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Interim Summary (Part 1)

Prenatal exposure to infection and/or inflammatory processes is associated 

with increased risk of schizophrenia and related disorders.

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.

The precise timing of prenatal inflammation partly determines the nature 

and/or severity of subsequent brain and behavioral pathology. 

autism.

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

pubertal onset. 



Interim Summary: “Cross-Model” Effects (Part 1)

Meyer (2014) Biological Psychiatry 75:307-315
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The Role of Cytokine Specificity (Part 1)

The eventual neurodevelopmental impact of prenatal infection may be 

determined by the specificity of cytokine-associated immune reactions.

Cytokine A No effect

Cytokine B Effect



The Role of Cytokine Specificity: In-Vivo Evidence (IL-6) (Part 1)

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 2 7:10695–10702

The inflammatory cytokine IL-6 appears to be a key cytokine in mediating the 

link between prenatal infection and long-term brain disorders.



Contents (Part 2)
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Genes Environment

Source: Brown, 2011

Introduction to Multifactorial Immune Activation Models 

Source: Gottesman, 2001

Source: Brown, 2011



The relative etiological contribution of 

prenatal infection to neurodevelopmental 

brain disorders appears modest.

Introduction to Multifactorial Immune Activation Models 

Interaction between prenatal 

infection and genetic or other 

environmental factors?   



Introduction to Multifactorial Immune Activation Models 

+



Interaction Between Prenatal Infection and Genetic Liability

Clarke et al. 2009 

Gene-environment interaction



Interaction Between Prenatal Infection and Specific Genetic Factors

GWAS data suggest that there is an interaction between maternal cytomegalovirus 

infection with a SNP (single nucleotide polymorphism) in the CTNNA3 gene. 

This highlights for the first time that infection can interact with specific genetic markers in 

the precipitation of schizophrenia risk.  



Poly(I:C)-Based Gene X Environment  Models: Basic Designs

Severe Immune Activation Mild Immune Activation

Single Factor Models  Multifactorial (G x E) Models

High dose of poly(I:C) (5 mg/kg, i.v.)

Neuropathology in the offspring  

Severe maternal and fetal 

inflammatory responses

Low dose of poly(I:C) (1 mg/kg, i.v.)

Mild maternal and fetal 

inflammatory responses

Genetic Risk Factors+

Neuropathology in the offspring  



Poly(I:C)-Based Gene × Environment Interaction Models 

Example: Prenatal immune activation in Nurr1-deficient mice relative to  

wild-type mice

Altered expression of Nurr1 has been suggested as a potential genetic risk 

factor for dopamine-related brain disorders, including schizophrenia.



Nurr1: A Transcription Factor For Dopaminergic Development

Nurr1 is expressed primarily in 

midbrain (VTA/SN) dopamine 

neurons.

Without Nurr1, VTA/SN fail to 

develop (= dopamine agenesis). 



Nurr1: Functions

Nurr1 control various cellular functions of dopamine neurons.



Sensorimotor gating is impaired in neuropsychiatric disorders 

PPI    = Reduction of startle reaction to a 

startle-eliciting stimulus (pulse) when it is 

shortly preceded by a weak stimulus (prepulse).

Sensorimotor gating

Sensorimotor gating (measured by PPI) is reduced in 

animals with prenatal infection history. 

Sensorimotor gating is impaired in neuropsychiatric disorders 

with a presumed neurodevelopmental origin, including 

autism and schizophrenia. 



Example: Prepulse Inhibition (PPI)

Vuillermot et al. (2012) J Neurosci 32:436-451

Additive effects in the development of sensorimotor

gating deficit between genetic predisposition and 

prenatal infection history.



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.

Deficits in working memory are among the most commonly 

observed cognitive impairments in schizophrenia patients and observed cognitive impairments in schizophrenia patients and 

are often present in autism spectrum disorder. 

Deficits in working memory are observed in adult mice with a 

prenatal infection history.



Example: Working Memory

Vuillermot et al. (2012) 
J Neurosci 32:436-451

No additional effect of Nurr1 in the development of working 

memory deficit in polyI:C offspring



Example: Sustained Visual Attention

Operant-based 2-choice visual discrimination

Deficits in this cognitive domain are one of the most 

consistent findings in dopamine-associated neuropsychiatric 

disorders, especially schizophrenia and ADHD.

Nuechterlein et al., 2009, Del Campo et al., 2011

Operant-based 2-choice visual discrimination

Accurate behavioral responding depends on effortful attention to brief visual cues.

The animals are required to 

learn to choose between two 

magazines (M1 and M2) 

according to a visual signal

1

2b

Initiation

2a

or

M1

M2



Example: Sustained Visual Attention

Operant-based 2-choice visual discrimination

The animals are required to 

learn to choose between two 

magazines (M1 and M2) 

according to a visual signal

1 Initiation

2a

or

M1

Accurate behavioral responding depends on effortful attention to brief visual cues.

2b
M2

Deficits in this cognitive domain are one of the most 

consistent findings in dopamine-associated neuropsychiatric 

disorders, especially schizophrenia and ADHD.

Nuechterlein et al., 2009, Del Campo et al., 2011



Example: Sustained Visual Attention

Vuillermot et al. (2012) J Neurosci 32:436-451



Deficits in this cognitive domain are one of the most 

consistent findings in dopamine-associated neuropsychiatric 

disorders, especially schizophrenia and ADHD.

Example: Sustained Visual Attention

Nuechterlein et al., 2009, Del Campo et al., 2011

Interaction between genetic (Nurr1) predisposition and 

maternal immune activation (PolyI:C) leads to enduring 

attentional impairments

Vuillermot et al. (2012)



Example: Prefrontal Dopaminergic System

Tyrosine hydroxylase (TH)-positive dopamine fibers



Example: Prefrontal Dopaminergic System

Catechol-O-methyl transferase (COMT) expression



Disturbances in the dopaminergic system is among the most 

frequently discussed „hypothesis of schizophrenia“ and are 

believed to underly psychotic symptoms.

Example: Sustained Visual Attention

Interaction between genetic (Nurr1) predisposition and 

prenatal immune activation leads to changes in the 

dopaminergic development and “emphasizes a critical role of 

abnormal dopaminergic development in these etiopathological

processes”

Vuillermot et al. (2012)



Prenatal Immune Activation and Genetic Disease Susceptibility

Synergistic Interactions: Mutant DISC1 Expression



The Continuum of Neurodevelopmental Causalities

+



The Role of Postal Environmental Factors in Schizophrenia

Infection

Does prenatal infection interact with traumatizing experiences in 

the development of neurodevelopmental brain abnormalities?

Adapted from: van Os et al (2010) Nature 468: 203



A “Two-Hit” Environmental Model

C57BL6

Giovanoli et al. (2013), Science 339:1095-9.



Transient Maternal Cytokine Responses 

(1 mg/kg, i.v.; GD 9)

Maternal Cytokine Responses

Giovanoli et al. 2013



Long-Term Behavioral Changes: Anxiety-Related Behavior 



Long-Term Behavioral Changes: Anxiety-Related Behavior 

(1 month after last stress exposure)

Adulthood

Giovanoli et al. 2013

Stress during puberty increased anxiety-related behaviour

independent of prenatal history



Long-Term Behavioral Changes: Prepulse Inhibition (PPI)

Prepulse Inhibition

(1 month after last stress exposure)

Adulthood

Giovanoli et al. 2013

Interaction between prenatal immune challenge and peri-

pubertal stress in the development of sensorimotor gating 

deficit



Long-Term Behavioral Changes: Amphetamine Sensitivity

(1 month after last stress exposure)

Adulthood
Amphetamine 

(AMPH)

(2.5 mg/kg, i.p.)

Giovanoli et al. 2013



Long-Term Behavioral Changes: MK-801 Sensitivity

(1 month after last stress exposure)

Adulthood
Dizocilpine               

(MK-801)

Giovanoli et al. 2013



Amphetamine (AMPH) 

Indirect dopamine 
receptor agonist 

Amphetamine (AMPH) and MK-801 Sensitivity 

Schizophrenic patients display enhanced neurochemical and 

behavioral responses to low doses of AMPH or Dicozilpine.behavioral responses to low doses of AMPH or Dicozilpine.

Interaction between (low) prenatal immune activation and 

peri-pubertal stress in the development of increased behavioral 

response to psychomimetic drugs



Long-Term Stress Responsiveness: Corticosterone (CORT) Secretion

(1 month after last stress exposure)

Adulthood

Giovanoli et al. 2013



Environmental Two-Hit Model: Short-Term Behavioral Effects

C57BL6



Summary of Short-Term Behavioral Effects in Puberty

Elevated Plus Maze

Amphetamine 

Sensitivity

Prepulse Inhibition (PPI)

Sensitivity

MK-801 

Sensitivity



Environmental Two-Hit Model: Possible Mediating Mechanisms

(Prenatal) 

Immune 

Activation

(Postnatal) 

Stress 

Exposure MICROGLIA

“PRIMING” “UNMASKING”

Abnormal microglia reactions?

Neuroinflammation?

Integration of effects



Short-Term Consequences on Microglia Activation

(1 day after last stress exposure)Peri-puberty

Giovanoli et al. 2013

(Similar effects in prefrontal cortex)



Neuron-Microglia Inhibitory Signaling Pairs



Neuron-Microglia Inhibitory Signaling Pairs



Short-Term Consequences on Astrocytes and Brain Cytokines

(1 day after

last stress exposure)

Peri-puberty

Giovanoli et al. 2013



Long-Term Consequences on Microglia and Brain Cytokines

(1 month after last stress exposure)Adulthood

Giovanoli et al. 2013



Two-Hit Model: Targeting Transient Neuroinflammation

C57BL6

MINOCYCLINE (30mg/kg/day; per os) 

VEHICLE (water, per os) 

Neuroimmune

changes

Behavioral 

dysfunctions

Brain maturation?



Preventive Minocycline Treatment: AMPH and MK-801

(1 month after last stress exposure)Adulthood

Unpublished observations



Summary 

The neuropathological effects of prenatal immune challenge can          

be magnified or attenuated by specific genetic manipulations.   

Latent neuropathological effects of (mild) prenatal immune challenge 

can be unmasked by postnatal exposure to additional environmental 

insults such as stress. 

Prenatal exposure to infection and associated inflammatory processes 

can (or should?) be viewed as “neurodevelopmental disease primer” 

facilitating chronic abnormalities upon exposure to multiple risk factors. 

(Transient) neuroinflammation seems to be critical in mediating the 

synergistic interactions between mild prenatal immune challenge and 

pubertal stress on long-term brain dysfunctions. 



Concluding Remarks

Prenatal exposure to infectious and/or inflammatory stimuli induces a wide spectrum of 

brain (and peripheral) abnormalities in numerous species.

Experimental support for human epidemiological findings reporting an association 

between early-life infections and later development of brain disorders. 

Prenatal immune activation models are “neurodevelopmental disruption models” and 

are therefore etiopathologically highly relevant for neuropsychiatric disorders with 

developmental components. 

Prenatal immune activation models are excellent experimental tools for gene-

environment and environment-environment interaction studies.

Such approaches bear etiological and mechanistic relevance to multi-symptomatic 

and multi-factorial disorders such as schizophrenia, autism, and bipolar disorder.

developmental components. 

They do not rely on a presumption of a disorder‘s neuronal substrates and are 

therefore open to multiple hypotheses testing and longitudinal investigations.



Concluding Remarks

“Hello,

Speaking as someone who knows the combination of stress factors causes the mental disorders, I want to prove to you 

that you can reverse the damages when the body is healthy enough.

I know my own case is not enough to generalize but I can say that knocking out the virus and the parasite is the first 

step. The bacteria that the immune system has to keep in balance is hard enough to handle without the other immune 

system drags. What you studied may or may not have factored in all the different levels of stresses in but I can assure 

you that getting to the point of having full psychosis, neurotic, OCD, PTSD, and bipolar type symptoms was enough to 

push me towards suicidal tendencies to just escape the torment but I had a friend who I cared about so much that the 

overload of oxytocin was enough for me to see past the disorders and detect the causes after having read about all the 

psych and neurology and health studies...psych and neurology and health studies...

[…]

Are you interested in emailing on these or related topics?”




