertheless, the results 
of these studies are encouraging and further studies 
should focus on the relationship between inflammatory 
markers in the blood, CSF and volume loss of the CNS. 
Moreover, the influence of different stages in schizophre-
nia might have been neglected, too. It is discussed that 
schizophrenia is a syndrome with different underlying 
pathological processes. Inflammation, however, also in-
cludes different stages and processes ranging from an 
acute to a chronic inflammation, including an autoim-
mune process.

  These considerations show that a lot of further re-
search is necessary to clarify the role of the immune sys-
tem in schizophrenia. However, recent results, including 
therapeutic progress, encourage further emphasis in this 
fascinating field.

  Acknowledgement

  Parts of this paper have been published elsewhere in Müller N, 
Bechter K: The mild encephalitis concept for psychiatric disorders 
revisited in the light of current psychoneuroimmunological find-
ings. Neurology, Psychiatry and Brain Research 2013;19:87–101.
 

 References 

  1 O’Neill LA: How frustration leads to inflam-
mation. Science 2008;   320:   619–620.

   2 Hohlfeld R, Kerschensteiner M, Meinl E: Dual 
role of inflammation in CNS disease. Neurol-
ogy 2007;   68:S58–S63.

   3 Hanson DR, Gottesman II: Theories of 
schizophrenia: a genetic-inflammatory-vas-
cular synthesis. BMC Med Genet 2005;   6:   7.

   4 Kutzelnigg A, Lucchinetti CF, Stadelmann C, 
Bruck W, Rauschka H, Bergmann M, Schmid-
bauer M, Parisi JE, Lassmann H: Cortical de-
myelination and diffuse white matter injury 
in multiple sclerosis. Brain 2005;   128:   2705–
2712.

   5 Meinl E, Krumbholz M, Derfuss T, Junker A, 
Hohlfeld R: Compartmentalization of inflam-
mation in the CNS: a major mechanism driv-
ing progressive multiple sclerosis. J Neurol Sci 
2008;   274:   42–44.

   6 Kerschensteiner M, Meinl E, Hohlfeld R: 
Neuro-immune crosstalk in CNS diseases. 
Neuroscience 2009;   158:   1122–1132.

   7 Anderson G, Berk M, Dodd S, Bechter K, Al-
tamura AC, Dell’osso B, Kanba S, Monji A, 
Fatemi SH, Buckley P, Debnath M, Das UN, 
Meyer U, Muller N, Kanchanatawan B, Maes 
M: Immuno-inflammatory, oxidative and ni-
trosative stress, and neuroprogressive path-
ways in the etiology, course and treatment of 
schizophrenia. Prog Neuropsychopharmacol 
Biol Psychiatry 2013;   42:   1–4.

   8 Felgenhauer K: Psychiatric disorders in the 
encephalitic form of multiple sclerosis. J Neu-
rol 1990;   237:   11–18.

D
ow

nl
oa

de
d 

by
: 

U
B

 d
er

 L
M

U
 M

ün
ch

en
   

   
   

   
   

   
   

   
   

   
   

   
 

12
9.

18
7.

25
4.

47
 -

 8
/2

3/
20

18
 2

:5
1:

14
 P

M

http://dx.doi.org/10.1159%2F000356538


 Müller

 

Neuroimmunomodulation 2014;21:109–116
DOI: 10.1159/000356538

114

   9 Chiveri L, Sciacco M, Prelle A: Schizophreni-
form disorder with cerebrospinal fluid PCR 
positivity for herpes simplex virus type 1. Eur 
Neurol 2003;   50:   182–183.

  10 Oommen KJ, Johnson PC, Ray CG: Herpes 
simplex type 2 virus encephalitis presenting as 
psychosis. Am J Med 1982;   73:   445–448.

  11 Hiroshi H, Seiji K, Toshihiro K, Nobuo K: An 
adult case suspected of recurrent measles en-
cephalitis with psychiatric symptoms (in Jap-
anese). Seishin Shinkeigaku Zasshi 2003;   105:  
 1239–1246.

  12 Mercadante MT, Busatto GF, Lombroso PJ, 
Prado L, Rosario-Campos MC, do VR, 
Marques-Dias MJ, Kiss MH, Leckman JF, 
Miguel EC: The psychiatric symptoms of 
rheumatic fever. Am J Psychiatry 2000;   157:  
 2036–2038.

  13 Teixeira AL Jr, Maia DP, Cardoso F: Psycho-
sis following acute Sydenham’s chorea. Eur 
Child Adolesc Psychiatry 2007;   16:   67–69.

  14 Kerbeshian J, Burd L, Tait A: Chain reaction 
or time bomb: a neuropsychiatric-develop-
mental/neurodevelopmental formulation of 
tourettisms, pervasive developmental disor-
der, and schizophreniform symptomatology 
associated with PANDAS. World J Biol Psy-
chiatry 2007;   8:   201–207.

  15 Bechter K, Bindl A, Horn M, Schreiner V: 
Therapy-resistant depression with fatigue: a 
case of presumed streptococcal-associated 
autoimmune disorder (in German). Nerven-
arzt 2007;   78:   338, 340–338, 341.

  16 Müller N, Gizycki-Nienhaus B, Günther W, 
Meurer M: Depression as a cerebral manifes-
tation of scleroderma: immunological find-
ings in serum and cerebrospinal fluid. Biol 
Psychiatry 1992;   31:   1151–1156.

  17 Müller N, Gizycki-Nienhaus B, Botschev C, 
Meurer M: Cerebral involvement of sclero-
derma presenting as schizophrenia-like psy-
chosis. Schizophr Res 1993;   10:   179–181.

  18 van Dam AP: Diagnosis and pathogenesis of 
CNS lupus. Rheumatol Int 1991;   11:   1–11.

  19 Nikolich-Zugich J: Ageing and life-long 
maintenance of T-cell subsets in the face of 
latent persistent infections. Nat Rev Immunol 
2008;   8:   512–522.

  20 Dantzer R: Cytokine-induced sickness behav-
ior: where do we stand? Brain Behav Immun 
2001;   15:   7–24.

  21 Perry VH: Stress primes microglia to the pres-
ence of systemic inflammation: implications 
for environmental influences on the brain. 
Brain Behav Immun 2007;   21:   45–46.

  22 Cunningham C, Wilcockson DC, Campion S, 
Lunnon K, Perry VH: Central and systemic 
endotoxin challenges exacerbate the local in-
flammatory response and increase neuronal 
death during chronic neurodegeneration. J 
Neurosci 2005;   25:   9275–9284.

  23 Godbout JP, Johnson RW: Age and neuroin-
flammation: a lifetime of psychoneuroim-
mune consequences. Immunol Allergy Clin 
North Am 2009;   29:   321–337.

  24 Sparkman NL, Johnson RW: Neuroinflam-
mation associated with aging sensitizes the 
brain to the effects of infection or stress. Neu-
roimmunomodulation 2008;   15:   323–330.

  25 Frank MG, Baratta MV, Sprunger DB, Wat-
kins LR, Maier SF: Microglia serve as a neuro-
immune substrate for stress-induced poten-
tiation of CNS pro-inflammatory cytokine 
responses. Brain Behav Immun 2007;   21:   47–
59.

  26 Furukawa H, del Rey A, Monge-Arditi G, 
Besedovsky HO: Interleukin-1, but not stress, 
stimulates glucocorticoid output during early 
postnatal life in mice. Ann NY Acad Sci 1998;  
 840:   117–122.

  27 Zhou D, Kusnecov AW, Shurin MR, DePaoli 
M, Rabin BS: Exposure to physical and psy-
chological stressors elevates plasma interleu-
kin 6: relationship to the activation of hypo-
thalamic-pituitary-adrenal axis. Endocrinol-
ogy 1993;   133:   2523–2530.

  28 Anisman H, Merali Z: Cytokines, stress and 
depressive illness: brain-immune interac-
tions. Ann Med 2003;   35:   2–11.

  29 Hayley S, Wall P, Anisman H: Sensitization to 
the neuroendocrine, central monoamine and 
behavioural effects of murine tumor necrosis 
factor-α: peripheral and central mechanisms. 
Eur J Neurosci 2002;   15:   1061–1076.

  30 Nair A, Bonneau RH: Stress-induced eleva-
tion of glucocorticoids increases microglia 
proliferation through NMDA receptor activa-
tion. J Neuroimmunol 2006;   171:   72–85.

  31 Zubin J, Spring B: Vulnerability – a new view 
of schizophrenia. J Abnorm Psychol 1977;   86:  
 103–126.

  32 Raison CL, Miller AH: The evolutionary sig-
nificance of depression in Pathogen Host De-
fense (PATHOS-D). Mol Psychiatry 2013;   18:  
 15–37.

  33 Claes S, Myint AM, Domschke K, Del-Favero 
J, Entrich K, Engelborghs S, De Deyn P, Muel-
ler N, Baune B, Rothermundt M: The kyn-
urenine pathway in major depression: haplo-
type analysis of three related functional can-
didate genes. Psychiatry Res 2011;   188:  
 355–360.

  34 Körschenhausen DA, Hampel HJ, Ackenheil 
M, Penning R, Müller N: Fibrin degradation 
products in post mortem brain tissue of 
schizophrenics: a possible marker for under-
lying inflammatory processes. Schizophr Res 
1996;   19:   103–109.

  35 Wildenauer DB, Körschenhausen D, Hoecht-
len W, Ackenheil M, Kehl M, Lottspeich F: 
Analysis of cerebrospinal fluid from patients 
with psychiatric and neurological disorders 
by two-dimensional electrophoresis: identifi-
cation of disease-associated polypeptides as 
fibrin fragments. Electrophoresis 1991;   12:  
 487–492.

  36 Müller N, Schwarz MJ: Neuroimmune-endo-
crine crosstalk in schizophrenia and mood 
disorders. Exp Ref Neurotherapeutics 2006;   6:  
 1017–1038.

  37 Müller N, Schwarz MJ: Immune System and 
Schizophrenia. Curr Immunol Rev 2010;   6:  
 213–220.

  38 Potvin S, Stip E, Sepehry AA, Gendron A, Bah 
R, Kouassi E: Inflammatory cytokine altera-
tions in schizophrenia: a systematic quantita-
tive review. Biol Psychiatry 2008;   63:   801–808.

  39 Carlsson A: The current status of the dopa-
mine hypothesis of schizophrenia. Neuropsy-
chopharmacology 1988;   1:   179–186.

  40 Ling ZD, Potter ED, Lipton JW, Carvey PM: 
Differentiation of mesencephalic progenitor 
cells into dopaminergic neurons by cytokines. 
Exp Neurol 1998;   149:   411–423.

  41 Kabiersch A, Furukawa H, del Rey A, Bese-
dovsky HO: Administration of interleukin-1 
at birth affects dopaminergic neurons in adult 
mice. Ann NY Acad Sci 1998;   840:   123–127.

  42 Potter ED, Ling ZD, Carvey PM: Cytokine-
induced conversion of mesencephalic-de-
rived progenitor cells into dopamine neurons. 
Cell Tissue Res 1999;   296:   235–246.

  43 Jarskog LF, Xiao H, Wilkie MB, Lauder JM, 
Gilmore JH: Cytokine regulation of embry-
onic rat dopamine and serotonin neuronal 
survival in vitro. Int J Dev Neurosci 1997;   15:  
 711–716.

  44 Winter C, Djodari-Irani A, Sohr R, Morgen-
stern R, Feldon J, Juckel G, Meyer U: Prenatal 
immune activation leads to multiple changes 
in basal neurotransmitter levels in the adult 
brain: implications for brain disorders of neu-
rodevelopmental origin such as schizophre-
nia. Int J Neuropsychopharmacol 2009;   12:  
 513–524.

  45 Rouse BT, Sehrawat S: Immunity and immu-
nopathology to viruses: what decides the out-
come? Nat Rev Immunol 2010;   10:   514–526.

  46 Müller N, Schwarz MJ: The immunological 
basis of glutamatergic disturbance in schizo-
phrenia: towards an integrated view. J Neuro-
transmission 2007;   72:   269–280.

  47 Stone TW: Neuropharmacology of quinolinic 
and kynurenic acids. Pharmacol Rev 1993;   45:  
 309–379.

  48 Müller N, Myint AM, Schwarz MJ: Kynuren-
ine pathway in schizophrenia: pathophysio-
logical and therapeutic aspects. Curr Pharm 
Des 2011;   17:   130–136.

  49 Steiner J, Walter M, Glanz W, Sarnyai Z,
Bernstein HG, Vielhaber S, Kastner A, Skalej 
M, Jordan W, Schiltz K, Klingbeil C, Wan-
dinger KP, Bogerts B, Stoecker W: Increased 
prevalence of diverse N-methyl- D -aspartate 
glutamate receptor antibodies in patients with 
an initial diagnosis of schizophrenia: specific 
relevance of IgG NR1a antibodies for distinc-
tion from N-methyl- D -aspartate glutamate 
receptor encephalitis. JAMA Psychiatry 2013;  
 70:   271–278.

  50 Vincent A, Bien CG: Anti-NMDA-receptor 
encephalitis: a cause of psychiatric, seizure, 
and movement disorders in young adults. 
Lancet Neurol 2008;   7:   1074–1075.

D
ow

nl
oa

de
d 

by
: 

U
B

 d
er

 L
M

U
 M

ün
ch

en
   

   
   

   
   

   
   

   
   

   
   

   
 

12
9.

18
7.

25
4.

47
 -

 8
/2

3/
20

18
 2

:5
1:

14
 P

M

http://dx.doi.org/10.1159%2F000356538


 Immunology of Schizophrenia Neuroimmunomodulation 2014;21:109–116
DOI: 10.1159/000356538

115

  51 Erhardt S, Blennow K, Nordin C, Skogh E, 
Lindstrom LH, Engberg G: Kynurenic acid 
levels are elevated in the cerebrospinal fluid of 
patients with schizophrenia. Neurosci Lett 
2001;   313:   96–98.

  52 Linderholm KR, Skogh E, Olsson SK, Dahl 
ML, Holtze M, Engberg G, Samuelsson M, Er-
hardt S: Increased levels of kynurenine and 
kynurenic acid in the CSF of patients with 
schizophrenia. Schizophr Bull 2012;   38:   426–
432.

  53 Schwarcz R, Rassoulpour A, Wu HQ, Medoff 
D, Tamminga CA, Roberts RC: Increased cor-
tical kynurenate content in schizophrenia. 
Biol Psychiatry 2001;   50:   521–530.

  54 Sathyasaikumar KV, Stachowski EK, Wonodi 
I, Roberts RC, Rassoulpour A, McMahon RP, 
Schwarcz R: Impaired kynurenine pathway 
metabolism in the prefrontal cortex of indi-
viduals with schizophrenia. Schizophr Bull 
2011;   37:   1147–1156.

  55 Olsson SK, Andersson AS, Linderholm KR, 
Holtze M, Nilsson-Todd LK, Schwieler L, 
Olsson E, Larsson K, Engberg G, Erhardt S: 
Elevated levels of kynurenic acid change the 
dopaminergic response to amphetamine: im-
plications for schizophrenia. Int J Neuropsy-
chopharmacol 2009;   12:   501–512.

  56 Condray R, Dougherty GG, Keshavan MS, 
Reddy RD, Haas GL, Montrose DM, Matson 
WR, McEvoy J, Kaddurah-Daouk R, Yao JK: 
3-Hydroxykynurenine and clinical symptoms 
in first-episode neuroleptic-naive patients 
with schizophrenia. Int J Neuropsychophar-
macol 2011;   14:   756–767.

  57 Myint AM, Schwarz MJ, Verkerk R, Mueller 
HH, Zach J, Scharpe S, Steinbusch HW, Leo-
nard BE, Kim YK: Reversal of imbalance
between kynurenic acid and 3-hydroxykyn-
urenine by antipsychotics in medication-
naive and medication-free schizophrenic pa-
tients. Brain Behav Immun 2011;   25:   1576–
1581.

  58 Ceresoli-Borroni G, Rassoulpour A, Wu HQ, 
Guidetti P, Schwarcz R: Chronic neuroleptic 
treatment reduces endogenous kynurenic 
acid levels in rat brain. J Neural Transm 2006;  
 113:   1355–1365.

  59 Meyer U, Feldon J: Prenatal exposure to infec-
tion: a primary mechanism for abnormal do-
paminergic development in schizophrenia. 
Psychopharmacology (Berl) 2009;   206:   587–
602.

  60 Meyer U, Schwarz MJ, Müller N: Inflamma-
tory processes in schizophrenia: a promising 
neuroimmunological target for the treatment 
of negative/cognitive symptoms and beyond. 
Pharmacol Ther 2011;   132:   96–110.

  61 Buka SL, Tsuang MT, Torrey EF, Klebanoff 
MA, Bernstein D, Yolken RH: Maternal infec-
tions and subsequent psychosis among off-
spring. Arch Gen Psychiatry 2001;   58:   1032–
1037.

  62 Westergaard T, Mortensen PB, Pedersen CB, 
Wohlfahrt J, Melbye M: Exposure to prenatal 
and childhood infections and the risk of 
schizophrenia: suggestions from a study of 
sibship characteristics and influenza preva-
lence. Arch Gen Psychiatry 1999;   56:   993–998.

  63 Pearce BD: Schizophrenia and viral infection 
during neurodevelopment: a focus on mecha-
nisms. Mol Psychiatry 2001;   6:   634–646.

  64 Buka SL, Cannon TD, Torrey EF, Yolken RH: 
Maternal exposure to herpes simplex virus 
and risk of psychosis among adult offspring. 
Biol Psychiatry 2008;   63:   809–815.

  65 Brown AS, Begg MD, Gravenstein S, Schaefer 
CA, Wyatt RJ, Bresnahan M, Babulas VP, 
Susser ES: Serologic evidence of prenatal in-
fluenza in the etiology of schizophrenia. Arch 
Gen Psychiatry 2004;   61:   774–780.

  66 Brown AS, Cohen P, Susser ES, Greenwald 
MA: Nonaffective psychosis after prenatal ex-
posure to rubella. Am J Psychiatry 2000;   157:  
 438–443.

  67 Sorensen HJ, Mortensen EL, Reinisch JM, 
Mednick SA: Association between prenatal 
exposure to bacterial infection and risk of 
schizophrenia. Schizophr Bull 2009;   35:   631–
637.

  68 Babulas V, Factor-Litvak P, Goetz R, Schaefer 
CA, Brown AS: Prenatal exposure to maternal 
genital and reproductive infections and adult 
schizophrenia. Am J Psychiatry 2006;   163:  
 927–929.

  69 Brown AS, Schaefer CA, Quesenberry CP Jr, 
Liu L, Babulas VP, Susser ES: Maternal expo-
sure to toxoplasmosis and risk of schizophre-
nia in adult offspring. Am J Psychiatry 2005;  
 162:   767–773.

  70 Boksa P: Maternal infection during pregnan-
cy and schizophrenia. J Psychiatry Neurosci 
2008;   33:   183–185.

  71 Gattaz WF, Abrahao AL, Foccacia R: Child-
hood meningitis, brain maturation and the 
risk of psychosis. Eur Arch Psychiatry Clin 
Neurosci 2004;   254:   23–26.

  72 Brown AS: The risk for schizophrenia from 
childhood and adult infections. Am J Psychia-
try 2008;   165:   7–10.

  73 Dalman C, Allebeck P, Gunnell D, Harrison 
G, Kristensson K, Lewis G, Lofving S, Ras-
mussen F, Wicks S, Karlsson H: Infections in 
the CNS during childhood and the risk of sub-
sequent psychotic illness: a cohort study of 
more than one million Swedish subjects. Am 
J Psychiatry 2008;   165:   59–65.

  74 Yolken RH, Torrey EF: Viruses, schizophre-
nia, and bipolar disorder. Clin Microbiol Rev 
1995;   8:   131–145.

  75 Leweke FM, Gerth CW, Koethe D, Klosterkot-
ter J, Ruslanova I, Krivogorsky B, Torrey EF, 
Yolken RH: Antibodies to infectious agents in 
individuals with recent onset schizophrenia. 
Eur Arch Psychiatry Clin Neurosci 2004;   254:  
 4–8.

  76 Krause D, Matz J, Weidinger E, Wagner J, 
Wildenauer A, Obermeier M, Riedel M, 
Muller N: The association of infectious agents 
and schizophrenia. World J Biol Psychiatry 
2010;   11:   739–743.

  77 Brown AS, Hooton J, Schaefer CA, Zhang H, 
Petkova E, Babulas V, Perrin M, Gorman JM, 
Susser ES: Elevated maternal interleukin-8 
levels and risk of schizophrenia in adult off-
spring. Am J Psychiatry 2004;   161:   889–895.

  78 Ellman LM, Deicken RF, Vinogradov S, Kre-
men WS, Poole JH, Kern DM, Tsai WY, 
Schaefer CA, Brown AS: Structural brain al-
terations in schizophrenia following fetal ex-
posure to the inflammatory cytokine interleu-
kin-8. Schizophr Res 2010;   121:   46–54.

  79 Benros ME, Nielsen PR, Nordentoft M, Eaton 
WW, Dalton SO, Mortensen PB: Autoim-
mune diseases and severe infections as risk 
factors for schizophrenia: a 30-year popula-
tion-based register study. Am J Psychiatry 
2011;   168:   1303–1310.

  80 Benros ME, Mortensen PB, Eaton WW: Au-
toimmune diseases and infections as risk fac-
tors for schizophrenia. Ann NY Acad Sci 
2012;   1262:   56–66.

  81 Gogtay N, Lu A, Leow AD, Klunder AD, Lee 
AD, Chavez A, Greenstein D, Giedd JN, Toga 
AW, Rapoport JL, Thompson PM: Three-di-
mensional brain growth abnormalities in 
childhood-onset schizophrenia visualized by 
using tensor-based morphometry. Proc Natl 
Acad Sci USA 2008;   105:   15979–15984.

  82 Steen RG, Mull C, McClure R, Hamer RM, 
Lieberman JA: Brain volume in first-episode 
schizophrenia: systematic review and meta-
analysis of magnetic resonance imaging stud-
ies. Br J Psychiatry 2006;   188:   510–518.

  83 Job DE, Whalley HC, McIntosh AM, Owens 
DG, Johnstone EC, Lawrie SM: Grey matter 
changes can improve the prediction of schizo-
phrenia in subjects at high risk. BMC Med 
2006;   4:   29.

  84 Chakos MH, Schobel SA, Gu H, Gerig G, 
Bradford D, Charles C, Lieberman JA: Dura-
tion of illness and treatment effects on hippo-
campal volume in male patients with schizo-
phrenia. Br J Psychiatry 2005;   186:   26–31.

  85 Meisenzahl EM, Rujescu D, Kirner A, Gieg-
ling I, Kathmann N, Leinsinger G, Maag K, 
Hegerl U, Hahn K, Moller HJ: Association of 
an interleukin-1β genetic polymorphism with 
altered brain structure in patients with schizo-
phrenia. Am J Psychiatry 2001;   158:   1316–
1319.

  86 Versijpt JJ, Dumont F, Van Laere KJ, Decoo 
D, Santens P, Audenaert K, Achten E, Slegers 
G, Dierckx RA, Korf J: Assessment of neuro-
inflammation and microglial activation
in Alzheimer’s disease with radiolabelled 
PK11195 and single photon emission com-
puted tomography. A pilot study. Eur Neurol 
2003;   50:   39–47.

D
ow

nl
oa

de
d 

by
: 

U
B

 d
er

 L
M

U
 M

ün
ch

en
   

   
   

   
   

   
   

   
   

   
   

   
 

12
9.

18
7.

25
4.

47
 -

 8
/2

3/
20

18
 2

:5
1:

14
 P

M

http://dx.doi.org/10.1159%2F000356538


 Müller

 

Neuroimmunomodulation 2014;21:109–116
DOI: 10.1159/000356538

116

  87 van Berckel BN, Bossong MG, Boellaard R, 
Kloet R, Schuitemaker A, Caspers E, 
Luurtsema G, Windhorst AD, Cahn W, 
Lammertsma AA, Kahn RS: Microglia acti-
vation in recent-onset schizophrenia: a 
quantitative  (R) -[ 11 C]PK11195 positron 
emission tomography study. Biol Psychiatry 
2008;   64:   820–822.

  88 Doorduin J, de Vries EF, Willemsen AT, de 
Groot JC, Dierckx RA, Klein HC: Neuroin-
flammation in schizophrenia-related psycho-
sis: a PET study. J Nucl Med 2009;   50:   1801–
1807.

  89 Takano A, Arakawa R, Ito H, Tateno A, Taka-
hashi H, Matsumoto R, Okubo Y, Suhara T: 
Peripheral benzodiazepine receptors in pa-
tients with chronic schizophrenia: a PET 
study with [ 11 C]DAA1106. Int J Neuropsy-
chopharmacol 2010;   13:   943–950.

  90 Müller N, Riedel M, Schwarz MJ, Engel RR: 
Clinical effects of COX-2 inhibitors on cogni-
tion in schizophrenia. Eur Arch Psychiatry 
Clin Neurosci 2005;   255:   149–151.

  91 Müller N: COX-2 inhibitors as antidepres-
sants and antipsychotics: clinical evidence. 
Curr Opin Investig Drugs 2010;   11:   31–42.

  92 Müller N, Krause D, Dehning S, Musil R, 
Schennach-Wolff R, Obermeier M, Möller 
HJ, Klauss V, Schwarz MJ, Riedel M: Celecox-
ib treatment in an early stage of schizophre-
nia: results of a randomized, double-blind, 
placebo-controlled trial of celecoxib augmen-
tation of amisulpride treatment. Schizophr 
Res 2010;   121:   119–124.

  93 Laan W, Grobbee DE, Selten JP, Heijnen CJ, 
Kahn RS, Burger H: Adjuvant aspirin therapy 
reduces symptoms of schizophrenia spectrum 
disorders: results from a randomized, double-
blind, placebo-controlled trial. J Clin Psychia-
try 2010;   71:   520–527.

  94 Sommer IE, de Witte L, Begemann M, Kahn 
RS: Nonsteroidal anti-inflammatory drugs in 
schizophrenia: ready for practice or a good 
start? A meta-analysis. J Clin Psychiatry 2012;  
 73:   414–419.

  95 Nitta M, Kishimoto T, Müller N, Weiser M, 
Davidson M, Kane JM, Correll CU: Adjunc-
tive use of nonsteroidal anti-inflammatory 
drugs for schizophrenia: a meta-analytic in-
vestigation of randomized controlled trials. 
Schizophr Bull. 2013;   39:   1230–1241.

   96 Mizoguchi H, Takuma K, Fukakusa A, Ito 
Y, Nakatani A, Ibi D, Kim HC, Yamada K: 
Improvement by minocycline of metham-
phetamine-induced impairment of recogni-
tion memory in mice. Psychopharmacology 
(Berl) 2008;   196:   233–241.

   97 Levkovitz Y, Mendlovich S, Riwkes S, Braw 
Y, Levkovitch-Verbin H, Gal G, Fennig S, 
Treves I, Kron S: A double-blind, random-
ized study of minocycline for the treatment 
of negative and cognitive symptoms in ear-
ly-phase schizophrenia. J Clin Psychiatry 
2010;   71:   138–149.

   98 Chaudhry IB, Hallak J, Husain N, Minhas F, 
Stirling J, Richardson P, Dursun S, Dunn G, 
Deakin B: Minocycline benefits negative 
symptoms in early schizophrenia: a ran-
domised double-blind placebo-controlled 
clinical trial in patients on standard treat-
ment. J Psychopharmacol 2012;   26:   1185–
1193.

   99 Ahuja N, Carroll BT: Possible anti-cataton-
ic effects of minocycline in patients with 
schizophrenia. Prog Neuropsychopharma-
col Biol Psychiatry 2007;   31:   968–969.

  100 Hunter J: A treatise on the blood, inflamma-
tion and gun-shot wounds. Georg Nicol, 
London, 1794.

 

D
ow

nl
oa

de
d 

by
: 

U
B

 d
er

 L
M

U
 M

ün
ch

en
   

   
   

   
   

   
   

   
   

   
   

   
 

12
9.

18
7.

25
4.

47
 -

 8
/2

3/
20

18
 2

:5
1:

14
 P

M

http://dx.doi.org/10.1159%2F000356538

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_41: 
	CitRef_42: 
	CitRef_43: 
	CitRef_44: 
	CitRef_45: 
	CitRef_46: 
	CitRef_47: 
	CitRef_48: 
	CitRef_49: 
	CitRef_50: 
	CitRef_51: 
	CitRef_52: 
	CitRef_53: 
	CitRef_54: 
	CitRef_55: 
	CitRef_56: 
	CitRef_57: 
	CitRef_58: 
	CitRef_59: 
	CitRef_60: 
	CitRef_61: 
	CitRef_62: 
	CitRef_63: 
	CitRef_64: 
	CitRef_65: 
	CitRef_66: 
	CitRef_67: 
	CitRef_68: 
	CitRef_69: 
	CitRef_70: 
	CitRef_71: 
	CitRef_72: 
	CitRef_73: 
	CitRef_74: 
	CitRef_75: 
	CitRef_76: 
	CitRef_77: 
	CitRef_78: 
	CitRef_79: 
	CitRef_80: 
	CitRef_81: 
	CitRef_82: 
	CitRef_83: 
	CitRef_84: 
	CitRef_85: 
	CitRef_86: 
	CitRef_87: 
	CitRef_88: 
	CitRef_89: 
	CitRef_90: 
	CitRef_91: 
	CitRef_92: 
	CitRef_93: 
	CitRef_94: 
	CitRef_95: 
	CitRef_96: 
	CitRef_97: 
	CitRef_98: 
	CitRef_99: 


