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Schizophrenia: Overview

Schizophrenia is a chronic form of psychotic disorder that affects ~1% of the 
population worldwide. 

Positive symptoms: normally not present but appear as a result of the disease.

Hallucinations, delusions, paranoia and major thought disorders.

Negative symptoms: normally present but are reduced/absent as a result of the 
disease.

Social withdrawal, apathy, anhedonia, and behavioral perseveration.

Cognitive symptoms: Disturbances in executive functions, working memory 
impairment and inability to sustain attention.

It is characterized by profound disturbances in mental functions, 
emotions and behavior.

Both genetic and environmental factors are involved in its etiology.

The etiopathogenesis of schizophrenia involves early neurodevelopmental 
changes as well as progressive brain changes before and subsequent to the 
disease onset. 



Early-Life Environmental Risk Factors of Schizophrenia

Adapted from: Sullivan (2005) PLoS Med 2(7): e212
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Maternal Infection and Neurodevelopmental Disorders

Schizophrenia

Autism

Bipolar Disorder

Highest risk: First half of pregnancy

Meyer (2014) Biological Psychiatry

Viral, bacterial, protozoan pathogens

Maternal infection during pregnancy is an environmental risk 
factor for developmental brain disorders in the offspring. 



Prenatal Maternal Infection and Risk of Schizophrenia

The epidemiological association between prenatal infection 
and schizophrenia does not seem to be pathogen-specific.

Brown and Derkits (2010): American Journal of Psychiatry 167:261-280



The Role of Inflammatory Factors: An On-going Debate 

Adapted from: Meyer U (2013) Prog Neuropsychopharmacol Biol Psychiatry 42:20-34.



The Role of Inflammatory Cytokines

NEURODEVELOPMENTAL ROLES

IMMUNOLOGICAL ROLES
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Cytokines at the Maternal-Fetal Interface

The involvement of cytokines in the association between prenatal 

infection and neurodevelopmental disturbances:

Meyer et al. (2007) Neuroscientist 13, 241–256

Pro-inflammatory cytokinesInfectious pathogen



Neurodevelopmental Effects of Inflammatory Cytokines

Cytokines are capable of inducing the conversion of neuronal progenitor 
cells into a specific phenotype.

Example: Conversion of rat midbrain progenitor cells into a 
dopaminergic phenotype by IL-1β. 

Potter et al. 1999, Cell Tissue Res 296:235–246



Neurodevelopmental Effects of Inflammatory Cytokines

Cytokines can influence neuronal migration and target selection.

Example: Effects of combined IL-1β and TNF-α dendrite development on 
cortical neurons.

Gilmore et al. 2004, Neuropsychopharmacology 29:1221-1229

*MAP-2 = a microtubule associated protein (MAP) of 

neurons which can be used as a neuronal marker.



Neurodevelopmental Effects of Inflammatory Cytokines

Cytokines can negatively affect the survival of neurons.

Example: Effects of IL-6 on neuronal survival in primary neuronal cultures.

Marx et al. 2001, Biol Psychiatry 50:743-749
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*MAP-2 = a microtubule associated protein (MAP) of neurons which can be used as a  

neuronal marker.



The Role of Inflammatory Cytokines: Epidemiological Support
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The Validity of Translational Animal Models



Meyer et al. (2009) Neurosci Biobehav Rev 33:1061-79

Maternal Immune Activation Models in Rodents



Fetal Development in Mice (and Humans)

Neurulation Closure of Neural Tube

3-Vesicle Stage of Brain 

Development

5-Vesicle Stage of Brain Development

Neuronal Generation and Proliferation

Maturation

GD6 GD9 GD13 GD17

first trimester second trimester

HUMAN BEING



Experimental Approaches: Types of Immunogens

Meyer (2014) Biological Psychiatry 75:307-315

Maternal immune 
activation during 
pregnancy
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development in the 

offspring



The Mouse Poly(I:C) Model of Prenatal Immune Challenge

#gestation day 9 ≈ middle of first human trimester
#gestation day 17 ≈ middle of second human trimester

Pregnant mouse dam 
(gestation day 9 or 17)#

Poly(I:C)*  or vehicle

*Polyriboinosinic-polyribocytidilic acid       
(5 mg/kg, i.v.; unless specified otherwise)

Meyer et al. (2007) Neuroscientist 13, 241–256. 

Poly(I:C) administration induces a  viral-like acute phase response: 

Release of type I interferons (IFN-α/β), pro-inflammatory cytokines, and 
other mediators of inflammation.



Acute Inflammatory Responses to Intense Immune Challenge

Maternal plasma Fetal brain

Meyer et al. (2006) Journal of Neuroscience

Multiplexed particle-
based flow cytometry

Poly(I:C) 
(5 mg/kg, i.v.)

Gestation 
day 9



Long-Term Effects: Gross Morphology

Prenatal PolyI:C-induced immune activation does not lead to neural cell 

loss and persistent neurodegeneration in the postnatal period. 

Meyer et al. (2006) J Neurosci 26:4752–4762

Coronal brain sections of 

the dorsal hippocampus 

visualized with Nissl/GFAP 

double staining:



Long-Term Effects: Enlargement of Ventricular Spaces

Li et al. (2009) PLoS One 4:e6354

Voxel-wise analyses of cerebrospinal fluid (CSF) in adult mice exposed to prenatal challenge on GD9 compared to control 
(upper panel),  and in adult mice exposed to prenatal challenge on GD17 compared to control (lower panel). 

Red indicates a significantly greater likelihood of finding CSF; blue indicates a significantly lower likelihood of finding CSF.
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Long-Term Effects: Deficient Postnatal Hippocampal Neurogenesis

Juvenile Period (PND 21)

Meyer et al. (2006) J Neurosci 26, 4752–4762. 

Early Adulthood (PND70)

Meyer et al. (2010) Psychopharm 208, 531–543. 



Deficient Postnatal Reelin Expression

Juvenile Period (PND 21)

Meyer et al. (2006) J Neurosci 26, 4752–4762. 

Early Adulthood (PND70)

Meyer et al. (2008) Brain Behav Immun 22, 469–486. 



“Cross-Model Effects”: Reelin 

Prenatal LPS (Rat)

Prenatal Poly(I:C) (Mouse)

Prenatal Turpentine

Nouel et al. (2012)                                              
European Neuropsychopharmacology 26:204-215

Meyer et al. (2006) Journal of Neuroscience 26:4752-4762

Prenatal Influenza (Mouse)

Fatemi et al. (1999) Molecular Psychiatry 4:145–154
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Value (and Limitations) of Animal Models

The diagnosis of schizophrenia is 
(currently) mostly behaviorally guided. 

Importance of cross-species behavioral measures. 

In the view of the complexity and “human nature” of schizophrenia, one 
fruitful approach in animals is to focus on individual phenotypes of the 
disorder rather than to model the entire syndrome.



Translating Schizophrenia into Animals: Validity Criteria

Face validity: Phenotypic similarities.

Construct validity: Similar (neuronal) mechanisms involved.

Predictive validity: Sensitivity to (pharmacological) interventions.



Behavioral Correlates of Schizophrenia-Like Dysfunctions

Reviews:

Powell and Miyakawa (2006): Biological Psychiatry 59:1198–1207.

Meyer et al. (2005): Neuroscience & Biobehavioral Reviews 29:913–947.

Peleg-Raibstein et al. (2012): Handbook of Experimental Pharmacology 212:361–406.



Prepulse Inhibition (PPI)

Rodents Humans

PPI    = Reduction of startle reaction to a startle-eliciting stimulus (pulse) when it is 
shortly preceded by a weak stimulus (prepulse).

PPI is impaired in neuropsychiatric disorders with a presumed neurodevelopmental 
origin, including autism and schizophrenia. 

Braff et al. (2001) Psychopharmacology 156:234–258



Prepulse Inhibition (PPI) after Prenatal Immune Activation

(Pulse alone) – (Prepulse+Pulse)

(Pulse alone)
% PPI x 100=

Meyer et al. (2008) Brain Behav Immun 22, 469–486. 



Prepulse Inhibition (PPI) after Prenatal Immune Activation

PND 35 PND 70

Control Poly-I:C

PND 35 ~ Prepubertal stage

PND 70 ~ Early adult stage

*(Offspring born to 

GD9-PolyI:C mothers)*

Vuillermot et al. (2010) J Neurosci 30:1270-1287



Prepulse Inhibition (PPI) after Prenatal Immune Activation

(1 mg/kg, s.c.)

(3 mg/kg, i.p.)

*(Offspring born to 

GD9-PolyI:C mothers)*

Vuillermot et al. (2010) J Neurosci 30:1270-1287



Latent Inhibition

LI    = A form of selective associative learning in which non-reinforced pre-
exposures to a to-be-conditioned stimulus (CS) retards subsequent 
conditioning between the same CS and the unconditioned stimulus (US).
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Latent Inhibition in Schizophrenia

Lubow (2005) Schizophr Bull 31:139-53

LI is abnormal in patients with schizophrenia:

It is absent in schizophrenic patients with positive symptoms.

It is abnormally enhanced in schizophrenic patients with marked 
negative symptoms.



Effects on Latent Inhibition in the Poly(I:C) Model

CS-US pairings 

X 40

(CS-PE)

(NPE)

=

Tone CS test

Pre-exposed

Non-pre-exposed

Meyer et al. (2006) Brain Behav Immun 20:378–388



Effects on Latent Inhibition in the Poly(I:C) Model

(*Offspring born to GD17-PolyI:C mothers)*

Under parametric conditions in 

which control offspring do not 

show LI, offspring subjected to 

prenatal immune challenge in 

late gestation (GD17) display 

abnormally enhanced LI.  

Bitanihirwe et al. (2010) NPP

PRE-EXPOSURE : Subjects are either pre-exposed (PE) to a  to-

be-conditioned stimulus (CS) or not (NPE).

CONDITIONING : All animals (i.e. PE and NPE subjects) undergo 

repeated CS-US training, with a white noise 

serving as the CS and electric foot shock as the 

unconditioned stimulus (US). 
CS = US =



Working Memory

Special short-term memory buffer with a limited 
capacity.

Working memory is used to hold relevant information 
active for on-going behaviour including reasoning, 
comprehension, and problem solving.

Working memory  = 

Deficits in working memory are among the most commonly 
observed cognitive impairments in schizophrenia patients and are 

often present in autism spectrum disorder. 



Working Memory after Prenatal Immune Activation

Richetto et al. (2014) Schizophrenia Bulletin

Spatial working memory in the “dry maze” test: 

The animals are required to learn the novel position of a 
rewarded hole revealed to them on trial 1 to navigate 
effectively to the same location on the subsequent trial.



Working Memory after Prenatal Immune Activation

Richetto et al. (2014) Schizophrenia Bulletin

Spatial working memory in the “dry maze” test: 

The animals are required to learn the novel position of a 
rewarded hole revealed to them on trial 1 to navigate 
effectively to the same location on the subsequent trial.



Prenatal versus Postnatal Contributions: Cross-Fostering

Richetto et al. (2014) Brain, Behavior and Immunity

Spatial working memory in the “dry maze” test: 

The animals are required to learn the novel position of a rewarded hole revealed to them 
on trial 1 to navigate effectively to the same location on the subsequent trial.



Amphetamine (AMPH) Sensitivity 

Schizophrenic patients display 

enhanced neurochemical and 

behavioral responses to low 

doses of AMPH.

AMPH treatment exacerbates 

psychosis in schizophrenic 

patients, and this is related to the 

severity of positive symptoms of 

the disorder.
Laruelle (2000) Brain Res Rev 31:371-84

Amphetamine (AMPH) 

Indirect dopamine 

receptor agonist 



Amphetamine (AMPH) Sensitivity in the Poly(I:C) Model 

Saline (SAL)

(120 min)(30 min) (30 min)
Acclimatization

(60 min)(30 min) (60 min)

Amphetamine (AMPH)

Meyer et al. (2008) Brain Behav Immun 122:469–486



Amphetamine (AMPH) Sensitivity in the Poly(I:C) Model 

Vuillermot et al. (2010) J Neurosci 30:1270-1287

Prepubertal stage

Early adult stage



Interim Summary I

Prenatal exposure to infection and/or inflammatory processes is 
associated with increased risk of schizophrenia and related disorders.

The precise timing of prenatal inflammation partly determines the 
nature and/or severity of subsequent brain and behavioral pathology. 

Experimental rodent models show that prenatal exposure to 
inflammatory stimuli (in the absence of infectious pathogens) is 
sufficient to induce a wide spectrum of brain and behavioral 
abnormalities relevant to schizophrenia and autism.

Many of the prenatal infection-induced behavioral abnormalities show a 
post-pubertal onset. 



Interim Summary I: “Cross-Model” Effects

Meyer (2014) Biological Psychiatry 75:307-315



The Role of Cytokine Specificity 

The eventual neurodevelopmental impact of prenatal infection may be 
determined by the specificity of cytokine-associated immune reactions.

Cytokine A

Cytokine B

No effect

Effect



The Role of Cytokine Specificity: In-Vivo Evidence (IL-6) 

Co-administration of soluble IL-6 

receptor antagonist (but not soluble 

IFN-y receptor antagonist) to pregnant 

mice prevents the behavioral deficits 

caused by prenatal PolyI:C exposure. 

Smith et al. (2007) J Neurosci 27:10695–10702



The Role of Cytokine Specificity: In-Vivo Evidence (IL-10)

Exposure to Poly-I:C (5mg/kg, i.v.) in transgenic mice with macrophage-specific 

overexpression of the anti-inflammatory cytokine IL-10 (macIL-10tg) and wild-type 

mice (wt). 

5
h

Poly(I:C) or vehicle

pro-inflammatoryanti-inflammatory

Meyer et al. (2008) Mol Psychiatry 13:208–221

wt or macIL-10tg mice



The Role of Cytokine Specificity: In-Vivo Evidence (IL-10)

Exposure to Poly-I:C (5mg/kg, i.v.) in transgenic mice with macrophage-specific 

overexpression of the anti-inflammatory cytokine IL-10 (macIL-10tg) and wild-type 

mice (wt). 

Prenatal Poly-I:C exposure leads to PPI 

deficiency in offspring of wt mothers 

but not in offspring of mothers with the 

IL-10 over-expression.

Enhanced IL-10-mediated anti-

inflammatory signaling during acute 

inflammation protects against the 

emergence of sensorimotor gating 

dysfunctions.

Meyer et al. (2008) Mol Psychiatry 13:208–221



Interim Summary II

The inflammatory cytokine IL-6 appears to be a key cytokine in 
mediating the link between prenatal infection and long-term brain 
disorders.

Boosting the anti-inflammatory system (e.g. by IL-10 over-expression) 
has protective effects against prenatal infection-induced changes in brain 
and behavioral development.



Outlook (-> Part 2)



Outlook (-> Part 2): Interactions
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