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ABSTRACT   

 

Maternal immune activation (MIA) is a risk factor for the development of schizophrenia and 

autism.  The relationship between maternal infection and atypical fetal development is likely 

mediated by the activation of the maternal immune system, notably with elevated inflammatory 

cytokines in the fetal environment, but the intervening cellular and molecular links between 

infection and risk for neuropsychiatric disorders are unknown.  The following dissertation 

addressed the behavioral, immunological, and molecular effects of MIA in the offspring of 

pregnant Sprague-Dawley rats given an intraperitoneal (0.25 mg/kg) injection of 

lipopolysaccharide (LPS) on embryonic day 15.  

In Study 1, the consequences of maternal LPS on postnatal behavioral development were 

examined.  Offspring born to LPS-dams exhibited reduced social preference and exploration 

behaviors as juveniles and adults.  In Study 2, the effects of maternal LPS on cytokine, 

chemokine, and growth factor protein levels in maternal serum, amniotic fluid, and fetal brain at 

4 and 24 h post injection were examined.  Across the three compartments, LPS elevated pro-

inflammatory cytokine and chemokine levels at 4 h, and levels decreased but remained elevated 

at 24 h.  The greatest elevations were in serum, followed by amniotic fluid, then fetal brain.  

Treatment initially reduced anti-inflammatory cytokine levels at 4 h, which could partly explain 

the sustained cytokine response.  Growth factor levels in the fetal brain were reduced at both 
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time points.  Study 2 could not address the source of inflammatory proteins in the fetal brain, but 

based on the failure to detect cytokine mRNA induction by microarray and quantitative real-time 

PCR performed in Study 3, the fetal brain cytokines are likely to be derived from maternal fluids 

or placenta.  Study 3 was designed to elucidate the possible molecular mechanisms by which 

maternal LPS affects the fetal brain.  Microarray analysis of mRNA expression levels in the 

whole fetal brain 4 h post maternal LPS injection revealed a significant up-regulation of hypoxia 

and cellular stress-responding genes and selective down-regulation of neurodevelopmental 

genes, specifically those that regulate neuronal migration.  Genes controlling migration of -

amino butyric acid (GABA)ergic interneurons were specifically affected.  These results offer a 

novel mechanism by which MIA can disrupt fetal CNS development.  
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INTRODUCTION 

During pregnancy, the fetus is particularly vulnerable to insults that may have long-lasting 

effects on its development, with consequences on brain and behavior that are apparent beyond 

birth and into adulthood.  Fetal development, including central nervous system (CNS) 

development, is a precisely timed, highly regulated series of events.  Perturbations of either 

genetic or environmental origin can have serious effects on the neurobiological, physiological, 

and behavioral phenotypes of offspring, which may manifest themselves as a variety of disorders 

of postnatal life [1].  Fetal programming refers to the process whereby early-life events, 

specifically during the prenatal or perinatal periods, permanently alter the physiology of the 

offspring in a way that greatly increases disease susceptibility later in life [2].  This concept was 

initially employed to describe chronic conditions such as heart disease and diabetes [3] and has 

now extended into the field of mental disease [1, 2].  Neuropsychiatric disorders, including 

schizophrenia and autism, are believed to result from complex gene-environment interactions 

whereby a genetically-susceptible fetus incurs an environmental insult that sets into motion an 

atypical trajectory of brain development and maturation that ultimately leads to the disorder [1].  

The environmental risk factors most commonly studied with regards to these two disorders are 

obstetric complications and maternal immune system activation resulting from a maternal 

infection [4-10]. 

Autistic spectrum disorder, hereby referred to as autism, is a complex neurodevelopmental 

disorder first described by Leo Kanner in 1943.  It is a behaviorally defined disorder without 

specific biomarkers or known biological determinants, making a diagnosis solely dependent on 

standardized diagnostic instruments.  A recent study suggests a prevalence rate of 1/150 [11].  

The autistic phenotype is characterized by impaired social reciprocity and communication, and 
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the presence of restrictive, repetitive behaviors or interests.  Symptoms appear prior to the age of 

three and can be identified even in early infancy [12].  Social impairments may include an 

inability to form and maintain social relationships, reduced non-verbal social behaviors, such as 

eye contact, a failure to initiate play or other social contact, and a lack of social and emotional 

reciprocity and expression of empathy.  Deficits in communication include delayed language 

acquisition, difficulty in initiating and sustaining conversation, and the presence of stereotyped, 

repetitive speech patterns.  Language impairments may also include pronoun reversal, echolalia 

and atypical prosody, tone, and intonation.  Lastly, individuals with autism adhere to strict 

behavioral rituals and routines and are resistant to change in their environment.  They tend to 

have restricted interests and preoccupations, and they frequently present with stereotyped motor 

mannerisms such as hand flapping, rocking, and tiptoe walking [13, 14].  Deficits in these three 

domains represent the core features of autism.  However, given the extreme heterogeneity of the 

disorder, no two individuals will present with the same type or severity of symptoms [12].   

Autism is widely accepted as a neurobiological disorder, but unfortunately no biochemical or 

neurological markers have been strictly associated with it.  Post-mortem, imaging, and 

pharmacological studies have revealed alterations in all of the major neurotransmitter systems.  

Reduced levels or activity of the central serotonin [15-21], acetylcholine [22, 23], and -amino 

butyric acid (GABA) [24, 25] systems have been reported.  There has been increased interest in 

the contribution of the major excitatory and inhibitory neurotransmitters glutamate and GABA, 

respectively, to the pathophysiology of autism.  One hypothesis is that autism results from a 

combination of reduced GABAergic inhibition and enhanced glutamatergic excitation that leads 

to severe reductions in overall CNS inhibitory tone, which could explain the increased 

occurrence of seizure disorders in individuals with autism [26].   
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Understanding the etiology of autism has proven extremely difficult, particularly because of 

the etiological and phenotypic heterogeneity of the clinical population.  The average 

concordance rate for narrowly defined autism in monozygotic twins is 70%, and the risk of 

autism for a sibling in a family with at least one affected member is 50-100 times higher than the 

risk of autism in the general population, suggestive of a strong genetic etiology [27-30].  

However, autism is not a simple genetic disorder attributable to defects in a single gene.  Rather, 

polymorphisms of multiple genes each contributing some susceptibility, when present in 

combination, result in the expression of the disorder [31].  Research suggests that anywhere 

between 5 and 20, and possibility as many as 100 genes are working collectively to contribute to 

the development of autism [30].  Several rare genetic disorders of known origin are associated 

with the autistic phenotype; however, such syndromic, or non-idiopathic cases only account for 

approximately 10% of the cases [32].  Some of these disorders that have high penetrance for 

autism are caused by copy number variants (CNVs) and others by single nucleotide 

polymorphisms (SNPs) of a particular gene.  A CNV refers to a mutation resulting in either 

duplication or deletion of at least 1 kb of genetic material, whereas a SNP is a single nucleotide 

change of one gene [33].  The causes of the remaining 90% of idiopathic cases of autism remain 

unknown.  Some of the most commonly discussed autism candidate genes are those involved in 

CNS development and neuronal functioning such that disruption in their expression can result in 

widespread changes in the brain.  Autism is now believed to result from rare mutations of 

multiple classes of genes primarily related to synaptic functioning and brain connectivity [34].  

One such class that has received much attention due to the discovery of mutations in multiple 

patient samples is the synaptic cell-adhesion molecule class, which includes the presynaptic 

neurexins (NRXN1), postsynaptic neuroligins (NLGN3, NLG4X), and shanks (SHANK3), all of 
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which are necessary for proper synapse formation, maintenance, and remodeling [35, 36].  

Additional candidates include the serotonin transporter gene, GABAA receptor 3, reelin, 

engrailed 2, and Wnt2, [37-40].  The reelin and engrailed proteins guide neuronal migration [41], 

and the Wnts are essential for proper CNS pattern and boundary formation during early fetal 

brain development [42].  The Wnts also regulate axon guidance, dendrite morphogenesis, and 

synaptogenesis (reviewed by [43]).  These genes along with others directly involved in brain 

development should continue to represent candidate genes for autism, and more importantly, the 

modification of their expression and action by external events such as maternal infections should 

be considered.  For recent reviews of the genetics of autism, please see [34, 44-46]. 

Candidate genes can be systematically studied in the laboratory through the use of animal 

models.  Almost all of the rodent models of autism are single gene knockout or transgenic mice, 

which provide valuable information about the function of a particular gene and the behavioral 

and physiological consequence of its alteration.  However, as previously discussed, autism is not 

a monogenic disorder, making a single gene knockout mouse an oversimplified model.  Most 

models are created through genetic manipulation of single genes, either associated with 

monogenic, non-idiopathic syndromic autism disorders such as Fragile X or Rett’s syndrome, or 

discovered through association or linkage studies [39].  The literature is full of such proposed 

mouse models of autism, but few meet the validity criteria necessary for a true animal model.  

Face validity refers to the resemblance of symptoms to the human disorder, construct validity 

refers to similarity in the underlying etiology, and predictive validity refers to the similarity in 

response to a known and effective treatment for the human disorder.  Leading experts in the field 

of animal models are encouraging researchers to address these three criteria in their attempt to 

create an animal model of autism [47, 48].  One of the most important, and challenging aspects 
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of modeling human psychiatric disorders in non-humans is the development of a valid battery of 

behavioral assays that accurately reflects the core symptoms of the human disorder.  This is 

particularly challenging when creating a rodent model of autism given the complex nature of its 

cognitive and behavioral phenotype.  An ideal animal model of autism should include behavioral 

assays relevant to the core domains of sociability, repetitive/ritualistic behaviors, and 

communication.  In addition, multiple assays for each behavioral domain and the inclusion of 

proper control tasks are needed [39].  The innate sociability of rodents can be exploited to assess 

the sociability domain.  The social approach paradigm involves the use of a three-chambered 

apparatus whereby a test animal has the choice between investigation of another animal or an 

empty chamber [49].  This outcome is a crude measurement of social preference, but it does not 

provide any information about the more nuanced aspects of social behaviors.  Deficits in specific 

social interactions can be revealed by a reciprocal play task whereby two subjects are placed in a 

large open field and allowed to interact.  Contacts, approaches, escapes, play, and aggressive 

behaviors are examples of social parameters that can be measured [49].  The domain of 

repetitive/ritualistic behaviors can also be examined.  Examples of stereotyped, repetitive 

behaviors in rodents include excessive grooming, sniffing, or digging.  These behaviors can be 

easily monitored during home cage observations or open field testing.  Failure to acquire reversal 

learning on spatial tasks (e.g., water or T-maze) is analogous to the resistance to change and 

perseveration characteristic of autism.  Lastly, the domain of communication is the most difficult 

to measure in animals.  One approach to assessing rodent communication is to measure 

ultrasonic vocalizations by pups when removed from their mothers [39, 47].  This technique has 

become more sophisticated with the characterization of the ―language‖ of rodent communication 

[50]. 
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It is generally agreed that genetic and environmental factors and their interactions are risk 

factors for the development of autism.  Research on environmental causes of autism includes the 

study of maternal use of drugs such as cocaine, ethanol, thalidomide, and valproic acid [51-56].  

Thalidomide, a drug once used to treat pregnancy-related morning sickness, and valproic acid, an 

anti-epileptic drug, are believed to disrupt early neurodevelopmental processes associated with 

neural tube closure [4, 55].  Additional environmental toxicants proposed to contribute to autism 

include childhood vaccinations, mercury, and pesticides [57, 58].  These proposed contributors 

have gained much attention in the popular media, but the evidence has little if any scientific 

validity.  There is much stronger evidence for prenatal exposure to infection as the primary non-

genetic cause of autism [7].  Gestational maternal infection, primarily viral influenza, is 

associated with neurodevelopmental psychiatric disorders, including autism [7-9, 59-63] and 

schizophrenia [6, 64].  Early studies reported a substantial contribution of early-to-mid 

gestational viral infections to the increased prevalence of schizophrenia in offspring [64].  

However, these ecologic and epidemiologic studies were flawed in that they relied on influenza 

epidemics to define influenza exposure status rather than using any confirmatory biological 

approach to verify the exposure status.  An additional flaw of non biologically-based 

retrospective studies is the reliance on self-report data to determine type and timing of maternal 

infection.  To address these issues, a number of studies have taken a more prospective approach 

to look for relationships between the presence immunological biomarkers in serum archived 

from pregnant women and occurrence of schizophrenia in offspring [64].  Initial evidence 

supporting the relationship between infection and autism comes from reports of increased case 

numbers of autism during the 1964 rubella pandemic [60, 65].  Single cases of autism have also 
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been reported following prenatal infection with toxoplasmosis, syphilis, varicella, rubella, 

cytomegalovirus, and herpes simplex virus [7].   

There is a complex etiological interaction between genetic and environmental risk factors for 

mental disorders like autism.  Thus, maternal immune activation (MIA) is an established prenatal 

risk factor, but not every woman that experiences immune activation during pregnancy has a 

child with a psychiatric disorder.  There must be something about the genetic background of the 

mother and fetus that predisposes it to the deleterious effects of immune activation.  Such 

interplay between nature and nurture is referred to as gene x environment (G x E) interactions.  

The G x E model is used to explain individual differences in response to an environmental 

stimulus based on one’s genetic makeup [66].  The emphasis on discovering the genetic causes 

of autism and other complex psychiatric disorders has largely ignored the possibility for G x E 

interactions.  Herbert and colleagues [67] propose that autism is a multi-system disorder that 

results from G x E interactions.  They argue that it should be looked at as a ―genetically 

influenced, systemic‖ disorder rather than a ―strongly genetic, brain-based‖ disorder.  The 

―genetically influenced, systemic‖ model moves away from the idea that genetic mutations alone 

cause autism, to the notion that genes create a vulnerability to secondary environmental insults 

such that there is a true G x E interaction.  The idea is that a person may have a genetic 

predisposition to autism, but that genetic influences alone are not sufficient for its development.  

Rather, an environmental ―hit‖ is required for the individual to develop autism.  Based on this 

idea, Herbert has addressed the need for geneticists to expand their search for candidate genes 

from those involved directly and specifically with the CNS, to include genes that both influence 

other organ systems and/or impact susceptibility to environmental factors.  Using a 

bioinformatics approach Herbert et al. (2006) reviewed three separate databases that contain 
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sequence information on environmentally responsive or inflammation-related genes to identify 

genes that overlap with DNA regions that have previously shown linkage with autism.  

Environmentally responsive genes are those that influence biological processes from cell cycle 

activity and DNA repair to metabolism and apoptosis--processes that are disrupted following 

environmental (e.g., toxin) exposure [68].  As a result, a set of 135 environmentally responsive 

or inflammation-related genes all of which overlap with previously identified autism linkage 

regions was identified; 56 of the genes had previously not been studied in relation to autism.  The 

authors suggest that overlooking genes that do not directly contribute to CNS development or 

function is detrimental to the understanding of the G x E relationship that subserves the 

mechanisms by which autism emerges [67]. 

 Only recently have there been attempts to empirically investigate G x E interactions in the 

psychiatric field [69].  Oliver and Davies (2009) were the first to examine G x E effects in a 

mouse model of schizophrenia.  Two different mutant mouse lines affecting the schizophrenia 

candidate gene synaptosomal-associated protein of 25 kDa (SNAP-25) underwent a prenatal 

stress paradigm to investigate the combined effects of prenatal stress and a genetic mutation on 

anxiety, sensorimotor gating, and social behaviors.  Mutants displayed deficits in all of these 

behaviors, and exposure to prenatal stress (maternal restraint between ED 11-17) greatly 

exacerbated the phenotype [70].  There has only been a single published study that used immune 

activation (postnatal, not maternal) as an environmental factor using a G x E model.  Neonatal 

mutants for the disrupted-in-schizophrenia1 (Disc1) gene were exposed to the synthetic, double-

stranded RNA viral mimic polyriboinosinic–polyribocytidilic acid (polyI:C) on postnatal days 2–

6 and underwent behavioral phenotyping starting at 8 weeks, followed by histological analysis.  

Mutant offspring that were exposed to polyI:C exhibited greater behavioral deficits and 
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hippocampal interneuron loss than those mice with a genetic manipulation or polyI:C treatment 

alone.  This was the first mouse model of schizophrenia that accounted for both genetic and 

environmental risk factors.  Similar studies using the MIA model in mouse lines with autism 

candidate genes are likely to follow.    

Maternal infection and associated immune system activation can disrupt fetal brain 

development via activation of the maternal inflammatory immune response, characterized by the 

up-regulation of pro-inflammatory cytokines within the amniotic fluid, placenta, uterus, fetal 

circulation, and the fetal brain, which are the critical regions that comprise the maternal-fetal unit 

[71-73].  Cytokines represent a class of diverse, secreted polypeptides that include the 

interleukins, tumor necrosis factors, interferons, growth and stimulation hormones, and the 

chemokines [74].  They have diverse roles ranging from their primary role as regulators of the 

immune response to their secondary roles as regulators of critical neurodevelopmental processes 

[75-79].  Following systemic immune challenge, there is an increase in peripherally-circulating 

immune cells and cytokines, both of which are capable of crossing the blood brain barrier (BBB) 

[80].  Peripherally or centrally produced cytokines then bind to specific receptors on glia, 

neurons and endothelial cells where they have their varied effects on cellular function.  Binding 

of cytokines to their cognate receptors on glial and endothelial cells will stimulate the production 

of more cytokines, chemokines, prostaglandins, free radicals, and other associated inflammatory 

proteins, further increasing the neuroinflammatory response leading to a cascade of cytokine 

activation in the brain [75, 81].  Microglia, the resident macrophages of the CNS, constantly 

monitor the environment and quickly respond to signs of immune insult within the brain, 

producing inflammatory cytokines and other immune molecules.  Microglia can be activated by 

an external pathogen such as the bacterial endotoxin lipopolysaccharide (LPS), by signals from 
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damaged cells and activated immune cells, or by neurotransmitters like glutamate [82, 83].  

Astrocytes, which contain glial fibrillary acidic protein (GFAP), increase in size and number, as 

well as GFAP content in response to CNS injury or inflammation [84].  Enhanced 

immunostaining of selective markers for astrocytes and microglia is observed in the brains of 

rodent offspring following maternal treatment with either LPS or polyI:C [24, 85, 86] or neonatal 

cytokine treatment [87, 88].  Reactive glial cells have been shown to remain up-regulated up to 

300 days post maternal immune challenge, suggestive of an ongoing CNS inflammatory 

response in offspring born to immune-challenged dams [85].  

Although cytokines were first described in terms of their role in the regulation of the 

inflammatory immune response, there is evidence, primarily from in vitro studies, that they 

modulate normal developmental processes within the CNS, such as glial and neuronal 

commitment, proliferation, differentiation and survival, neurite outgrowth, and synaptogenesis 

[89].  Cytokines and cytokine receptors are constitutively expressed, albeit at low levels, in the 

rodent and human fetal brain, further suggesting that they play a role in brain development [90-

93].  The biological effects of cytokines are dependent upon their concentration, the expression 

levels of the cytokine receptors, and the activity of signal transduction pathways of the target 

cells.  Exposure to the same cytokine may exert both neuroprotective and cytotoxic effects 

depending on cytokine concentration and length of exposure [75, 91, 94-96].  Given the ability 

for cytokines to affect CNS developmental processes, communication between the maternal 

immune system and fetal CNS can have detrimental effects on fetal brain development.  The 

activation of the maternal host inflammatory response may result in the up-regulation of 

maternally-generated pro-inflammatory cytokines in the fetal environment through their ability 

to cross the blood-placental barrier to enter fetal circulation [97].  Circulating maternal cytokines 
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may induce further cytokine production by cells at the interface of the maternal and fetal 

environments, such as by placental cells.  Additionally, if cytokines gain access to the fetal brain 

through the immature fetal BBB, they could potentially activate fetal microglia that produce 

additional cytokines, thus initiating a fetal neuroinflammatory response [71].  The developing 

fetus is now vulnerable to ―attack‖ by cytokines, regardless of their source, thereby interfering 

with ongoing neurodevelopment processes [71, 98-100].  In light of this evidence, it is likely that 

over-expression of cytokines in response to infection or inflammation could have deleterious 

effects on brain and subsequent behavioral development in offspring, thereby acting as a risk 

factor for psychiatric disorders such as schizophrenia and autism, although the specific 

mechanisms of how this occurs is unclear [100-102].  

The use of animals to model MIA provides insight into the host’s response to an 

immunological stimulus, as well as to the acute and lasting effects of immune activation on 

offspring development.  Precise manipulation of a number of variables of interest, such as the 

immune stimulus, route of administration, dosage, and timing of exposure, allows for the testing 

of various hypotheses regarding the mechanisms of action on the developing fetal brain.  The 

two major MIA models use either LPS or polyI:C administered to pregnant dams.  Additional 

MIA models have used the human influenza virus, Borna disease virus, and individual cytokines 

such as TNF or IL-6 [103].  The benefit of the LPS and polyI:C models is that they mimic the 

immune-stimulating actions of bacterial or viral infection, respectively, without the use of a live 

bacterium or virus.  Lipopolysaccharides are components of gram-negative bacteria that are 

released from the outer cell wall, and bind to the toll-like receptor 4 (TLR4) expressed on the 

surface of certain cell types to induce a complex second messenger signaling cascade.  The 

primary downstream effect of TLR4 binding is the activation of nuclear factor-B (NF-B), a 
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transcription factor that induces pro-inflammatory cytokine expression [104].  In the adult, LPS 

administered peripherally induces an inflammatory response in the CNS through its ability to 

bind and activate brain TLR4 bearing vascular endothelial and meningeal cells, to diffuse into 

the brain at circumventricular organs and bind to CNS cells bearing the TLR4, and to increase 

permeability of the BBB, allowing peripheral cytokines and immune cells to penetrate the CNS 

and induce a central inflammatory response [81].  The LPS-induced inflammatory response is 

thus capable of altering brain homeostasis, which may lead to permanent changes in brain and 

altered cognitive and behavioral functioning.  It is well documented that maternal LPS increases 

pro-inflammatory cytokine mRNA and/or protein expression in the maternal serum, amniotic 

fluid, and placenta in both rats and mice [86, 105-111].  Its ability to induce cytokine mRNA 

expression in the fetal brain is controversial, and it appears that only high doses of LPS increase 

fetal brain cytokine gene expression [86, 112].  The effects of maternal LPS on the fetus is 

mediated by the maternal immune response (e.g., pro-inflammatory cytokines) not LPS itself 

because LPS is not detected in the fetus following maternal exposure.  Additionally, neurons do 

not express the TLR’s so LPS is not capable of directly acting on them [108].  

Preclinical studies have widely demonstrated that MIA and related neuroinflammatory 

responses characterized by cytokine and neuroglial proliferation have detrimental effects on the 

behavioral and neurophysiological development of offspring, but the exact mechanisms by which 

maternally, placentally, and/or fetally-generated cytokines ultimately disrupt brain and 

behavioral development remain unclear [103, 113].  The purpose of the following three studies 

was to determine the effects of maternal LPS exposure on the behavioral, cytokine, and gene 

expression profiles of offspring and to propose novel mechanisms by which MIA acts as a risk 

factor for atypical offspring development.  The dissertation is separated into three individual 
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studies that are inter-related, and therefore some redundancy is expected.  They will likely be 

merged into a single manuscript for publication. 

 

  



14 
 

  

Study 1  

Maternal exposure to lipopolysaccharide alters the developmental profiles of social and 

exploration behaviors in rat offspring 
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ABSTRACT 

 

Maternal immune activation (MIA) resulting from maternal viral or bacterial infections 

during pregnancy is a known risk factor for a number of disorders of the central nervous system 

(CNS), including cerebral palsy, schizophrenia, and autism.  The bases of these associations are 

unclear, although the prevailing hypothesis argues that the induction of the maternal immune 

response places cytokines in the maternal-fetal environment where they disrupt fetal brain 

development and lead to atypical neurological and behavioral development.  The behavioral and 

physiological consequences of MIA can be studied using rodent models of maternal infection.  In 

the present study, I evaluated the effects of mid-late gestational maternal exposure to the 

bacterial endotoxin lipopolysaccharide (LPS) on the development of social and exploration 

behaviors in offspring.  Pregnant Sprague-Dawley dams were administered an intraperitoneal 

injection of LPS (0.25 mg/kg) on embryonic day 15.  Offspring (17 controls and 17 LPS) 

underwent social preference and open field exploration testing on postnatal days 25, 30, 35, 45, 

and 55.  Offspring born to LPS-challenged dams displayed a significant reduction in social 

preference behaviors across all five trials evidenced by decreased time spent investigating a 

novel, same-sexed stimulus rat.  The LPS offspring also had significantly reduced exploration in 

the open field across the first four trials, which was driven by a reduction in nose-hole pokes.  

These findings support the hypothesis that MIA results in a behavioral phenotype clinically 

relevant to neurodevelopmental disorders such as autism.  
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1. Introduction 

The prenatal environment is particularly vulnerable to insults that may have long-lasting 

effects on the development of the offspring.  There is a growing interest in the relationship 

between maternal immune system activation and atypical neurodevelopmental outcomes in the 

offspring.  Epidemiological studies have shown that maternal viral or bacterial infections during 

pregnancy can have serious effects on the neurobiological, physiological, and behavioral 

phenotypes of offspring, which may manifest themselves as neurologic and psychiatric disorders 

including cerebral palsy [71], schizophrenia [6, 61, 114-117], and autism [4, 5, 7-10, 59, 63].  

The majority of cases are of maternal infection with the influenza virus.  However, the risk of 

maternal infections affecting the developing fetus does not appear to be pathogen-specific, so the 

mother’s generalized immune response and widespread cellular and molecular consequences, 

rather than the presence of a specific pathogen, likely confer risk to the fetus [64].  Specifically, 

the association between maternal immune activation (MIA) and atypical brain and behavioral 

development in offspring is mediated by the presence of pro-inflammatory cytokines in the 

maternal-fetal unit during fetal development [118]. 

Cytokines are a class of secreted, low molecular weight polypeptides that are involved in a 

variety of biological processes ranging from their role in the inflammatory response to their 

ability to influence important neurodevelopmental events.  Although cytokines were first 

described in terms of their role in the regulation of the peripheral inflammatory and immune 

response, evidence from in vitro studies show that they modulate such developmental processes 

such as glial and neuronal fate commitment, proliferation, differentiation, survival, and 

migration, and neurite outgrowth [98, 119, 120].  For review, [75-79, 89].   Imbalances of 

cytokines resulting from maternal immune challenge could therefore have deleterious effects on 
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brain development and subsequent behaviors in offspring.  However, the exact mechanisms by 

which this occurs remains unclear [100, 102].  Maternal immune activation in the rodent using 

the endotoxin lipopolysaccharide (LPS) or the synthetic, double-stranded polyriboinosinic–

polyribocytidilic acid (polyI:C) are common approaches used to mimic the effects of maternal 

bacterial and viral infections, respectively.  The use of laboratory animals allows for precise 

manipulation of the type of immune stimulus used, timing of exposure, dosing and route of 

administration, which allows for a wide range of hypotheses to be tested [48].  Models of MIA 

thus afford researchers the opportunity to elucidate the mechanisms by which gestational 

maternal infection and its downstream immune response acts as a risk factor for neurological and 

psychiatric outcomes in offspring.   

Although there is methodological variation across studies, in general, offspring born to LPS- 

or polyI:C-exposed dams display deficits in a number of behavioral measures representative of 

the core behavioral and cognitive features seen in schizophrenia and autism as recently reviewed 

by [103, 121].  The majority of studies have focused on behavioral domains more relevant to 

schizophrenia such as sensorimotor gating, drug-induced locomotion, and learning and memory. 

Sensorimotor gating refers to the process by which a weak sensory stimulus inhibits, or ―gates 

out,‖ a motor response elicited by a stronger sensory stimulus [122].  Sensorimotor gating is 

most commonly assessed by performance on prepulse inhibition (PPI) tasks.  Prepulse inhibition 

is the attenuation of a startle response to an acoustic stimulus when that stimulus is preceded by a 

weak prepulse stimulus [123].  The neural circuitry underlying PPI is complex but is known to 

be subserved by corticostriatal, and limbic neural networks [124-128].  Individuals with 

schizophrenia [122, 124] and autism [129, 130] display deficits in sensorimotor gating when 

asked to perform PPI tasks.  A failure to attenuate the acoustic startle reflex on PPI tasks is the 
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most commonly reported behavioral disturbance in rodents subjected to the MIA model.  

Reduced PPI is observed in rat and mouse offspring born to dams prenatally exposed to LPS [85, 

131, 132], polyI:C [99, 133-138] or influenza virus [102].  Another commonly reported effect of 

MIA in offspring, specifically related to schizophrenia, is altered amphetamine (AMPH)-induced 

locomotion, which is a behavioral measure of mesolimbic dopamine (DA) activity.  Under 

normal circumstances, low doses of AMPH enhance DA transmission in the nucleus accumbens 

and induce hyperactivity.  Offspring born to immune-challenged dams display enhanced 

locomotor responses to a low dose of AMPH suggesting that these offspring have overactive 

subcortical DA transmission in the ventral striatum caused by MIA-induced DA dysfunction.  

There is evidence of enhanced subcortical basal DA activity in mice born to polyI:C-exposed 

dams [139, 140].  This is highly relevant to the ―dopamine hypothesis‖ of schizophrenia, which 

states that the positive symptoms of schizophrenia are a result of a hyperactive subcortical 

mesolimbic DA system [140].  Morris water maze performance, a prefrontal cortex- and 

hippocampus-dependent measure of spatial learning, is also frequently disrupted by MIA [107, 

136, 141-144].  Finally, deficits in social interaction and exploration of an open field maze are 

observed in offspring born to dams exposed to LPS [141, 145-148], polyI:C [99, 101, 136], or 

influenza [102], which is more relevant to autism. 

The goal of the present study was to determine the effects of maternal LPS treatment on the 

postnatal developmental trajectories of social preference and exploration behaviors in the rat 

offspring.  The gestation period for rats is 21 days, and ED 15 corresponds approximately to the 

middle of the second trimester in humans [48].  This date was chosen based on previous pilot 

work and the common use of this date in the current body of literature.  The specific behaviors 

were examined because of their relevance to the clinical phenotype of autism and related 
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disorders.  The paradigm is not meant to represent an animal model of autism.  Rather, this is a 

model of how MIA can ultimately disrupt behavioral development as measured by behaviors 

relevant to neuropsychiatric disorders.  All offspring underwent behavioral testing at five time 

points between postnatal days 25 and 55, the data from which were used to create a 

developmental profile of social and exploration preference behaviors spanning adolescence to 

young adulthood.  Offspring from LPS-treated dams displayed marked reductions in their socal 

preference and open field exploration behaviors.  The results were consistent with previous work 

that showed distinct behavioral abnormalities in offspring born to immune-challenged dams.  

This study was novel in that it examined the behavioral development in the offspring over time 

rather than restricting behavioral testing to a single time point.  The mechanisms by which 

maternal exposure to LPS ultimately leads to atypical behaviors in offspring are not addressed in 

this study.  Studies 2 and 3 address potential mechanisms to explain this association.   
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2. Materials and Methods 

2.1. Animals  

Male and female Sprague-Dawley rats (Harlan, Indianapolis, IN) were housed separately 

until mating.  Daily vaginal smears were collected to monitor the estrous cycle of the females, 

which underwent a single night of in-house mating.  The presence of a sperm plug the following 

morning represented embryonic day (ED) 0.  Weights were obtained on a weekly basis to 

confirm pregnancy.  Offspring were weaned on postnatal day (PN) 21 and separated into same-

sex housing.  Behavioral testing of male and female rats from multiple independent litters began 

on PN 24 and concluded on PN 55.  All animals were housed under standard light conditions (12 

h light/12 h dark with lights on between 6 a.m. and 6 p.m.).  All behavioral tests were done 

during lights-on periods.  Food and water were available ad lib.  All experimental protocols were 

approved by the NIMH Intramural Research Program Animal Care and Use Committee.   

2.2. Maternal Immune Challenge  

Pregnant rats received either an intraperitoneal injection of Escherichia coli 05:B55 

lipopolysaccharide (LPS; 0.25 mg/kg; Sigma, St. Louis, MO), diluted (1 mg/ml) in phosphate-

buffered saline (PBS) or equivalent volume of PBS vehicle on ED 15.  Dams were monitored 

following the injection for signs of vaginal bleeding, weight loss, illness, or sickness behavior.  

Many LPS-injected females displayed signs of miscarriage within 24 h of the injection.  

Offspring that were used for further study were those that were born in normal-sized litters.  The 

final breakdown of offspring was: control (n = 17; three litters) and LPS (n = 17; three litters). 
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2.3. Social Preference 

Following the protocol established by Walker [149], one day prior to testing, rats were 

brought into the testing room and placed in the testing apparatus for a 15-min habituation period.   

Social interaction was measured in each animal on PN 25, 30, 35, 45, and 55 using a three-

chambered apparatus (Habitest, Coulbourn Instruments, Whitehall, PA) in which preference for 

home cage territory or an unknown stimulus rat of the same sex was examined over the course of 

a 15-min testing session.  The three chambers included  a central start box, a side home box and 

side social box, each measuring 20.5 x 10.5 x 12.2 cm.  The home box contained a tray with 

bedding from the home cage of the test subject, and the social box contained a same-sexed, 

same-aged, novel stimulus rat.  Once the test subject was placed in the start box, the guillotine 

doors, which separated the start box from the side boxes, were removed allowing for 

investigation of the side boxes.  Entry from the start box into the social and home boxes was 

measured by the breakage of photobeams that surround the chambers.  The number of entries 

into the two chambers and the total time spent in each of the three chambers were recorded and 

analyzed by the GraphicState, Coulbourn Instruments computer program.  Each chamber was 

cleaned with 70% ethanol between each run.  Novel stimulus rats were used on the five testing 

dates.  So that effective comparisons could be made between groups, a measure of social 

preference was established, hereafter called the ―social index‖ (S.I.).  The S.I. was derived 

according to the following formula: (S-H)/900, where S represents the time spent in the social 

chamber, H represents time spent in the home chamber, and 900 represents the total test time 

(sec).  This S.I. not only allows for an assessment of social preference on the individual level by 

means of a difference score, but also for direct comparisons between animals because the 
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difference score is represented as a percentage of total time.  For example, a rat with an S.I. score 

of 0.5 spent 50% more time of its time in the social chamber than the home chamber. 

2.4. Exploration  

One day prior to testing, rats were brought into the testing room and placed in the testing 

apparatus for a 15-min habituation period.  Exploratory behaviors were measured in each animal 

on PN 25, 30, 35, 45, and 55.  Subjects were placed in a box (40 x 40 x 40 cm) with 16 holes, 1 

cm in diameter that are cupped at the bottom and filled with fresh bedding.  The apparatus 

contained two rows of photocells arranged around the perimeter of the chamber to record 

locomotion along the plane of the chamber floor and nose-hole entries below the floor.  The total 

numbers of movements and nose-hole pokes and the total times of movement, non-locomotor 

behavior, and ambulation (total movement - non-locomotor behaviors/60) were measured by the 

TruScan software.  Exploration was operationally defined as the number of nose-hole pokes per 

minute of ambulation during a 10-min observation period [150].  This allows for the separation 

of spontaneous movements from motivated exploration.  The experimental box was thoroughly 

cleaned with 70% ethanol between testing sessions.   

2.5. Olfaction “Hidden Cookie Task”  

Basic olfactory skills (the ability to recover a hidden piece of food) were assessed on PN 

40 following the protocol established by [151].  To familiarize the rats with the olfactory 

stimulus, a small cookie (a ―Teddy Graham‖) was placed in the home cages overnight for three 

consecutive days (PN 36-38).  A fresh cookie was placed each night.  On the fourth night (PN 

39), food pellets were removed from the chow hopper overnight for a single night of food 

deprivation.  The next morning, testing began by placing the subject in a clean rat cage with 3 

cm-deep fresh bedding for a 5-min acclimation period.  The subject was then transferred to an 
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empty clean cage while the experimenter buried a cookie 1 cm beneath the surface in a random 

corner of the cage.  The subject was immediately returned to the testing cage, and latency to find 

the cookie was recorded.  A cut-off latency time of 600 sec was used.  A new, clean testing cage 

with fresh bedding and a new cookie were used for each subject, and the chow hoppers were 

filled with food pellets immediately following task completion.  

2.6. Statistical Analyses 

Because social preference data were not normally distributed, a logarithmic 

transformation was applied to the data prior to analysis.  Based on these transformed S.I. scores, 

the behavioral parameters were then analyzed using the proper statistical approach.  All figures, 

with the exception of Fig. 1. show non-transformed data.  Excluding the social data, all other 

data were normally distributed.  

Profile Analysis takes a multivariate approach to repeated measures and allows for the 

comparison of profiles from multiple groups.  Profile Analysis compares the slope of the profile 

between groups over time, such that non-parallel slopes represent significant differences in 

overall profiles.  Developmental profiles for social preference and exploration frequency were 

created using the data from PN 25, 30, 35, 45, and 55 and analyzed using Profile Analysis.  

Social and exploration behaviors were also simultaneously analyzed using a 2-way mixed 

ANOVA design with Student Newman-Keuls post hoc test.  Olfaction data were analyzed using 

pair-wise Student’s t tests. Statistical software (SPSS 17.0) was used to perform all statistical 

analyses. 
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3. Results 

3.1.  Sex Differences  

Preliminary statistical analyses revealed no significant effects of sex on any of the 

behavioral parameters of interest.  Therefore, males and females were collapsed into a single 

group.   

3.2. Maternal Care 

 No differences in maternal care were observed between saline-treated and LPS-treated 

dams.  Normal feeding was observed as evidenced by the presence of equal amounts of milk in 

the stomachs of each pup.  The lack of maternal neglect supported the rationale to refrain from 

cross-fostering pups.  

3.3.  Social Preference 

 An overall difference in the pattern of social preference behavior existed between 

offspring born to LPS- and saline-treated dams as shown by Profile Analysis of the longitudinal 

(PN 25-55) S.I. data presented in Fig. 1 (F(4,29)=2.67, p<0.05).  Concurrent analysis using a 

2(trial x treatment) mixed ANOVA design revealed a significant main effect of treatment (F(1, 

32)=36.52, p<0.001).  The main effect of trial (F(4,128)=1.75, p=N.S.) and the interaction 

between trial and treatment (F(4,128)=0.96, p=N.S.) failed to reach significance.  Student 

Newman-Keul’s post-hoc analyses showed that social preference as measured by the S.I. was 

significantly reduced on all trials (PN 25, 30, 35, 45, and 55) in offspring born to LPS-exposed 

dams.   

 Breaking down the S.I. into its individual components (time investigating the social and 

home chambers) allowed for a deeper understanding of the social behaviors in the two groups.  
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Examination of time spent investigating the social chamber revealed a significant main effect of 

treatment (F(1,32)=33.1, p<0.001) and a trial x treatment interaction (F(4,178)=3.17, p<.001).  

The main effect of trial failed to reach significance (F(4,128)=1.4, p=N.S.).  Post-hoc analyses 

showed that LPS offspring spent significantly less time relative to control offspring investigating 

the social chamber on all trials (PN 25, 30, 35, 45, and 55) (Fig. 2).  Examination of time spent 

investigating the home chamber revealed significant main effects for treatment (F(1,32)=17.03, 

p<0.001) and trial (F(4,128)=4.50, p<0.01).  The trial x treatment interaction failed to reach 

significance (F(4,128)=.67, p=N.S.).  Post-hoc analyses showed that the offspring born to LPS-

exposed dams investigated the home chamber significantly more than the control offspring on 

the first four trials (PN 25, 30, 35, and 45) with no difference in home chamber investigation 

time on the last trial (PN 55) (Fig. 3).   

 Total numbers of entries into the social and home chambers were also analyzed as a 

control measure to ensure that the differences in social preference were not driven by locomotor 

defects or freezing behaviors, which would manifest itself as an overall reduction in the number 

of entries into both chambers.  As shown in Fig. 4, there was not a significance main effect of 

trial (F(4,128)=0.65, p=N.S.) or a trial x treatment interaction (F(4,128)=1.5, p=N.S.); however, 

there was a significant main effect of treatment on the number of social chamber entries 

(F(1,32)=7.8, p<0.01).  Post-hoc analyses showed that offspring born to LPS-exposed dams 

entered the social chamber significantly fewer times than control offspring on PN days 30, 45, 

and 55.  Analysis of entries into the home chamber revealed main effects of trial (F(4,128)=2.51, 

p<0.05) and treatment (F(1,32)=19.65, p<0.001); however, the trial x treatment interaction failed 

to reach significance (F(4,128)=2.11, p=N.S.) for the number of home chamber entries.  Post-hoc 
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analyses showed that the offspring born to LPS-exposed dams entered the home chamber 

significantly more than controls on PN 25, 35, 45, and 55 (Fig. 5). 

3.4. Exploration 

There were no differences in the overall pattern of exploration between control and LPS 

offspring when analyzed using Profile Analysis (F(4,29)=1.4, p=N.S.).  Concurrent analysis 

using a 2(trial x treatment) mixed ANOVA design revealed significant main effects of treatment 

(F(1,32)=12.9, p<0.01) and trial (F(4,128)=7.8, p<0.01) for the level of exploration as defined by  

number of nose-hole pokes/min ambulation.  The trial x treatment interaction failed to reach 

significance (F(4,128)=1.75, p=N.S.).  Post-hoc analyses showed that the LPS offspring 

displayed a significant reduction in their motivated exploration (number of nose-hole pokes/min 

ambulation) across the first four trials (PN 25, 30, 35, and 45) (Fig. 6).  Breaking down level of 

exploration into its component parts (number of nose hole pokes and ambulation time) and 

analyzing them separately revealed significant main effects of treatment (F(1,32)=16.19, 

p<0.001) and trial (F(4,128)=4.98, p<0.001) for number of nose-hole pokes.  The trial x 

treatment interaction failed to reach significance (F(4,128)=1.75, p=N.S.).  Post-hoc analyses 

showed that offspring born to LPS-exposed dams had significantly fewer nose-hole pokes on the 

first four trials (PN 25, 30, 35, and 45) compared to controls (Fig. 7).  By PN 55 the LPS 

offspring had a similar level of nose-hole poking to controls, which resulted in similar overall 

levels of exploration for that trial.  Similarly, there were main effects of treatment (F(1,32)=9.48, 

p<0.01) and trial (F(4,128)=7.84, p<0.001), as well as a trial x treatment interaction (F(4,128)= 

3.31, p<0.01) for total ambulation time.  Post-hoc analyses showed that offspring born to LPS-

exposed dams had similar levels of ambulation to control offspring on the first two trials (PN 25 
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and 30) but that the LPS offspring spent significantly less time ambulating on trials three-five 

(PN 35, 45, and 55) (Fig. 8).   

3.5.  Hidden Cookie 

No significant differences in latency to retrieve the buried food existed between offspring 

born to saline or LPS-treated dams (t(17)=0.03, p=N.S.), as seen in Fig. 9.  
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Figure 1.  Effects of maternal LPS administration on the overall pattern of social 

preference as defined by a social index score (social chamber time-home chamber time/900).  

Social and home chamber investigation times underwent a logarithmic transformation and 

transformed data were then used to calculate the social index score.  Results are expressed as 

means ± SEM, and all comparisons are made between LPS treatment group and matched 

controls whereby  p<0.05.  (profile analysis, 2-way mixed ANOVA followed by Student 

Newman-Keul’s post hoc test). 
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Figure 2.  Effects of maternal LPS administration on the amount of time spent 

investigating the social chamber.  Results are expressed as means ± SEM, and all comparisons 

are made between LPS treatment group and matched controls whereby  p<0.05.  (2-way mixed 

ANOVA followed by Student Newman-Keul’s post hoc test). 
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Figure 3.  Effects of maternal LPS administration on the amount of time spent 

investigating the home chamber.  Results are expressed as means ± SEM, and all comparisons 

are made between LPS treatment group and matched controls whereby  p<0.05.  (2-way mixed 

ANOVA followed by Student Newman-Keul’s post hoc test). 
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Figure 4.  Effects of maternal LPS administration on the number of entries into the social 

chamber.  Results are expressed as means ± SEM, and all comparisons are made between LPS 

treatment group and matched controls whereby  p<0.05.  (2-way mixed ANOVA followed by 

Student Newman-Keul’s post hoc test). 
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Figure 5.  Effects of maternal LPS administration on the number of entries into the home 

chamber.  Results are expressed as means ± SEM, and all comparisons are made between LPS 

treatment group and matched controls whereby  p<0.05.  (2-way mixed ANOVA followed by 

Student Newman-Keul’s post hoc test). 
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Figure 6.  Effects of maternal LPS administration on the overall pattern of motivated 

exploration behaviors across postnatal development.  Results are expressed as means ± SEM, 

and all comparisons are made between LPS treatment group and matched controls whereby  

p<0.05.  (profile analysis, 2-way mixed ANOVA followed by Student Newman-Keul’s post hoc 

test). 
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Figure 7.  Effects of maternal LPS administration on the total number of nose hole pokes.  

Results are expressed as means ± SEM, and all comparisons are made between LPS treatment 

group and matched controls whereby  p<0.05.  (2-way mixed ANOVA followed by Student 

Newman-Keul’s post hoc test). 
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Figure 8.  Effects of maternal LPS administration on total ambulation time.  Results are 

expressed as means ± SEM, and all comparisons are made between LPS treatment group and 

matched controls whereby  p<0.05.  (2-way mixed ANOVA followed by Student Newman-

Keul’s post hoc test). 
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Figure 9.  Effects of maternal LPS administration on latency to retrieve the buried food.  

No differences existed in ability to detect and retrieve the buried cookie between groups.  Results 

are expressed as means ± SEM, and all comparisons are made between LPS treatment group and 

matched controls (2-tailed Student’s t test). 
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4. Discussion  

The present study provided evidence that maternal immune activation (MIA) using the 

bacterial endotoxin LPS on ED 15 results in an altered pattern of behavioral development 

spanning young adolescence through young adulthood periods.  Changes in behaviors relevant to 

psychiatric disorders such as schizophrenia and autism are consistently reported following 

maternal challenge in the mouse or rat, and the MIA model to study prenatal risk factors for 

these disorders is the focus of much scientific research (for review, [103]).  The mechanisms by 

which MIA disrupts fetal development and sets into motion an atypical trajectory of brain and 

behavioral development and maturation are unknown.  This study did not examine 

morphological or biochemical alterations in offspring, so I cannot draw any conclusions as to the 

mechanisms by which LPS-induced MIA lead to subsequent behavioral changes; however, I can 

speculate why behavioral differences occurred.   

The pervading hypothesis is that the pro-inflammatory cytokine response elicited by the 

activated maternal immune system is somehow responsible for the deleterious outcomes in the 

offspring [71, 72, 134].  There are multiple lines of clinical and preclinical support for the role of 

cytokines in mediating the relationship between MIA and atypical postnatal development.  

Maternal infections with variety of bacterial and viral infectious agents have been associated 

with schizophrenia and autism, which indicates that a mechanism common to all pathogens is the 

mediating factor [103].  Additionally, despite behavioral consequences in rodents following 

maternal LPS, polyI:C or influenza exposure, none of these stimuli are found in the fetuses 

suggesting it is the host’s immune response, not the pathogen itself, acting on the fetal brain 

[108, 152].  Finally, maternal exposure to single cytokines is sufficient to induce behavioral 

changes in the rodent offspring [136, 144].   



38 
 

Maternal treatment with LPS significantly reduced exploration and social behaviors in 

offspring throughout their postnatal development.  This is consistent with previous work 

showing marked reductions in open field exploration and social preference in rodents following 

maternal LPS [145, 147, 148], polyI:C [73, 99, 101], influenza [102], or Borna disease virus 

[153] exposure.  I chose to examine the behavioral consequences across time because the current 

body of literature typically restricts testing to a single time rather than tracking the offspring to 

observe the developmental course of the MIA effects.  Because autism and schizophrenia are 

neurodevelopmental disorders characterized by atypical developmental trajectories, it was 

important to use a trajectory-based model in this study.   

Evidence from human and rodent literature suggests a role of the cerebellum in motivated 

exploration [154, 155].  Restricted interests, motor stereotypies, and reduced exploration of a 

novel environment are classic symptoms of autism [156], which could be partially explained by 

the cerebellar abnormalities reported in autism [157-166].  In a study by [155], exploration of a 

novel environment was assessed in a clinical sample of children with autism, each with varying 

degrees with cerebellar damage.  Overall, the autistic group explored significantly less than did 

matched controls, and within the autistic sample, there was a significant correlation between 

magnitude of vermal lobule atropy and exploration impairment, such that greater vermal atrophy 

corresponded to greater exploration deficits [155].  Additionally, experimental ablation of the 

cerebellar vermis or selective lesions of Purkinje cells significantly reduces exploration in 

rodents [150, 154, 167].   

Cerebellar development, including Purkinje cell migration, growth and maturation, is 

mediated by signals from a variety of cytokines, neurotransmitters, and trophic factors [168-

173].  The dependence of proper cerebellar development on cytokine/trophic factor input, 
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suggests that MIA and related changes in cytokine and trophic factor expression could alter 

cerebellar development and its associated cognitive functions in the offspring.  Proper 

development and maintenance of cerebellar circuitry is dependent upon critical input from the 

neurotrophic factor nerve growth factor (NGF).  Purkinje cells transiently express high-affinity 

NGF receptors during the period of extensive cerebellar development and are therefore sensitive 

to changes in NGF activity [168, 174].  Proper balance of brain-derived neurotrophic factor 

(BDNF) is also required for Purkinje cell growth and survival [171, 172].  Both NGF and BDNF 

are reduced following peripheral LPS administration in adult rats [175].  As will be shown in 

Study 2, maternal LPS significantly reduced BDNF and NGF protein levels in the whole fetal 

brain at 4 and 24 h post LPS injection.  This transient reduction in trophic factor support may 

have affected developmental processes occurring not only within the cerebellar but across the 

entire fetal brain.   

To date, there have been no investigations into the effects of maternal LPS on cerebellar 

development in offspring.  Shi and colleagues (2009) were the first to report significant 

cerebellar alterations in young and adult brains following maternal influenza exposure in the 

mouse.  They report reduced numbers of Purkinje cells and the presence of misguided 

heterotopic Purkinje cells within lobules VI and VII.  Purkinje cells undergo peak neurogenesis 

between ED 11-13 in the mouse (ED 13-15 in the rat) and radial migration between ED 13-17 in 

the mouse (E15-19 in the rat) [176].  The authors conclude that MIA resulting from ED 12.5 

maternal influenza exposure targets the developing cerebellum, specifically the Purkinje cells.  In 

the present study, LPS was administered on ED 15, a day that also corresponds to peak Purkinje 

cell proliferation and migration in the rat, and therefore these cells could be particularly 

vulnerable to MIA.  Additional support for immune-induced cerebellar defects comes from 
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studies using the negative-strand RNA virus Borna disease virus.  Offspring born to exposed 

dams, in addition to their exploration deficits, display marked cerebellar atrophy, Purkinje cell 

loss, and neuroglial and cytokine up-regulation [153].  It is therefore possible that cerebellar 

pathology, as well as related deficits in exploration seen both in autism and rodent models of 

cerebellar dysfunction, could be mediated by changes in levels of cytokines or neurotrophic 

factors [72, 153].   

Human social cognition, which refers to the process of building mental representations of 

social relationships and the subsequent social behaviors related to them, is dependent upon 

communication between the amygdala, orbito-frontal cortex, superior temporal gyrus, medial 

frontal cortex, and fusiform face area (FFA) [177-180].  Communication between such regions is 

essential for the recognition, perception, and evaluation of socially relevant stimuli that guide 

social behavior.  The deficits in social interaction specifically characteristic of autism are likely 

to result from abnormal processing within these brain regions that are important for social 

cognition [181, 182].  There have been a number of reports of reduced activation or faulty 

recruitment of brain regions required for normal social processing in patients with autism, 

presumably contributing to the social deficits at the core of this disorder [182-184].  Preclinical 

research also supports the role of the amygdala in social behaviors.  Bilateral lesions of the 

amygdala in non-human primates [185] and rats [186] produce deficits in sociability and play 

behaviors in offspring.  The cholinergic basal forebrain also appears to contribute to proper 

social functioning in rodents.  Targeted destruction of the cholinergic neurons within the basal 

forebrain selectively impairs social preference in rats [149].  Survival of cholinergic cells, like 

that of Purkinje cells, is greatly dependent upon input from NGF as evidenced by the preferential 

expression of NGF receptors on cholinergic neurons and Purkinje cells [187, 188].  MIA-induced 
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changes in NGF during fetal development could impair cholinergic development, which may 

later impact sociability.   

There has been less emphasis on the effects of MIA on social behaviors in offspring, 

although some previous reports have shown that maternal LPS [145, 147], polyI:C [136], 

influenza virus [102], and the Borna disease virus [189] all have produced deficits in social 

interaction in offspring.  Central and peripheral administration of the pro-inflammatory cytokine 

IL-1 to adult rodents greatly reduces social exploration and interaction while antagonism of the 

IL-1 receptor prevents such cytokine-mediated social impairments [190-192].  Interlukin-1 is 

one of many cytokines produced in response to immune challenge and is significantly elevated in 

the maternal-fetal unit, comprised of maternal circulation, amniotic fluid, placenta, and fetal 

brain, following maternal LPS administration [86, 105, 109, 111, 193].  Study 2 also shows an 

increase in IL-1 protein at 4 and 24 h post maternal LPS.  It is therefore possible that the 

induction of cytokines and downstream effects of such activation in the fetal brain following 

MIA interferes with neurodevelopmental processes or functioning within the brain regions 

essential to social behaviors; however, this is entirely speculative because the current study did 

not examine the anatomical consequences of maternal LPS.  Future studies should focus on 

morphological changes in the brain regions involved in exploration and social behaviors.    

It is possible that maternal LPS results in a generalized anxious phenotype, or a reduced 

motivational state in offspring, rather than specific social or exploration deficits.  To address this, 

subjects did undergo elevated plus maze (EPM) testing on PN 23 (data not shown), but due to 

faulty equipment, the data were difficult to interpret.  Both groups failed to explore the open 

arms of the EPM and displayed freezing behaviors in the closed arms.  In general, there were no 

differences in walking time on the open field hole-board task; the differences in exploration were 
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driven by a significantly reduced number of nose-hole pokes by the LPS offspring.  Had the LPS 

offspring displayed freezing behaviors, indicative of anxiety, this would have been manifested as 

reduced number of movements and walking time.  On the social task, the LPS offspring had a 

strong preference for the non-social, familiar home chamber.  This could be due to an anxiety or 

fear-driven response.  Future studies should address this issue by including a battery of anxiety 

and fear-related behavioral measures such as the EPM, zero maze, light-dark box, and contextual 

and cued fear conditioning tasks.  Normal behaviors on these measures would suggest that MIA 

is resulting in disruptions in specific social and exploration behavioral domains.  

In conclusion, I have shown that maternal LPS disrupts the postnatal development of 

exploration and social behaviors in rat offspring.  A more complete behavioral phenotype of 

offspring born to LPS-exposed dams is required to determine the specific behavioral effects of 

MIA.  Additionally, the mechanisms by which MIA results atypical performance on behavioral 

tasks is unclear and may be addressed by the inclusion of neuroanatomical studies.   
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Study 2  

Effects of maternal lipopolysaccharide exposure on cytokine, chemokine, and growth 

factor protein levels in the serum, amniotic fluid, and fetal brain  
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ABSTRACT  

The presence of pro-inflammatory cytokines in the maternal-fetal unit, including the maternal 

serum, amniotic fluid, and fetal brain, is believed to account for the association between maternal 

infections and subsequent disorders in the offspring, such as cerebral palsy, schizophrenia, and 

autism.  In addition to their role in the orchestration of the inflammatory response, cytokines can 

also directly influence developmental events in the brain, and thus cytokine imbalances as a 

result of MIA can impact normal fetal brain development.  This association can be modeled in 

rodents by maternal administration of the endotoxin lipopolysaccharide (LPS), a potent activator 

of the innate immune system.  The present study evaluated the effects of mid-gestational 

maternal LPS exposure on the induction of cytokine, chemokine, and growth factor protein 

levels in maternal serum, amniotic fluid, and fetal brain.  Pregnant Sprague-Dawley dams 

received an intraperitoneal injection of LPS (0.25 mg/kg) on embryonic day 15, and fluids and 

tissue were harvested 4 and 24 h later for analysis.  Pro-inflammatory cytokines (TNF, IL-1, 

IL-6), and chemokines (IP-10, MCP-1, MIP-1, MIP-1, MIP-2), measured by immunoaffinity 

capillary electrophoresis, were significantly increased across all compartments and remained 

elevated at 24 h.  The largest increases were in serum; induced levels in amniotic fluid were 

about half those in serum, and induced levels in brain were approximately one-tenth those in 

amniotic fluid.  Anti-inflammatory cytokines (IL-10, IL-22) were initially decreased, or only 

slightly increased at 4 h but were greatly increased at 24 h in serum and amniotic fluid.  They 

remained depressed at 24 h in fetal brain.  Lastly, maternal LPS decreased brain-derived 

neurotrophic factor (BDNF) and nerve growth factor (NGF) levels at both time points.  The data 

support the picture of a maternal inflammatory cytokine response that is transmitted to the fetal 

brain by way of the amniotic fluid.  The fetal brain response is not counterbalanced by an anti-
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inflammatory response, and the potential adverse effects on fetal brain development may be 

magnified by reduction in growth factors. 
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1. Introduction  

There is evidence that the etiology of a number of psychiatric disorders has its roots in the 

prenatal environment.  Specifically, insults to the fetus during critical times of brain development 

may irreversibly alter fetal brain structure and function thereby acting as risk factors for 

disorders later in life [2, 194]. Maternal infections and the associated immune response, 

collectively referred to as maternal immune activation (MIA), is one of the most widely-studied 

examples of how an insult directed at the maternal host can have adverse effects on the fetus 

resulting in increased susceptibility to neuropsychiatric disorders [113].  Maternal infection 

during pregnancy is a risk factor for schizophrenia in the offspring [195].  Most of the 

epidemiological studies focus on the human influenza virus, although there are reports of 

increased incidence of schizophrenia following maternal bacterial infections [64].  Maternal 

infections have similarly been reported as risk factors for autism [8, 59, 61].  Since both viral and 

bacterial infections appear to increase risk for development of schizophrenia and autism, it has 

been proposed that the association between MIA and psychiatric outcomes is not pathogen-

specific; rather, a mechanism common among immunologic stimuli is responsible for the 

harmful effects on the fetus [113, 195].  The prevailing hypothesis argues that elevated cytokine 

levels in the maternal-fetal environment are responsible for the deleterious outcomes in offspring 

born to immune-challenged mothers [71-73].  Following immune activation, maternally 

generated pro-inflammatory cytokines enter the fetal environment by crossing the blood-

placental barrier into the fetal circulation and, potentially, the fetal brain after crossing the fetal 

blood brain barrier (BBB) [97].  Maternal cytokines may induce further cytokine production by 

cells at the interface of the maternal and fetal environments, such as by placental cells.  

Additionally, once cytokines, regardless of their source, gain access to the fetal brain, they could 



47 
 

potentially activate fetal microglia, thus contributing to a fetal brain inflammatory response that 

could interfere with ongoing CNS development [71, 98-100].   

Cytokines represent a diverse class of secreted polypeptides that include the interleukins, 

tumor necrosis factors, interferons, growth and stimulation hormones, chemokines, and some 

neurotrophins [74].  They are synthesized in the periphery by leukocytes in response to immune 

challenge, and in the central nervous system (CNS) predominantly by microglia, perivascular 

macrophages, and endothelia.  The major pro-inflammatory cytokines include tumor necrosis 

factor alpha (TNF), interleukin-1 (IL-1), and interleukin-6 (IL-6).  These three cytokines 

together are responsible for the initiation of the innate immune response, whereas interleukin-22 

(IL-22) and interleukin-10 (IL-10) are two anti-inflammatory cytokines responsible for the 

termination of the inflammatory response [75, 196].  Cytokines have diverse roles ranging from 

the regulation of the peripheral and central inflammatory immune response to the regulation of 

cellular proliferation, differentiation, migration, and survival during brain development [75-79].  

Cytokines act as the conduit between the peripheral immune system and the CNS during 

infection or inflammation.  Following systemic infection or inflammation, there is an increase in 

peripherally circulating immune cells and cytokines that are capable of crossing the BBB via 

diapedesis of leukocytes or binding of cytokines to transporters or specific receptors on 

endothelia comprising the BBB [80].  Binding of cytokines to their cognate receptors on glial 

and endothelial cells will further activate microglia and astrocytes and stimulate the production 

of more cytokines, prostaglandins, trophic factors, free radicals, and other associated 

inflammatory proteins [75, 81].  Although cytokines were first described in terms of their role in 

the regulation of the inflammatory immune response, they modulate normal developmental 

processes within the CNS, such as glial and neuronal commitment, proliferation, migration, 
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differentiation and survival, axodendritic outgrowth, and synaptogenesis [89].  The effects of 

cytokines are dependent upon concentration, levels of cytokine receptors, and activity within 

signal transduction pathways of the target cells, and thus exposure to a given cytokine may exert 

neuroprotective effects or cytotoxic effects depending on cytokine concentration and length of 

exposure [75, 91, 94-96].  Research in several in vitro and in vivo systems indicates that in 

general, low levels of cytokines promote neuronal growth and survival, whereas high 

concentrations promote cytotoxicity, apoptosis, and degeneration.  Golan and colleagues [197] 

were the first to show that basal levels of TNF are required for normal hippocampal dendritic 

arborization, whereas in vitro studies show that excessive levels of pro-inflammatory cytokines 

are detrimental to cortical, cerebellar and hippocampal neuronal survival [91, 98, 119, 120, 198-

200]. 

Based on the in vitro evidence of pro-inflammatory cytokine action in the brain, it is possible 

that the presence of cytokines in the fetal brain as a result of maternal infection could result in 

altered brain development.  However, it is not clear whether MIA leads to alterations in fetal 

brain cytokine levels, and if it does, how this elevation comes about.  There are discrepant 

reports, particularly with regards to fetal brain cytokine gene expression, showing that 

administration of LPS to pregnant mice or rats increases cytokine protein or mRNA levels in the 

maternal serum, amniotic fluid, placenta, and fetal brain [86, 105-108, 110, 111].  The goal of 

the present study was to provide additional evidence for MIA-induced alterations in cytokine 

profiles in maternal serum, amniotic fluid, and fetal brain.  Changes in cytokine, chemokine, and 

growth factor protein levels in these compartments at 4 and 24 h post-maternal LPS challenge 

were measured.  We showed that maternal LPS greatly increases pro-inflammatory cytokine and 

chemokine protein across all three compartments at both time points and that maternal LPS and 
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decreases growth factor and anti-inflammatory cytokine levels in the fetal brain.
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2. Materials and Methods 

2.1. Animals  

Female Sprague-Dawley rats (Harlan, Indianapolis, IN) were bred in-house.  Daily vaginal 

smears were collected to monitor the estrous cycle, and females underwent a single night of 

mating.  The presence of a sperm plug the following morning represented embryonic day (ED) 0.  

Weights were obtained on a weekly basis to confirm pregnancy.  All animals were housed under 

standard light conditions (12 h light/12 h dark with lights on between 6 a.m. and 6 p.m.).  All 

experimental protocols were approved by the NIMH Intramural Research Program Animal Care 

and Use Committee.   

2.2. Maternal Immune Challenge  

Pregnant Sprague-Dawley females received either an intraperitoneal injection of 

Escherichia coli 05:B55 lipopolysaccharide (LPS; 0.25 mg/kg; Sigma, St. Louis, MO), diluted (1 

mg/ml) in phosphate-buffered saline (PBS) or equivalent volume of PBS vehicle on embryonic 

day (ED) 15.  Dams were monitored following the injection for signs of vaginal bleeding, weight 

loss, or sickness behavior.  Many LPS-injected females displayed signs of miscarriage within 24 

h of the injection.     

2.3. Sample Collection 

Four or 24 h following maternal LPS or saline injections, pregnant dams were 

anesthetized using isoflurane and decapitated.  A midline incision was made into the peritoneal 

cavity to expose the embryos.  Embryos were removed and placed in cold PBS.  Amniotic fluid 

was removed from each embryo using a 1 ml syringe with a 23g needle and collected in 0.2 ml 
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certified PCR tubes.  Fetal brains were removed and placed in empty PCR-certified, DNase- and 

RNase-free 1.5 ml Eppendorf tubes.  Whole trunk blood was collected from decapitated dams in 

a sterile 1.5 ml polypropylene Eppendorf tubes and allowed to clot at room temperature for 30 

min.  Samples were then centrifuged in a refrigerated centrifuge at 4°C for 15 min at 2,000 x g.  

The resulting supernatant (serum) was collected via Pasteur pipette and transferred into a new 

Eppendorf tube and stored at -80°C until analysis.  Serum was collected from 7 control dams and 

7 LPS dams at 4 h post injection and 6 control and 6 LPS dams at 24 h post injection.  Amniotic 

fluid samples were collected from selected fetuses from 6 different control dams (total = 28 

samples) and from 6 LPS dams (total = 26) at 4 h post injection and from 6 control dams (total = 

24) and 5 LPS dams (total = 20) at 24 h post injection.  Nineteen fetal brains were collected from 

7 different control dams and 25 fetal brains from 6 LPS dams at 4 h post injection.  Twenty-three 

fetal brains from 6 control dams and 19 brains from 5 LPS dams were collected at 24 h post 

injection.  Maternal serum and amniotic fluid were analyzed for changes in levels of pro-

inflammatory and anti-inflammatory cytokines and chemokines.  Fetal brains were analyzed for 

changes in levels of pro-inflammatory and anti-inflammatory cytokines, chemokines, and growth 

factors.  

2.4. Immunoaffinity Capillary Electrophoresis 

The samples were analyzed using chip-based immunoaffinity capillary electrophoresis 

with laser-induced fluorescence detection as previously described [201, 202].  Briefly, specific 

antibodies to the analytes of interest and their respective antigens were purchased (Table 1), and 

each antibody was reconstituted to stock solutions of 1 µg/ml in 0.1M phosphate buffer, pH 7.4.  

The antibodies were reduced to F(Ab)’2 fragments using a Pierce Biotechnology F(Ab)’2 

digestion kit according to the manufacturer’s instructions and further reduced to FAb fragments 
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by incubation with 200 mM DTT solution.  Equal parts of each digested FAb fragments were 

mixed and immobilized onto a 2-mm thiol-derivatized glass disk.  The disk was placed in the 

immunoaffinity port of a lab-on-a-chip and 200 nl of sample added to the port.  The sample was 

allowed to reside in the immunoaffinity port for 3 min, during which time the immobilized FAb 

fragments captured their respective antigens.  The sample was removed and the disk washed with 

0.5 l of 0.1 M phosphate buffer.  AlexaFluor 633 laser dye (Molecular Probes, Eugene, OR, 

USA) was introduced into the immunoaffinity port, labeling the bound antigens.  This reaction 

was allowed to take place for 2 min before again washing the port with 0.5 l of phosphate 

buffer.  Finally, the bound antigens were eluted from the FAbs by introducing 0.5 l of acid 

buffer (0.1M phosphate buffer titrated with 1N HCl to pH 1.0) and electrokinetically moving the 

released antigens into the separation channel where they were separated by applying a potential 

of 6 Kv, and the individual peaks measured in-channel by the fluorescence detector.  The 

concentration of each separated peak was calculated from calibration curves constructed from 

known standards of each antigen run under identical conditions.  Protein levels for serum and 

amniotic fluid are expressed as pg/ml fluid and as pg/g extracted protein for fetal brain.  The 

following proteins were analyzed: TNF, IL-6, IL-1, IL-10, IL-22, IP-10, MCP-1, MIP-1, 

MIP-1, MIP-2, BDNF, and NGF.  All samples were run blind as to the condition.     

2.5. Statistical analyses 

Cytokine, chemokine and growth factor data were analyzed using a 2-way between 

subjects MANOVA design with treatment and time as independent variables and the proteins 

(cytokines, chemokines, and growth factors) as multiple dependent variables. The three 

compartments (serum, amniotic fluid, and brain) were analyzed separately.  Additionally, the 
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proteins were broken down into four groups based on their biological function for analysis.  

Groups included the pro-inflammatory cytokines (TNF, IL-1 IL-6), anti-inflammatory 

cytokines (IL-10, IL-22), chemokines (IP-10, MCP-1, MIP-1, MIP-1, MIP-2), and growth 

factors (BDNF, NGF).  Effects were considered statistically significant when p<0.05.  All 

analyses were performed using SPSS 17.0 software. 

Table 1.  Information pertaining to antibodies used in ICE protocol 

Analyte Source Company  Catalog # 

TNF goat anti-rat R & D Systems AF-510-NA 

IL-1 goat anti-rat R & D Systems AF-501-NA 

IL-6 goat anti-rat R & D Systems AF506 

IL-10 goat anti-rat R & D Systems AF519 

IL-22 goat anti-rat Santa Cruz Biotechnology sc-14440 

IP-10 goat anti-rat Santa Cruz Biotechnology sc-14641 

MCP-1 goat anti-rat Santa Cruz Biotechnology sc-1785 

MIP-1 goat anti-rat Santa Cruz Biotechnology sc-1383 

MIP-1 goat anti-rat Santa Cruz Biotechnology sc-1387 

MIP-2 goat anti-rat Santa Cruz Biotechnology sc-26537 

BDNF rabbit anti-rat  Abcam Inc ab46176 

NGF goat anti-rat R & D Systems BAF556 
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3. Results 

3.1. Maternal Serum 

A 2(treatment x time) between subjects MANOVA revealed a significant main effect of 

treatment (F(3,19)=429.76, p<0.001, η
2
=.985) and time (F(3,19)=137.19, p<0.001, η

2
=.956), 

which was qualified by a treatment x time interaction (F(3,19)=137.13, p<0.001, η
2
=.956) for the 

pro-inflammatory cytokines.  Dams exposed to LPS had significantly greater levels of TNF, IL-

1 and IL-6, than control dams at both 4 h and 24 h post injection; however, the expression at 24 

h was significantly less than expression at 4 h (Fig. 1).  Significant main effects of treatment 

(F(2,20)=59.54, p<0.001, η
2
=.846) and time (F(2,20)=28.68, p<0.001, η

2
=.741) as well as a 

treatment x time interaction (F(2,20)=76.56, p<0.001, η
2
=.884) also existed for the anti-

inflammatory cytokines.  The anti-inflammatory cytokine IL-10 was significantly reduced in the 

serum of the LPS dams compared to controls at 4 h, but increased significantly at 24 h compared 

to control dams.  IL-22 was significantly increased at 4 h and 24 h compared to controls, and like 

IL-10, its levels were higher at 24 h than at 4 h (Fig. 2).  For the chemokines, there were 

significant main effects of treatment (F(5,17)=1,119.88, p<0.001, η
2
=.997) and time 

(F(5,17)=147.64, p<0.001, η
2
=.977) and a treatment x time interaction (F(5,17)=144.54, 

p<0.001, η
2
=.977) such that IP-10, MCP-1, MIP-1α, MIP-1β, and MIP-2 were significantly 

increased at 4 h and 24 h compared to controls, but their expression at 24 h was significantly less 

than their expression at 4 h (Fig. 3).  Univariate tests of between-subjects effects for each protein 

are shown in Table 2. 
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3.2. Amniotic Fluid 

Cytokine and chemokine protein levels in amniotic fluid paralleled the levels measured in 

serum but with a reduced magnitude.  Levels in amniotic fluid were approximately half those in 

serum.  For the pro-inflammatory cytokines, a 2(treatment x time) between subjects MANOVA 

revealed a significant main effect of treatment (F(3,92)=443.48, p<0.001, η
2
=.935) and time 

(F(3,92)=194.51, p<0.001, η
2
=.864), which was qualified by a treatment x time interaction 

(F(3,92)=194.15, p<0.001, η
2
=.864).  Fluid harvested from embryos belonging to dams exposed 

to LPS had significantly greater levels of TNFα, IL-1β, and IL-6 than control amniotic fluid at 

both 4 h and 24 h post injection.  However, the expression at 24 h was significantly less than 

expression at 4 h (Fig. 4).  For the anti-inflammatory cytokines, significant main effects of 

treatment (F(2,93)=193.35, p<0.001, η
2
=.804) and time (F(2,93)=83.127, p<0.001, η

2
=.641) as 

well as a treatment x time interaction (F(2,93)=168.59, p<0.001, η
2
=.784) existed.  IL-10 was 

significantly reduced in the LPS amniotic fluid compared to controls at 4 h, but increased 

significantly by 24 h.  IL-22 was increased at 4 h and 24 h relative to control and was 

significantly elevated at 24 h relative to 4 hr in LPS fluid (Fig. 5).  For the chemokines, there 

were significant main effects of treatment (F(5,90)=1193.53, p<0.001, η
2
=.985) and time 

(F(5,90)=88.28, p<0.001, η
2
=.831) and a treatment x time interaction (F(5,90)=88.76, p<0.001, 

η
2
=.831) such that IP-10, MCP-1, MIP-1α, MIP-1β, and MIP-2 were significantly increased in 

LPS amniotic fluid at 4 h and 24 h compared to controls, but their expression at 24 h was 

significantly less than their expression at 4 h (Fig. 6).  Univariate tests of between subjects 

effects for each protein are shown in Table 3. 
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3.3. Fetal Brain  

The pattern of pro-inflammatory cytokine and chemokine protein levels in fetal brain 

matched the respective patterns of these proteins in serum and amniotic fluid, albeit with a 

greatly reduced relative magnitude. Levels in brain were approximately one-tenth those in 

amniotic fluid.  Interestingly, the relative pattern of anti-inflammatory cytokines in fetal brain 

differed from that of serum and fluid.  For the pro-inflammatory cytokines, a 2(treatment x time) 

between subjects MANOVA revealed a significant main effect of treatment (F(3,59)=305.53, 

p<0.001, η
2
=.940) and time (F(3,59)=68.78, p<0.001, η

2
=.778), which was qualified by a 

treatment x time interaction (F(3,59)=68.47, p<0.001, η
2
=.777).  Fetal brains from LPS-exposed 

dams had significantly greater levels of TNFα, IL-1β, and IL-6 than control fetal brains at both 4 

h and 24 h post injection.  However, the levels at 24 h were significantly lower than at 4 h (Fig. 

7).  Significant main effects of treatment (F(2,60)=131.461, p<0.001, η
2
=.814) and time 

(F(2,60)=6.297, p<0.01, η
2
 =.173) existed for the anti-inflammatory cytokines; however, the 

treatment x time interaction failed to reach significance (F(2,60)=2.21, p=N.S.).  Similar to 

serum and amniotic fluid, IL-10 was significantly reduced at 4 h in LPS fetal brain; however, in 

contrast to fluids, it remained significantly diminished at 24 h in LPS fetal brain.  Similar to IL-

10, IL-22 in the fetal brain was significantly reduced compared to controls at both 4 h and 24 h 

post LPS injection (Fig. 8).  There were significant main effects of treatment (F(5,57)=965.44, 

p<0.001, η
2
=.988) and time (F(5,57)=86.09, p<0.001, η

2
=.883) and a treatment x time interaction 

(F(5,57)=83.13, p<0.001, η
2
=.879) for the chemokines and the growth factors (F(2,60)=376.64, 

p<0.001, η
2
=.926 treatment), (F(2,60)=9.21, p<0.001, η

2
=.235 time), (F(2,60)=3.80, p<0.05, 

η
2
=.112 interaction).  IP-10, MIP-1β, and MIP-2 were significantly increased in LPS brains at 4 

h and 24 h compared to controls, but their levels at 24 h were significantly less than at 4 h.  
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MCP-1 and MIP-1α were significantly increased at 4 h and 24 h compared to controls, and their 

24 h expression levels failed to significantly diminish, but rather remained elevated compared to 

expression at 4h (Fig. 9).  BDNF and NGF were significantly reduced at 4 h and 24 h compared 

to controls, but compared to their 4 h levels, growth factor expression in LPS fetal brains was 

significantly elevated by 24 h (Fig. 10).  Univariate tests of between subjects effects for each 

protein are shown in Table 4. 
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Figure 1.  Pro-inflammatory cytokine levels in maternal serum at 4 and 24 h post maternal LPS 

(0.25 mg/kg) or saline administration.  Results are expressed as means + SEM whereby * 

represents comparisons between LPS and control, p<0.05 and # represents comparisons between 

LPS across time, p<0.05 (2-way between subjects MANOVA).   
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Figure 2.  Anti-inflammatory cytokine levels in maternal serum at 4 and 24 h post maternal LPS 

(0.25 mg/kg) or saline administration.  Results are expressed as means + SEM whereby * 

represents comparisons between LPS and control, p<0.05 and # represents comparisons between 

LPS across time, p<0.05 (2-way between subjects MANOVA).   
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Figure 3.  Chemokine levels in maternal serum at 4 and 24 h post maternal LPS (0.25 mg/kg) or 

saline administration.  Results are expressed as means + SEM whereby * represents comparisons 

between LPS and control, p<0.05 and # represents comparisons between LPS across time, 

p<0.05 (2-way between subjects MANOVA).   
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Figure 4.  Pro-inflammatory cytokine levels in amniotic fluid at 4 and 24 h post maternal LPS 

(0.25 mg/kg) or saline administration.  Results are expressed as means + SEM whereby * 

represents comparisons between LPS and control, p<0.05 and # represents comparisons between 

LPS across time, p<0.05 (2-way between subjects MANOVA).   
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Figure 5.  Anti-inflammatory cytokine levels in amniotic fluid at 4 and 24 h post maternal LPS 

(0.25 mg/kg) or saline administration.  Results are expressed as means + SEM whereby * 

represents comparisons between LPS and control, p<0.05 and # represents comparisons between 

LPS across time, p<0.05 (2-way between subjects MANOVA).   
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Figure 6.  Chemokine levels in amniotic fluid at 4 and 24 h post maternal LPS (0.25 mg/kg) or 

saline administration.  Results are expressed as means + SEM whereby * represents comparisons 

between LPS and control, p<0.05 and # represents comparisons between LPS across time, 

p<0.05 (2-way between subjects MANOVA).   
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Figure 7.  Pro-inflammatory cytokine levels in fetal brain at 4 and 24 h post maternal LPS (0.25 

mg/kg) or saline administration.  Results are expressed as means + SEM whereby * represents 

comparisons between LPS and control, p<0.05 and # represents comparisons between LPS 

across time, p<0.05 (2-way between subjects MANOVA).   
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Figure 8.  Anti-inflammatory cytokine levels in fetal brain at 4 and 24 h post maternal LPS (0.25 

mg/kg) or saline administration.  Results are expressed as means + SEM whereby * represents 

comparisons between LPS and control, p<0.05 and # represents comparisons between LPS 

across time, p<0.05 (2-way between subjects MANOVA).   
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Figure 9.  Chemokine levels in fetal brain at 4 and 24 h post maternal LPS (0.25 mg/kg) or saline 

administration.  Results are expressed as means + SEM whereby * represents comparisons 

between LPS and control, p<0.05 and # represents comparisons between LPS across time, 

p<0.05 (2-way between subjects MANOVA).   
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Figure 10.  Growth factor levels in fetal brain at 4 and 24 h post maternal LPS (0.25 mg/kg) or 

saline administration.  Results are expressed as means + SEM whereby * represents comparisons 

between LPS and control, p<0.05 and # represents comparisons between LPS across time, 

p<0.05 (2-way between subjects MANOVA).   
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Table 2. Univariate tests of between subjects effects for maternal serum 

Source 

Dependent 

Variable df F Sig. 

Partial 

Eta 

Squared 

Observed 

Power 

Treatment TNF 1,21 1,301.390 .000 .984 1.000 

IL-1 1,21 565.985 .000 .964 1.000 

IL-6 1,21 413.504 .000 .952 1.000 

IL-10 1,21 6.71 .017 .242 .69 

IL-22 1,21 114.112 .000 .845 1.000 

IP-10 1,21 1,478.714 .000 .986 1.000 

MCP-1 1,21 774.579 .000 .974 1.000 

MIP-1 1,21 262.196 .000 .926 1.000 

MIP-1 1,21 799.305 .000 .974 1.000 

MIP-2 1,21 685.786 .000 .970 1.000 

Time TNF 1,21 428.133 .000 .953 1.000 

IL-1 1,21 197.136 .000 .904 1.000 

IL-6 1,21 174.934 .000 .893 1.000 

IL-10 1,21 26.64 .000 .56 .99 

IL-22 1,21 29.617 .000 .585 .999 

IP-10 1,21 233.999 .000 .918 1.000 

MCP-1 1,21 23.004 .000 .523 .995 

MIP-1 1,21 52.315 .000 .714 1.000 

MIP-1 1,21 107.927 .000 .837 1.000 

MIP-2 1,21 39.694 .000 .654 1.000 
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Treatment * Time TNF 1,21 428.116 .000 .953 1.000 

IL-1 1,21 197.372 .000 .904 1.000 

IL-6 1,21 175.093 .000 .893 1.000 

IL-10 1,21 73.88 .000 .78 1.000 

IL-22 1,21 76.283 .000 .784 1.000 

IP-10 1,21 231.046 .000 .917 1.000 

MCP-1 1,21 17.338 .000 .452 .978 

MIP-1 1,21 52.213 .000 .713 1.000 

MIP-1 1,21 104.244 .000 .832 1.000 

MIP-2 1,21 39.707 .000 .654 1.000 
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Table 3. Univariate tests of between subjects effects for amniotic fluid 

Source 

Dependent 

Variable df F Sig. 

Partial 

Eta 

Squared 

Observed 

Power 

Treatment TNF 1,94 506.256 .000 .843 1.000 

IL-1 1,94 833.280 .000 .899 1.000 

IL-6 1,94 543.300 .000 .853 1.000 

IL-10 1,94 5.127 .026 .05 .611 

IL-22 1,94 384.773 .000 .804 1.000 

IP-10 1,94 1,472.773 .000 .940 1.000 

MCP-1 1,94 1,348.317 .000 .935 1.000 

MIP-1 1,94 1,662.154 .000 .946 1.000 

MIP-1 1,94 1,795.331 .000 .950 1.000 

MIP-2 

 

1,94 

 

1,089.943 

 

.000 

 

 

.921 

 

1.000 

 

Time TNF 1,94 103.239 .000 .523 1.000 

IL-1 1,94 198.691 .000 .679 1.000 

IL-6 1,94 83.233 .000 .470 1.000 

IL-10 1,94 57.13 .000 .380 1.000 

IL-22 1,94 109.271 .000 .538 1.000 

IP-10 1,94 53.304 .000 .362 1.000 

MCP-1 1,94 78.798 .000 .456 1.000 

MIP-1 1,94 83.712 .000 .471 1.000 

MIP-1 1,94 216.713 .000 .697 1.000 

MIP-2 1,94 

 

64.172 

 

.000 

 

.406 

 

1.000 
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Treatment * Time TNF 1,94 103.217 .000 .523 1.000 

IL-1 1,94 198.615 .000 .679 1.000 

IL-6 1,94 83.298 .000 .470 1.000 

IL-10 1,94 60.03 .000 .390 1.000 

IL-22 1,94 278.098 .000 .747 1.000 

IP-10 1,94 53.990 .000 .365 1.000 

MCP-1 1,94 81.092 .000 .463 1.000 

MIP-1 1,94 80.829 .000 .462 1.000 

MIP-1 1,94 220.398 .000 .701 1.000 

MIP-2 1,94 

 

61.192 

 

.000 

 

.394 

 

1.000 
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Table 4.  Univariate tests of between subjects effects for fetal brain 

Source 

Dependent 

Variable df F Sig. 

Partial 

Eta 

Squared 

Observed 

Power 

treatment TNF 1,61 562.324 .000 .902 1.000 

IL-1 1,61 843.839 .000 .933 1.000 

IL-6 1,61 937.823 .000 .939 1.000 

IL-10 1,61 261.134 .000 .811 1.000 

IL-22 1,61 29.374 .000 .325 1.000 

IP-10 1,61 505.155 .000 .892 1.000 

MCP-1 1,61 822.155 .000 .931 1.000 

MIP-1 1,61 786.108 .000 .928 1.000 

MIP-1 1,61 1,427.778 .000 .959 1.000 

MIP-2 1,61 956.054 .000 .940 1.000 

NGF 1,61 35.939 .000 .371 1.000 

BDNF 1,61 49.715 .000 .449 1.000 

time TNF 1,61 115.123 .000 .654 1.000 

IL-1 1,61 190.048 .000 .757 1.000 

IL-6 1,61 207.807 .000 .773 1.000 

IL-10 1,61 1.387 .243 .022 .213 

IL-22 1,61 9.593 .003 .136 .862 

IP-10 1,61 149.418 .000 .710 1.000 

MCP-1 1,61 2.670 .107 .042 .363 

MIP-1 1,61 .004 .951 .000 .050 

MIP-1 1,61 170.213 .000 .736 1.000 

MIP-2 1,61 86.116 .000 .585 1.000 

NGF 1,61 .504 .480 .008 .108 

BDNF 1,61 .876 .353 .014 .152 
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treatment * time TNF 1,61 114.875 .000 .653 1.000 

IL-1 1,61 188.167 .000 .755 1.000 

IL-6 1,61 207.602 .000 .773 1.000 

IL-10 1,61 .81 .371 .013 .144 

IL-22 1,61 2.938 .092 .046 .393 

IP-10 1,61 146.428 .000 .706 1.000 

MCP-1 1,61 2.340 .131 .037 .325 

MIP-1 1,61 .006 .939 .000 .051 

MIP-1 1,61 161.412 .000 .726 1.000 

MIP-2 1,61 83.129 .000 .577 1.000 

NGF 1,61 .927 .339 .015 .158 

BDNF 1,61 2.350 .130 .037 .326 
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4. Discussion  

The present study investigated the immunological consequences of maternal LPS as 

determined by measures of cytokine, chemokine, and growth factor protein levels in the maternal 

serum, amniotic fluid, and fetal brain 4 and 24 h post injection.  The purpose was to validate the 

hypothesis put forth in Study 1 that activation of the maternal immune system and cytokine 

induction in the maternal-fetal unit ultimately leads to the changes in the developmental profile 

of postnatal behaviors measured in Study 1.  The association between maternal infections and 

increased risk for neuropsychiatric disorders including schizophrenia and autism has led to what 

Meyers et al. (2008) call the ―prenatal cytokine hypothesis of psychiatric disorders‖ [134].  This 

hypothesis was first put forth by Gilmore and Jarskog (1997) and simply posits that activation of 

the maternal immune system, specifically pro-inflammatory cytokine induction, permanently 

alters fetal brain development [98].  The downstream mechanisms by which the presence of pro-

inflammatory cytokines in the fetal environment perturbs brain development remain unknown; 

however, the gene expression results presented in Study 3 offer a potential mechanism by which 

MIA alters neurodevelopment.   

We showed large increases in pro-inflammatory cytokine levels in maternal serum, 

amniotic fluid, and fetal brain following maternal LPS.  The pattern of induction was identical 

across these three compartments with the only difference being the induction magnitude.   The 

greatest induction was present in the maternal serum followed by progressive, decreases in 

magnitude in the amniotic fluid and fetal brains.  The successive magnitude reductions from the 

serum to the brain could be indicative of the maternal-fetal protective barriers in place that filter 
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out complete passage of cytokines, such that a fraction of cytokines/chemokines is passing from 

serum to amniotic fluid to brain.  The serum, fluid and brain chemokine response was virtually 

identical to that of the pro-inflammatory cytokines with a greater elevation at 4 h than 24 h.  Two 

chemokines, MCP-1 and MIP-1, behaved differently in the fetal brain than in the serum or 

fluid.  Their levels did not drop off at 24 h; rather, there was no difference in their 4 and 24 h 

induction levels.  This is not surprising when their mRNA expression levels from Study 3 are 

considered.  There was a significant increase in their mRNA expression levels at 4 h indicating 

that the fetal brain is eliciting an inflammatory chemokine response, which would explain their 

sustained protein elevation at 24 h.  The present pro-inflammatory cytokine and chemokine 

results are highly consistent with others that have shown increased protein in the serum, amniotic 

fluid, and fetal brain following MIA [72, 86, 105-108, 110, 193, 203, 204].  The results are 

unique with regards to the time course of cytokine elevation.  We demonstrated that the 

inflammatory response, albeit diminishing, is still strongly present at 24 h.  Others have shown 

that maternal-fetal cytokines return to near basal levels by 24 h post maternal LPS [105-107, 

203].  The discrepancy is likely due to differences in assay sensitivity between the studies.  The 

anti-inflammatory cytokine results are somewhat inconsistent with previous reports.  In the 

current study, the pattern of IL-10 induction was identical for serum and amniotic fluid; it was 

diminished at 4 h but significantly increased at 24 h.  However in fetal brain, the levels remained 

suppressed even at 24 h.  It appears as if the anti-inflammatory actions of IL-10 are being 

inhibited by the overwhelming pro-inflammatory response.  It is also possible that IL-10 is 

reduced because of its over-activity; meaning that it is being ―used up‖ to suppress local 

inflammation at a rate greater than its production.  The IL-10 pattern is in contrast to that of a 

previous study in which LPS was administered on ED 18 in the rat, resulting in increased serum 
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IL-10 protein at 1 and 6 h post LPS with no significant difference at 24 h.  They did not measure 

IL-10 protein in the fetal brain but did measure cytokine mRNA and failed to detect cytokine 

transcript induction of either pro-or anti-inflammatory cytokines [106].  This is consistent with 

Study 3, which suggests that the cytokine protein detected in brain is not of fetal origin.  

There have been far fewer investigations into the effects of MIA on neurotrophin levels.  

One previous study found a slight increase in BDNF and NGF protein in the fetal rat brain 2 and 

8 h following an i.p. injection of 0.5 mg/kg LPS on ED 16.  Similar to our results, by 24 h NGF 

protein was reduced in the LPS brains, whereas BDNF remained elevated [72].  The same 

authors found no change in fetal brain trophic factors following ED 16 maternal polyI:C [204].  

Our results are more similar to those of Guan and Fang [175] who found widespread cortical and 

hippocampal reductions of BDNF and NGF in the adult rat 7 h following varying doses (0.1, 0.3, 

1.0 mg/kg) of LPS.  Although they did not administer LPS prenatally, the effects on trophic 

factors were identical to ours.  A loss of trophic support as indicated by our results could affect a 

variety of developmental events.  BDNF and NGF are two of the most well-characterized 

neurotrophic factors, both of which play critical roles in the developing and adult brain.  During 

CNS development, BDNF and NGF influence axonal guidance, synapse formation and 

maturation, neuronal survival, and neurite outgrowth [205-208].  The developing fetus relies on 

BDNF and NGF being supplied from the placenta and amniotic fluid [209].  Because we did not 

observe a simultaneous reduction in BDNF or NGF mRNA levels (Study 3), one can speculate 

that the reduced brain levels are a result of diminished trophic factor transport from the placenta 

and amniotic fluid, rather than a reduction in fetal brain production.  Examination of placental 

BDNF and NGF gene expression would determine if maternal LPS down-regulates placental 

synthesis of these trophic factors.  
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According to the theory of cytokine-mediated MIA-induced brain maldevelopment, 

maternal inflammation can affect the fetal brain via multiple routes with three possible cytokine 

sources: maternal, placental, or fetal [118].  It is possible that maternal cytokines pass through 

the placenta directly and enter fetal circulation.  The ability for specific cytokines to penetrate the 

placental barrier appears to depend on the class of cytokine and gestational age.  For instance, 

there is much greater transplacental passage of radiolabeled IL-6 into rat fetuses during mid vs. 

late gestation periods (e.g., ED 11-13 vs. ED 17-19) [210].  A second source of cytokines is the 

placenta itself.  Cytokines of virtually all classes are present in the human placenta.  

Additionally, there is an extensive placental network of pattern recognition receptors including 

toll-like receptor-2/4, which selectively bind LPS leading to cytokine production by activated 

placental macrophages and trophoblast cells [211, 212].  There is growing evidence that the 

placenta is the critical component of the maternal-fetal unit and that preventing placental 

inflammation protects the fetus from the effects of MIA.  In the first study of its kind [111], co-

administration of an IL-1 receptor antagonist with LPS on ED 18-20 prevented the deleterious 

outcomes associated with maternal LPS, including placental pathology and inflammation, 

reduced litter size, fetal, postnatal neuroinflammation, and postnatal behavioral disturbances.  In 

their model, multiple i.p. injections of LPS on ED 18-20 (0.2 mg/kg) resulted in dramatic 

placental damage characterized by localized lesions, cell death, macrophage infiltration, pro-

inflammatory cytokine activity (protein and mRNA), and reduced blood perfusion indicated by a 

reduction in red blood cells.  Additionally, offspring born to LPS-dams had increased numbers of 

proliferating microglia and impaired rotarod performance.  Blocking IL-1activity protected 

against placental inflammation and damage, which the authors conclude is responsible for the 

prevention of spontaneous abortions, low litter size, fetal/neonatal inflammation, and motor 
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disturbances [111].  Placental tissue was not examined in the present study, so it is not possible 

to address this issue.  Lastly, cytokines may be produced locally by the fetus, both by the 

peripheral immune system and by microglia of the CNS [113].  Regardless of their source, if 

cytokines do gain access to the developing fetal brain, they can exert their effects directly on 

neurons.  For instance, in vitro studies have demonstrated the harmful effects of exogenous 

cytokines on survival of embryonic serotonergic and dopaminergic neurons [98], and 

hippocampal, [120, 198, 199, 213], cortical [119], and cerebellar neurons [200]. 

In summary, pro-inflammatory cytokines and chemokines were detected in the three 

critical compartments of the maternal-fetal unit, including maternal serum, amniotic fluid, and 

fetal brain following maternal LPS.  Unlike previous reports, these results indicate a prolonged 

inflammatory response as indicated by sustained cytokine and chemokine levels at 24 h post 

injection.   While the source of inflammatory molecules in the fetal brain cannot be definitely 

stated, the results in conjunction with Study 3 argue against a fetal brain cytokine response 

because examination of tissue from fetuses belonging to the same litter showed no changes in 

cytokine mRNA expression despite substantial increases in cytokine proteins.  This indicates that 

maternal LPS is not capable of eliciting a cytokine response by the fetal brain.  Finally, maternal 

LPS reduced BDNF and NGF fetal brain levels, which could represent an additional mechanism 

by which MIA alters brain development and serves as a risk factor for atypical neuropsychiatric 

development.   
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Study 3  

Genome-wide mRNA expression changes in the whole fetal rat brain as a consequence of 

maternal lipopolysaccharide exposure 
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ABSTRACT 

 Maternal immune activation (MIA) resulting from maternal viral or bacterial infections 

during pregnancy is an etiological risk factor for a number of CNS disorders including cerebral 

palsy, schizophrenia, and autism.  In this study, the fetal brain molecular consequences of MIA 

were examined by microarray analysis of genome-wide changes in mRNA expression levels.  

Pregnant Sprague-Dawley dams were administered an i.p. injection of LPS (0.25 mg/kg) on 

embryonic day 15, and at 4 h, 24 h, and 7 days (day of birth) post injection, whole fetal/neonatal 

brains were harvested for microarray analysis on Affymetrix Rat GeneChip 1.0 ST chips.  Only 

the 4 h collection time produced significant effects.  Maternal LPS resulted in a significant up-

regulation of 2,192 genes and significant down-regulation of 1,093 using a 1.3-fold threshold 

criterion.  Ingenuity Pathway Analysis revealed that many of the most highly up-regulated genes 

clustered in pathways related to cellular stress and cell death, whereas the down-regulated genes 

related to CNS development, specifically neuronal migration processes.  The -amino butyric 

acid (GABA)ergic interneuron system was preferentially affected by maternal treatment as 

shown by the down-regulation of a number genes critical for their migration and maturation.  

These results offer novel mechanisms by which maternal LPS can lead to faulty CNS 

neurodevelopment.    
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1. Introduction 

 

Fetal brain development is dependent upon a series of precisely regulated and coordinated 

processes, including neurogenesis, migration, differentiation, synaptogenesis, and apoptosis 

[214].  Each of these stages is under strict genetic control, and is vulnerable to disruption by a 

number of environmental risk factors, including but not limited to, maternal stress and drug, 

ethanol, or nicotine use [215, 216].  Maternal infection, hereby referred to as maternal immune 

activation (MIA), is another factor that can interfere with ongoing neurodevelopment and 

increase risk for neurological and psychiatric disorders, including cerebral palsy, schizophrenia, 

and autism [103].  Whereas the exact mechanisms by which MIA can disrupt fetal brain 

development remain unclear, it is believed that the induction of the maternal cytokine response 

and the cascade of downstream cellular and molecular events are responsible for the altered brain 

development and increased risk for atypical developmental outcomes [118].  Maternal bacterial 

or viral infections can be modeled in rodents by administering various immunologic stimuli to 

pregnant dams and then examining the effects on the developing fetus.  Consequences of 

bacterial infections can be studied using the gram-negative bacterial endotoxin LPS, whereas 

consequences of maternal viral infection can by studied using the human influenza virus or the 

synthetic viral mimic polyI:C.  The benefit of LPS and polyI:C is that they mimic the host’s 

innate immune response to a bacterial or viral infection, respectively, without the use of a live 

pathogen.   

These three models have been frequently employed to determine the behavioral, 

immunological, morphological, physiological, and molecular effects of MIA on offspring born to 

immune-challenged dams (for review [48, 103]).  A number of behavioral changes are observed 

in rat or mice following maternal LPS.  The most commonly reported behavioral disturbance in 
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rat offspring born to LPS-exposed dams is reduced prepulse inhibition of the acoustic startle 

response [85, 131, 132, 217].  As previously discussed in Study 1, deficits in exploration and 

social behaviors are also present in offspring born to LPS-challenged dams [145, 146, 148].  

Similar deficits are also seen in offspring born to influenza or polyI:C-exposed dams [99, 101, 

102, 133, 135, 136, 138].  The biological consequences of maternal LPS have recently become 

the focus of many MIA studies.  Maternal LPS has been shown to increase fetal brain pro-

inflammatory cytokine protein or mRNA expression [86, 110, 193] and alter trophic factor 

protein levels in the fetal brain [72, 107].  Additional physiological changes in offspring born to 

LPS-exposed dams include alterations in the dopaminergic and serotonergic neurotransmitter 

systems [218], reduced hippocampal neurogenesis [219], reduced hippocampal and cortical 

dendritic lengh, arborization, and spine density [107, 220], increased apoptosis [221], white 

matter injury [221-225], and altered mRNA expression of developmental genes in the fetal brain 

[109].  Two previous microarray and imaging studies report reduced expression of a subset of 

myelin-associated genes and white matter atrophy in the neonatal mouse brain following 

maternal influenza treatment [226, 227].  There have been no published reports using whole-

genome microarray of the fetal brain to assess changes in gene expression following maternal 

LPS.   

The goal of the present study was to assess changes in global gene expression in the 

whole fetal brain 4 h post ED 15 maternal LPS administration.  It was hypothesized that maternal 

LPS would result in changes in genes known to regulate developmental processes, as well as 

increase gene expression of genes involved in the inflammatory response.  To our knowledge, 

this was the first fetal brain microarray study following maternal LPS in the rat.  In the present 

study, maternal LPS failed to induce a fetal pro-inflammatory cytokine response, which is 
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consistent with the published literature.  Instead, genes associated with hypoxia and cell death, 

rather than inflammation, were up-regulated.  In contrast, down-regulated genes were commonly 

those involved in a variety of neurodevelopmental processes.  Genes controlling axonal guidance 

and migration processes were over-represented as a category in the down-regulated group.  To 

our surprise, the -amino butyric acid (GABA)ergic interneuron system appeared to be 

specifically targeted by maternal LPS treatment as shown by reduced expression of a number of 

transcription factors that guide interneuron migration and differentiation.  Alterations in genes 

responsible for proper neuronal neurogenesis, migration, and differentiation may offer a novel 

mechanism for the postnatal disturbances seen in offspring born to LPS-challenged dams.    

  



84 
 

2. Materials and Methods 

2.1. Animals  

Female Sprague-Dawley rats (Harlan, Indianapolis, IN) were bred in-house.  Daily 

vaginal smears were collected to monitor the estrous cycle, and females underwent a single night 

of mating.  The presence of a sperm plug the following morning represented embryonic day (ED) 

0.  Weights were obtained on a weekly basis to confirm pregnancy.  All animals were housed 

under standard light conditions (12 h light/12 h dark with lights on between 6 a.m. and 6 p.m.).  

All experimental protocols were approved by the NIMH Intramural Research Program Animal 

Care and Use Committee.   

2.2. Maternal Immune Activation  

Pregnant Sprague-Dawley females received either an intraperitoneal injection of 

Escherichia coli 05:B55 lipopolysaccharide (LPS; 0.25 mg/kg; Sigma, St. Louis, MO), diluted (1 

mg/ml) in phosphate-buffered saline (PBS) or equivalent volume of PBS vehicle on embryonic 

day (ED) 15.  Dams were monitored following the injection for signs of vaginal bleeding, weight 

loss, illness or sickness behavior.  Many LPS-injected females displayed signs of miscarriage 

within 24 h of the injection.     

2.3. Tissue collection  

Four or 24 h following maternal LPS or saline injections, pregnant dams were 

anesthetized and decapitated.  A midline incision was made into the peritoneal cavity to expose 

the embryos.  Embryos were removed and placed in cold PBS while brains were carefully 

dissected and placed in 1.5 Eppendorf tubes filled with 1ml Trizol (Invitrogen, USA).  Day of 



85 
 

birth tissue was collected by anesthetizing pups on ice, followed by rapid decapitation.  Whole 

brains were placed in 1.5 ml Eppendorf tubes filled with 1 ml Trizol (Invitrogen, USA).  All 

samples were stored at -80°C until processing.  Ten brains from 4 control litters and 9 brains 

from 5 LPS litters were collected at 4 h post injection.  Ten brains from another 4 control litters 

and 4 LPS litters were collected at 24 h post injection.  Ten brains from 4 control litters and 10 

brains from 3 LPS litters were collected at PN 0 (day of birth).  Samples were not pooled for 

analysis. 

2.4. RNA Isolation and quantitative real-time PCR (qRT-PCR) 

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA ) according to 

the manufacturer’s protocol. Total RNA was quantitated on a spectrophotometer (NanoDrop, 

Thermo Scientific, USA) and reverse transcribed using a Superscript III First Strand cDNA 

Synthesis Kit (Invitrogen, USA).  Two-step real-time qRT-PCR with 2x SYBR Green Master 

Mix (Bio-Rad, Hercules, CA) was performed using the Bio-Rad iQ5 iCycler.  The endogenous 

-tubulin gene was used to normalize quantification of the mRNA target.  All primers were 

validated and sequenced prior to this experiment and are shown in Table 1.  Fold differences in 

gene expression were calculated using the  ct method.   

2.5. Microarray Processing 

A total of 59 samples were prepared according to Affymetrix protocols (Affymetrix, Inc). 

RNA quality and quantity was ensured using the Bioanalyzer (Agilent, Inc) and NanoDrop 

respectively.  Per RNA labeling, 200 ng of total RNA was used in conjunction with the 

Affymetrix recommended protocol for the GeneChip 1.0 ST chips.  The hybridization cocktail 

containing the fragmented and labeled cDNAs was hybridized to the Affymetrix Rat GeneChip® 
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1.0 ST chips.  The chips were washed and stained by the Affymetrix Fluidics Station using the 

standard format and protocols as described by Affymetrix.  The probe arrays were stained with 

streptavidin phycoerythrin solution (Molecular Probes, Carlsbad, CA) and enhanced by using an 

antibody solution containing 0.5 mg/mL of biotinylated anti-streptavidin (Vector Laboratories, 

Burlingame, CA). An Affymetrix Gene Chip Scanner 3000 was used in conjunction with 

Affymetrix GeneChip Operation Software to generate probe-level data for 29,215 rat gene 

fragments per hybridized cRNA.  Cel files generated by the Affymetrix AGCC program were 

imported into the Affymetrix Expression Consol program and RMA (Robust Multichips 

Analysis) normalization was performed to generate the .Chp files. 

2.6. Microarray and qRT-PCR Statistical Analysis  

Microarray.  The statistical programming language R was used (http://cran.r-project.org/).  RMA  

(http://www.bioconductor.org/) was employed for probe-level data summarization and 

normalization.  Data quality was accomplished by visual inspection by Tukey box plot, 

covariance-based Principle Component Analysis (PCA), scatter plot, and correlation-based Heat 

Map.  System noise was defined as the lowest observed mean data value at which the LOWESS 

fit of the normalized data (CV~mean) changes from non-linear to linear.  Gene fragments not 

having at least one data value greater than system noise were discarded.  Remaining data were 

floored to system noise and subjected to the Welch-modified t-test on a gene fragment by gene 

fragment basis with a Benjamin-Hochberg correction and false discovery rate of p<0.05 and fold 

change threshold >1.3.  Evaluation of sample-level relationships post gene fragment selection 

involved use of covariance-based PCA, Hierarchical clustering, and Pearson correlation.  

Enriched pathways and functions for the selected gene fragments were determined using 

Ingenuity Pathway Analysis (Ingenuity, Inc.).  Initial analysis was conducted in an unsupervised 
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manner using the complete list of all gene fragments regardless of regulation direction.  

Additional supervised analyses were conducted using separate gene fragment lists based on 

regulation direction (up versus down-regulation).   

qRT-PCR.  Statistical significance was determined by using an independent samples Student’s t-

tests comparing the mean  ct values for control and LPS for each target gene.  Statistical 

significance was defined as p<0.05.  Data are presented as fold changes. 
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Table 1.  PCR primer sequences for genes selected from 4 h microarray  

Gene  Primer Sequence (5'-3') 

Product 

Size (bp) 

AUT2 
F: ACGAGAAGCCCTTACCAATG     

R: GCAGAGATTGCGGTCATTTT 
103 

CELSR3 
F: ACAGCCTCTGCACTTGGAC      

R: AGGAGTGACCCTCGCTTCTG 
103 

DCLK2 
F: AATAATGCGCTCCCCAAAC        

R: GCTCCCTGGATGATTTGCT      
130 

DLX1 
F:TACCTAGCTCTGCCTGAGAGG   

R:TCTTGAACTTGGAGCGTTTGT 
140 

DLX2 
F: AGTATCTGGCCCTGCCTGAG     

R:ATCTCGCCACTCTTCCACATC 
124 

DLX5 
F: ACTGACGCAAACACAGGTGA    

R: GCGAGTTACACGCCATAGG 
128 

GABBRI 
F: CAAGAGCGTGTCCACTGAAA    

R: TGGAAAGGATCATGGTCACA 
128 

GPC2 
F: TACTTCGAGTCCCGATGTCC   

R:ATCATGCATGTCAAGGTCCTG 
106 

CCL-2 (MCP-1) 
F:CATTCACTGGCAAGATGATCC  

R:ATTCCTTATTGGGGTCAGCAC 
135 

MECP2 
F: GGACGCGAAAGCTTAAACAG  

R: AGGAGGTGTCTCCCACCTTT 
231 

CCL-3 (MIP-1) 
F: CTATGGACGGCAAATTCCAC  

R: CTTGGACCCAGGTCTCTTTG 
137 

NAV1 
F: CCGGAGGATAGGACAGTCAA  

R: GTCTCTCGATCTGGCGACTC 
174 

NEFM 
F: GAGATCGCCGCATATAGGAA  

R: AGGGCTGTCGGTGTGTGTA 
185 

NB 
F:CGAATCAGAGGAATTGGACCT  

R:AGCGCTCTGCATAAAACACTG 
104 

PLXNA2 
F: GCCACGGAGTTCAATATGCT  

R: ACCTTGTAGGCCAGTCGTTG 
128 

PLXNA3 
F: CTCCATGCCAATGACTTCAA  

R: AAGAGGCATCTCGGTCCAG 
151 

PLXN4A 
F: CGAACAAGCTGCTCTACGC  

R: TACGCGTTCATGTCCTGGT 
112 

POU3F4 
F: TTTCCTCAAGTGTCCCAAGC  

R: CCTGGCGGAGTCATTCTTT 
132 

PCADB6 
F: TGAAGTGTAGCGCACCTTTG  

R: CGGTGTTAGCGTCTCAGGAT 
198 

SCL32A1 
F: GGTCACGACAAACCCAAGAT  

R: GGAGGATGGCGTAGGGTAGA 
176 

SEMA4C 
F: GCTGCAGGTGTTTGACCAG  

R: CAGCGACAGCTGAACCAGT 
103 

SHANK3 
F:AATAAAGACACTCGCTCCTTGG  

R: TGAGATGGTGCTCAGCTCAC 
160 

-TUBULIN 
F: GTCGGACACTGTGGTGGAGC  

R: TGGTCAGAGGTGCGAAGCC 
301 
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3. Results 

3.1. Microarray Genomic Profiling  

Following rigorous noise detection and significance testing, no significant changes in 

gene expression were observed for the 24 h and day of birth data.  All of the data presented are 

for the 4 h time-point.  29,215 gene fragment expression measurements were generated per 

sample; no sample outliers were observed.  Measurement data for 8,161 gene fragments were 

discarded as noise, leaving 21,054 gene fragments for significance testing.  The fold change 

threshold was initially set at >1.5, which yielded a total of 896 gene fragments (755 up-regulated 

and 141 down-regulated) with significant differences in expression between LPS (n=9) and 

control (n=10) groups at 4 h post injection.  The fold change threshold criterion was reduced to 

>1.3, and 3,285 gene fragments were selected as significantly changing between LPS (n=9) and 

control (n=10) groups.  All data presented and discussed are based on the 1.3-fold change 

criteria.  The majority of dysregulated genes were up-regulated at 4 h post maternal LPS.  

Specifically, 67% (2,192/3,285) of the gene fragments were up-regulated, whereas 33% 

(1,093/3,285) were down-regulated.  Selected up-regulated genes are shown in Table 2, and 

selected down-regulated genes are shown in Tables 3 and 4.    

3.2. Enriched Canonical Pathways and Functions for LPS Fetal Brain  

An unsupervised analysis of the 3,285 gene fragments revealed 25 canonical pathways 

and 71 biological function categories that were significantly enriched for in the LPS fetal brain.  

Of the canonical pathways enriched for, 88% (22/25) were (S)ignaling-related and 22% (3/25) 

were (M)etabolic-related (Table 5).  The top five functions per category are shown in Table 6.  

Of the enriched functions, 35% (25/71) were related to Molecular and Cellular Functions (Table 

6), 34% (24/71) were related to Diseases and Disorders (Table 6), and 31% (22/71) were related 
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to Physiological System Development and Function (Table 6).  The biological function with the 

greatest significance regardless of function type (e.g., molecular and cellular, diseases and 

disorders, physiological system development) was the category ―Neurological Disease.‖   

The 3,285 genes were segregated by regulation direction and underwent a supervised 

analysis to determine significantly enriched pathways and functions for the up- (2,192) versus 

down-regulated (1,093) gene fragments.  Analysis of the 2,192 up-regulated gene fragments 

revealed significance for 21 canonical pathways and 73 enriched biological functions.  Analysis 

of the 1,093 down-regulated gene fragments revealed significance for 40 canonical pathways and 

71 enriched biological functions.  The top canonical pathways and enriched biological functions 

for the up-regulated and down-regulated genes when analyzed independently are shown in 

Tables 7-9.  The biological function with the greatest significance for the up-regulated genes was 

―Cell Cycle,‖ and the top biological function for the down-regulated genes was ―CNS 

Development and Function.‖      
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Table 2.  Selected up-regulated genes from 4 h microarray ranked by fold change   

Rank Gene Symbol  

Primary IPA 

Biological 

Function(s)   

Array 

Fold 

Change  

 Array 

p-

value   

qRT-

PCR 

fold 

Change 

1 
Apolipoprotein L domain 

containing 1 
APOLD1 

Response to 

hypoxia 
2.92 1E-.05 -- 

2 
Erythroid associated 

factor 

ERAF 

(AHSP) 

Cellular 

stress 
2.77 0.001 -- 

3 
Arrestin domain 

containing 3 
ARRDC3 Unknown 2.47 0.0002 -- 

4 
Hemoglobin, A 

(Embryonic h1 globin) 
HBG1 

Oxygen 

transport, cell 

death  

2.31 0.0003 -- 

5 

BCL2/adenovirus E18 

19KDa interacting protein 

3 

BNIP3 Apoptosis 2.28 3E-06 -- 

6 

Leucine rich repeat 

coiled-coil domain 

containing 1 

LRRCC1 Cell cycle 2.22 5E-08 -- 

7 Choroideremia  CHM 
Blood vessel 

development 
2.22 8E-08 -- 

8 Caveolin 1 CAV1 

Response to 

Hypoxia, cell 

death  

2.11 1E-05 -- 

9 

Mannosyl (-1,3)-

glycoprotein B-1,4-N-

acetylgluosaminyltransfer

ase isozyme C 

MGAT4C Cancer 2.10 3E-06 -- 

10 
TRAF family member-

associated NFB activator 
TANK 

Immune 

response 
2.10  7E-08  -- 

82 Programmed cell death 10 PDCD10 Apoptosis 1.81 
2.94E-

07  
-- 

454 Caspase 8 CASP8 Apoptosis 1.53 
3.55E-

07 
-- 

514 
Chemokine (C-C motif) 

ligand 3  

CCL-3 

(MIP-1) 

Immune 

response 
1.51 0.0006 3.70 * 

798 Programmed cell death 6 PDCD6 Apoptosis 1.45 
1.92E-

06 
-- 

862 
Defender against cell 

death  
DAD1 Apoptosis 1.44 0.003 -- 

1216 Programmed cell death 5 PDCD Apoptosis 1.39 3E-07 -- 
1526 Caspase 3 CASP3 Apoptosis  1.32 3E-06 -- 

N/A 
Chemokine (C-C motif) 

ligand 2  

CCL-2  

(MCP-1) 

Immune 

response 
1.28 0.001  2.52 * 

N/A Tumor necrosis factor  TNF 
Immune 

response 
NC 0.60 NC 

N/A Interleukin 1 IL-1 
Immune  

response 
NC 0.50 NC 

N/A Interleukin 6  IL-6 
Immune 

response  
NC 0.70 NC 

Abbreviations: IPA-Ingenuity Pathway Analysis; N/A-below 1.3-fold change threshold criteria; NC-no change;  

* p<.001; -- did not run PCR analysis 
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Table 3. Selected down-regulated genes from 4 h microarray ranked by fold change  

Rank  Gene Symbol  
Specific 

Function 

Array 

Fold 

Change  

 Array 

p-value   

qRT-

PCR 

Fold 

Change 

qRT-

PCR 

 p-

value  

2 Distal-less 5 DLX5 
Interneuron 

migration 
-2.02 4E-07 -1.95 0.0378 

3 Distal-less 1 DLX1 
Interneuron 

migration 
-1.82 2E-05 -4.27 0.0001 

4 

Autism 

susceptibility 

candidate 2 

AUT2 * Unknown  -1.82 1E-05 -4.52 0.0035 

5 Glypican 2 GPC2 
Axon guidance/ 

differentiation 
-1.76 2E-06 -2.00 0.0053 

6 Neurobeachin NB Synaptogenesis -1.76 7E-06 -1.63 0.0231 

8 Distal-less 2 DLX2 
Interneuron 

migration 
-1.74 3E-05 -4.67 0.0043 

10 

Cadherin, EGF 

LAG seven-pass 

cadherin G-type 

receptor 3  

CELSR3 Axon guidance  -1.67 1E-06 -2.87 0.0024 

11 

Neurofilament 

medium 

polypeptide 

NEFM 
Axon 

morphology 
-1.64 4E-06 -3.31 0.0000 

13 Plexin 4A PLXN4A Axon guidance -1.64 3E-06 -2.38 0.0056 

14 

Solute carrier 

family 32 (GABA 

vesicular 

transporter), 

member 1 

SLC32A1 
Vesicular release 

of GABA  
-1.63 8E-06 -2.79 0.0089 

20 Semaphorin 4C SEMA4C Axon guidance -1.52 7E-06 -2.83 0.0027 

21 Protocadherin B6 
PCDHB6 

 
Synaptogenesis -1.60 4E-04 -2.74 0.0024 

31 Plexin A2 PLXNA2 Axon guidance -1.56 6E-05 -5.07 0.0021 

34 Plexin A2 PLXNA3 Axon guidance -1.56 6.E-05 -5.07 0.002 

37 Neuron navigator 1 NAV1 Migration -1.55 9E-07 -2.14 0.0055 

46 
Doublecortin-like 

kinase 2 
DCLK2 Migration -1.53 2E-04 -3.85 0.0001 

56 
POU class 3 

homeobox 4 
POU3F4 

Brain 

development  
-1.51 4E-06 -1.87 0.0014 

57 
-aminobutyric 

acid (GABA) B 

receptor, 1 

GABBR1 
Brain 

development 
-1.51 2E-07 -3.15 0.0064 

169 Plexin A3 PLXNA3 Axon guidance -1.43 2E-05 -3.30 0.001 

592 

SH3 and multiple 

ankyrin repeat 

domains 3 

SHANK3 
Synaptic 

scaffolding 
-1.32 2E-06 -3.44 0.0003 

631 
Methyl CpG 

binding protein 2 
MECP2 

Transcription 

regulator/brain 

development  

-1.32 2E-05 -3.41 0.003 

Abbreviations: CNS-central nervous system; IPA- Ingenuity Pathway Analysis.*With the exception of AUT2, all 

other genes were mapped to the IPA primary functional category ―CNS Development and Function.‖  AUT2 

mapped to the ―Neurological Disease‖ functional category.  
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Table 4.  Additional CNS development genes, all mapping to ―CNS Development and Function‖ 

Ingenuity Pathway Analysis functional category selected from 4 h microarray ranked by fold 

change 

 

Rank  Gene Symbol  Specific Function 
Array 

Fold Change  

 Array 

p-value   

84 

Mannosyl-glycoproteinb-

1,6-N-acetyl-glucosaminyl 

Transferase 

isozyme b 

MGAT5B 
GABA interneuron 

migration/differentiation  
-1.48 1.E-06 

96 LIM homeobox 6 LHX6 
GABA interneuron 

migration/differentiation  
-1.47 3E-05 

117 Semaphorin 6C SEMA6C Axon guidance -1.46 7E-06 

141 Plexin A1 PLXNA1 Axon guidance -1.45 3E-07 

144 
Glutamate decarboxylse 2 

(65 kDa) 
GAD2 GABA synthesis -1.45 0.0001 

152 
Glutamate decarboxylse 1 

(67 kDa) 
GAD1 GABA synthesis  -1.44 0.0001 

162 Distal-less 6 DLX6 
GABA interneuron 

migration/differentiation  
-1.43 1E-05 

233 Protocadherin 8 PCADH8 Synaptogenesis -1.40 1E-05 

347 Aristaless-related homeobox ARX 
GABA interneuron 

migration/differentiation  
-1.37 3E-05 

403 Semaphorin 6B SEMA6B Axon guidance -1.35 3E-06 

442 POU class 3 homeobox 2 POU3F2 Brain development -1.34 5E-05 

508 POU class 3 homeobox 3 POU3F3 Brain development -1.33 2E-05 

547 POU class 3 homeobox 1 POU3F1 Brain development -1.33 0.0001 

580 Protocadherin 10 PCADH10 Synaptogenesis -1.32 0.000538 

597 
SH3 and multiple ankyrin 

repeat domains 2 
SHANK2 Synaptic scaffolding  -1.32 

0.0005 
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Table 5.  Enriched canonical pathways ranked in order of significance as determined by 

unsupervised Ingenuity Pathway Analysis for all significant genes at 4 h post maternal LPS 

Rank 

Pathway Name  Pathway 

Category  

p-

value 

Significance   

(-log(p 

value) 

Up-

regulated  

genes 

Down-

regulated 

 genes 

1 
Cancer Signaling (S) 

 
Cancer 2E-05 4.61 

20/129 

(16%) 

8/129 

(6%) 

2 
Oxidative 

Phosphorylation (M) 

Energy 

metabolism 
7E-05 4.17 

33/166 

(20%) 

1/166 

(1%) 

3 
DNA Damage 

Response (S) 

Cellular 

stress/injury  

1.E-

04 
3.92 

15/61 

(25%) 
1/61 (2%) 

4 
Nucleotide Excision 

Repair Pathway (S) 

Cellular 

stress/injury 

1.E-

04 
3.90 

10/35 

(29%) 
2/35 (6%) 

5 
Reelin Signaling in 

Neurons (S) 

CNS 

signaling/growth 

& development  

1E-04 3.77 6/78 (8%) 
13/78 

(17%) 

6 
Estrogen Receptor 

Signaling (S) 

Nuclear receptor 

signaling  
8E-04 3.11 

17/119 

(14%) 

6/119 

(5%) 

7 

Protein 

Ubiquitination 

Pathway (S) 

Intracellular 

signaling  
1E-03 2.90 

23/201 

(11%) 

11/201 

(5%) 

8 

Role of CHK 

Proteins in Cell Cycle 

Checkpoint Control 

(S) 

Cellular 

stress/injury  
1E-03 2.86 

10/35 

(29%) 
0/35 (0%) 

9 

Regulation of eIF4 

and p70S6K 

Signaling (S) 

Cellular growth, 

cellular 

stress/injury  

2E-03 2.79 
11/130 

(8%) 

11/130 

(8%) 

10 ATM Signaling (S) 
Cellular 

stress/injury 
2E-03 2.78 

13/53 

(25%) 
0/53 (0%) 

11 
Mitochondrial 

Dysfunction (S) 

Disease-specific 

pathways 
4E-03 2.44 

27/171 

(16%) 

0/171 

(0%) 

12 

Amyotrophic Lateral 

Sclerosis Signaling 

(S) 

Disease-specific 

pathways 
4E-03 2.44 9/112 (8%) 

11/112 

(10%) 

13 
Ubiquinone 

Biosynthesis (S) 

Metabolism of 

cofactors & 

vitamins 

5E-03 2.34 
16/119 

(13%) 

2/119 

(2%) 

14 
GABA Receptor 

Signaling (S) 

Neurotransmitter

s & CNS 

signaling 

5E-03 2.30 6/55 (11%) 
6/55 

(11%) 

15 

Cell Cycle: G2/M 

DNA Damage 

Checkpoint 

Regulation (S) 

Cellular 

stress/injury  
5E-03 2.28 8/43 (19%) 2/43 (5%) 

16 

Semaphorin 

Signaling in Neurons 

(S) 

CNS signaling 6E-03 2.23 4/52 (8%) 
8/52 

(15%) 
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17 
Mitotic Roles of 

Polo-Like Kinase (S) 

Cell cycle 

regulation  
6E-03 2.19 

11/62 

(18%) 
2/62 (3%) 

18 EIF2 Signaling (S) 

Cellular growth, 

cellular 

stress/injury  

1E-02 1.89 9/100 (9%) 
7/100 

(7%) 

19 
Androgen Signaling 

(S) 

Nuclear receptor 

signaling 
1E-02 1.85 

15/144 

(10%) 

5/144 

(3%) 

20 
Huntington's Disease 

Signaling (S) 

Disease-specific 

pathways 
2E-02 1.78 

18/240 

(8%) 

16/240 

(7%) 

21 
Granzyme B 

Signaling (S) 

Cellular immune 

response  
2E-02 1.71 3/16 (19%) 

2/16 

(13%) 

22 

NRF2-mediated 

Oxidative Stress 

Response (S) 

Cellular 

stress/injury  
3E-02 1.53 

18/183 

(10%) 

8/183 

(4%) 

23 
Sonic Hedgehog 

Signaling (S) 

Organismal 

growth 
3E-02 1.52 2/33 (6%) 

5/33 

(15%) 

24 
Butanoate 

Metabolism (M) 

Carbohydrate 

metabolism 
3E-02 1.48 

13/132 

(10%) 

2/132 

(2%) 

25 

DNA Methylation 

and Transcriptional 

Repression Signaling  

(S) 

Cell cycle 

regulation  
5E-02 1.31 1/23 (4%) 

4/23 

(17%) 

Abbreviations: S-signaling; M-metabolic 
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Table 6. Top enriched biological functions by functional category as determined by unsupervised 

 Ingenuity Pathway Analysis for all significant genes at 4 h post maternal LPS 
Rank Top Molecular and Cellular Functions  p-value  Significance 

 (-log(p value) 

1 Cell Cycle 6.68E-07 6.18 

2 Cellular Assembly and Organization 

 

5.19E-06 

 

5.28 

3 
DNA Replication, Recombination, and 

Repair 

5.19E-06 

 
5.28 

4 Small Molecule Biochemistry 6.5E-05 4.19 

5 Cellular Movement 9.82E-05 4.01 

     

 Top Disease and Disorder Functions     

1 Neurological Disease 3.94E-10 9.40 

2 Genetic Disorder 8.58E-09 8.07 

3 Cancer 2.34E-07 6.63 

4 Developmental Disorder 4.67E-07 6.33 

5 Infection Mechanism 2.01E-06 5.70 

    

 
Top Physiological System Development 

Functions  
   

1 
Central Nervous System Development and 

Function 

4.02E-05 

 
4.40 

2 Tissue Development 
5.07E-04 

 
3.29 

3 Organismal Survival 
1.09E-03 

 
2.96 

4 
Connective Tissue Development and 

Function 

4.09E-03 

 
2.39 

5 Embryonic Development 4.09E-03 2.39 
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Table 7.  Top canonical pathways as determined by supervised Ingenuity Pathway Analysis of 

significantly up-regulated and significantly down-regulated genes from microarray at 4 h post 

maternal LPS 

Rank Pathway Name Pathway Category  p-value Significance   

(-log(p value) 

Up-regulated 

Genes Only 

    

1  
Oxidative 

phosphorylation 
Cellular stress/injury  2.75E-08 7.56 

2 
DNA damage 

response  
Cellular stress/injury 1.19E-065 5.92 

3 
Mitochondrial 

dysfunction  
Disease-specific pathways 1.43E-05 4.85 

4 ATM signaling  Cellular stress/injury 9.26E-05 4.03 

5 

CHK proteins in cell 

cycle checkpoint 

control 

Cellular stress/injury 1.25E-04 3.90 

Down-

regulated 

Genes Only  

    

1 
Axonal guidance 

signaling   

CNS signaling, growth & 

development  
7.9E-07 6.10 

2 Reelin signaling  
CNS signaling, growth & 

development  
9.55E-07 6.02 

3 Wnt signaling  
CNS signaling, growth & 

development  
9.22E-06 5.03 

4 
Semaphorin 

signaling in neurons  

CNS signaling, growth & 

development  
2.85E-04 3.55 
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Table 8.  Top biological functions determined by supervised Ingenuity Pathway Analysis of 

significantly up-regulated genes from microarray at 4 h post maternal LPS 

Rank Top Molecular and Cellular Functions  p-value  Significance 

 (-log(p value) 

1 Cell cycle 2.38E-07 6.62 

2 Cellular assembly/organization  2.38E-07 6.62 

3 DNA repair  2.38E-07 6.62 

4 Small molecule biochemistry  1.5E-05 4.82 

5 RNA post-transcriptional modification  4.03E-03 2.39 

     

 Top Disease and Disorder Functions     

1 Cancer 1.78E-05 4.75 

2 Gastrointestinal disease 1.78E-05 4.75 

3 Reproductive system disease 4.88E-05 4.31 

4 Infectious disease 
4.88E-05 

 
4.31 

5 Genetic disorder  
2.43E-04 

 
 3.61 

    

 
Top Physiological System Development 

Functions  
   

1 Connective tissue development/function   1.51E-03 2.82 

2 
Skeletal, muscular system 

development/function   
1.89E-03 2.72 

3 Cardiovascular system development/function   5.01E-03 2.30 

4 Hair, skin system development/function   
5.91E-03 

 
2.23 

5 CNS development/function   
5.91E-03 

 
2.23 
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Table 9. Top biological functions determined by supervised Ingenuity Pathway Analysis of 

significantly down-regulated genes from microarray at 4 h post maternal LPS  

Rank Top Molecular and Cellular Functions  p-value  Significance   

 (-log(p value) 

1 Cellular movement 1.72E-07 6.76 

2 Cell-cell signaling 7.7E-07 6.11 

3 Cellular development 2.24E-06 5.65 

4 Gene expression  2.29E-06 5.64 

5 Cellular assembly/organization   4.73E-06 5.33 

    

 Top Disease and Disorder Functions    

1 Psychological disorders 3.1E-08 7.51 

2 Neurological disorders 2.13E-07 6.67 

3 Genetic disorders 2.57E-06 5.60 

4 Endocrine disorders 6.68E-05 4.17 

5 Metabolic disorders 6.68E-05 4.17 

    

 
Top Physiological System 

Development Functions  
  

1 
Central nervous system 

development/function  
2.91E-10 9.54 

2 Organ development  3.14E-04 3.50 

3 Tissue morphology  6.28E-04 3.20 

4 Tissue development  1.09E-03 2.96 

5 Organismal survival  1.6E-03 2.80 
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4. Discussion  

 

This was the first study to examine changes in whole-genome fetal rat brain gene expression 

following maternal LPS administration.  Maternal LPS on ED 15 resulted in transient changes in 

mRNA expression of 3,285 genes at 4 h post LPS with expression levels returning to baseline by 

24 h.  Maternal LPS treatment increased the expression of fetal brain genes associated with 

cellular stress, including hypoxia and apoptosis, rather than the traditional innate immune 

system-related genes such as the pro-inflammatory cytokines.  Of even greater interest were the 

down-regulated genes, many of which regulate specific neurodevelopmental processes including 

neuronal proliferation, migration, and differentiation.  The developing GABAergic interneuron 

system was a specific target of maternal immune activation (MIA) as shown by the reduced 

expression of a number of genes intimately involved in interneuron migration and maturation.  

Interference with these processes could contribute to the underlying pathogenesis of the 

neurological and psychiatric disorders associated with maternal infections.   

Up-Regulated Genes  

Microarray and qRT-PCR analysis revealed no changes in TNF, IL-1 or IL-6 mRNA 

expression suggesting that the increased cytokines in fetal brain shown in Study 2 are not fetally-

derived but likely transferred into the fetal brain from maternal serum, amniotic fluid, or the 

placenta.  Although I did not examine the placenta, others have shown that following maternal 

LPS, there is substantial cytokine protein and mRNA production and tissue breakdown within 

the placenta [111].  The data therefore suggest that fetal brain microglia, the brain’s immune 

cells, were not significantly invloved in the fetal response to maternal LPS.  There is a paucity of 

research examining activation of fetal microglia following maternal immune stimulation.  It is 

possible that at this embryonic stage (ED 15), the microglia are not capable of mounting a pro-
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inflammatory cytokine response, which would explain the absence of cytokine mRNA in the 

brain.  One challenge in interpretation across MIA studies is the lack of consistency with regard 

to dosage and injection date.  Despite the inability for direct comparison, these negative cytokine 

mRNA results are consistent with other reports showing substantial increases in maternal and 

placental cytokine protein or mRNA but no increases in fetal brain cytokine mRNA expression 

[105, 106, 110].  One previous study did observe TNF and IL-1 mRNA induction in the fetal 

brain following extremely high doses of LPS (1, 2 or 4 mg/kg) administered consecutively on 

ED 18 and 19 [86].  Perhaps higher doses, which threaten the viability of the fetus, are required 

to elicit a fetal brain inflammatory cytokine response.  Another explanation is that the time 

course of cytokine induction in the fetus is very brief, and time of measurement is critical.  

Liverman and colleagues (2006) found a significant IL-1 and IL-6 mRNA fetal response at 2 

and 6 h post maternal LPS (0.05mg/kg) in the ED 18 mouse [109].  Perhaps our results would be 

similar if we looked at those same times.  They also used a different strain of LPS, which could 

possibly be a more potent immune activator than the strain used in the present study.  

The microarray data showed that the fetal brain was not completely devoid of 

inflammation.  One of the genes with the greatest expression increase (2.1 fold) was TNF 

receptor associated factor (TRAF) family-member associated NF-B activator (TANK).  Nuclear 

translocation of the NF-B heterodimer, and subsequent induction of cytokine and chemokine 

gene transcription is dependent upon its release by the inhibitory IB complex in the cytosol.  

This release occurs when the IB proteins are phosphorylated by the IKK protein complex 

leading to their degradation and the release of NF-B [228].  Following TNF receptor 

activation, TANK acts as an adaptor protein that facilitates the IKK-mediated phosphorylation of 

IB, thereby promoting NF-B activation [229, 230].  As shown in Study 2, there is a massive 
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increase in TNF protein in the fetal brain that would be capable of promoting TANK activity.  

Finally, there were increases in the inflammatory chemokines, Ccl-2 (MCP-1) and Ccl-3 (MIP-

1), and the chemokine receptors Ccr5 and Cxcr7 suggesting that the fetal brain is experiencing 

an inflammatory chemokine response.   

The present data instead support the novel hypothesis that the fetal brain is undergoing 

cellular stress and cell death possibly mediated by MIA-induced hypoxia rather than a cytokine-

mediated inflammatory response.  The developing fetus is reliant upon the placental transfer of 

maternal nutrients including oxygen and glucose across the transporting epithelial membrane to 

ultimately enter the fetal capillary circulation [231].  I propose a novel mechanism linking MIA 

with disruptions in the maternal/placental transfer of nutrients to the fetus whereby MIA results 

in conditions of fetal hypoxia.  Many of the enriched canonical pathways determined by 

Ingenuity Pathway Analysis fall under the pathway category ―Cellular Stress and Injury,‖ which 

based on the indicated pathways include dysregulated cell cycle activity, DNA damage, 

mitochondrial dysfunction, and oxidative stress.  Inspection of the affected molecules revealed a 

predominance of hypoxia-induced programmed cell death genes.  Some of the most up-regulated 

genes belong to the BH3-only family of pro-cell death genes.  The BH3 domain is present on 

upstream activators of cell death and facilitates death by binding pro-death effector molecules 

such as the Bcl-2 family members to initiate a pro-death signaling cascade [232].  

Apolipoprotein L domain containing 1 (APOLD1) and BCL2/adenovirus E18 19KDa interacting 

protein 3 (BNIP3) code for BH3-only proteins that respond to hypoxic and inflammatory signals 

to induce programmed cell death via apoptotic and autophagic processes [233-237].  Caveolin1 

(CAV1), while not a BH3-containing molecule, also regulates apoptosis [238].  Additional pro-

apoptosis genes that were significantly up-regulated in the fetal brain following maternal LPS 
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include a subset of the Programmed Cell Death (PDCD10, 6, 5,) and Caspase (CASP8, 3) genes.  

Erythroid associated factor (ERAF, also called hemoglobin stabilizing protein, AHSP), the 

second most up-regulated gene, serves to protect against the production of reactive oxygen 

species by excessive levels of free -hemoglobin [239, 240].  In vivo and in vitro models show 

that cerebral ischemia induced either by artery occlusion or oxygen-glucose deprivation 

significantly up-regulates hemoglobin mRNA expression [241], and that excessive hemoglobin 

is toxic to cerebral cortical neurons [242].  The up-regulation of genes associated with cellular 

stress/hypoxia including, APOLD1, BNIP3, CAV1, fetal hemoglobin (HBG1), and ERAF, and the 

pro-apoptosis genes, suggests a plausible scenario whereby maternal LPS results in fetal oxygen 

deprivation leading to cell death or, more likely, a transient threat to cell viability.  

Down-Regulated Genes 

The microarray results clearly indicate that maternal LPS can affect the fetal brain by 

down-regulating the expression of a number of genes that are critically important to CNS 

development.  The genes with the greatest fold reduction are those that regulate neuronal 

migration.  Specifically, these genes, mostly transcription factors, guide migration and 

maturation of GABAergic interneurons.  The targeting of such a large number of developmental 

genes with discrete roles for the GABA system is a novel finding.    

During early mammalian embryonic development, the closing of the neural tube results 

in the formation of the telencephalon, which arises from the anterior portion of the neural tube.  

The telencephalon is comprised of the cerebral cortex, hippocampus, and basal ganglia.  The 

cerebral cortex is an intricately organized, complex structure that gives rise to higher order 

functions unique to humans.  The cortex is populated by two main types of neurons—the 
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pyramidal projection glutamatergic neurons and the non-pyramidal interneurons that use GABA 

as their neurotransmitter.  Excitatory pyramidal neurons account for approximately 70-80% of 

the cortex, and the inhibitory interneurons account for the remaining 20-30% [243].  Despite 

their lesser representation in the cortex, interneurons serve a vital role in the development and 

maintenance of proper brain functioning, primarily local circuit formation.  Their inhibitory 

outputs are responsible for maintaining a balance between excitation and inhibition, and a loss of 

GABAergic activity is responsible for unchecked excitatory neuronal firing that causes seizure 

activity [244]. 

The interneuron system is extremely diverse.  Multiple interneuron subtypes, including 

the large, small, and nest basket cells, chandelier, double bouquet, bipolar, bitufted, and 

Martinotti cells, can be characterized based on morphological, electrophysiological, molecular or 

synaptic properties [243].  The most common method of labeling specific subclasses of 

interneurons relies on the expression of the calcium-binding proteins, which include parvalbumin 

(PV), calbindin (CB), and calretinin (CR), or the neuropeptides, which include somatostatin 

(SOM), vasointestinal peptide (VIP), cholecystokinin (CCK), and neuropeptide Y (NPY) [243].  

Whereas there is overlap between the different classes of interneurons, which makes for an 

imperfect classification system, there is general agreement that three mostly non-overlapping 

subclasses of cortical interneurons can be identified as PV, SOM, or CR containing cells [245].  

A recent study by [246] proposed that the most efficient classification system in the rat cortex 

should be based on the presence of PV, SOM, and VIP containing interneurons because the 

expression pattern of VIP significantly overlaps that of CR and CCK in the rat.  

Neurons are not born at their final target location; rather, they undergo cell division and 

proliferation in specific germinal zones and then traverse from their place of origin to their final 
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destination in cortex [214].  Pyramidal neurons populate the cortex via the distinct ―inside-out‖ 

six-layered pattern through radial migration whereby early-born (older) neurons populate the 

deep layers and later-born (younger) neurons travel past the older neurons to occupy the 

superficial cortical layers [247, 248].  These neurons arise from precursor cells within the 

ventricular zone of the embryonic cerebral ventricles.  These migrating neurons use the radial 

glial processes to guide their translocation to their target destination in the cortex.  In contrast, 

the GABAergic interneurons reach their place in the cortex via more complex tangential 

migratory processes [248, 249].  Unlike the excitatory projection neurons, whose precursors 

populate the ventricular zones of the dorsal telencephalon, interneurons arise from germinal 

zones within the ventral telencephalon, specifically the embryonic ganglionic eminences [250].  

The ganglionic eminences, which include the medial (MGE), lateral (LGE), and caudal (CGE) 

portions, represent the primordial basal ganglia and are the primary source of interneurons for 

both cortical and subcortical structures.  The ganglionic eminences are discrete anatomical 

regions with distinct gene expression profiles that give rise to the different subtypes of 

interneurons.  For instance, the CGE is the primary source of CR+ interneurons, whereas the 

MGE is the primary source of PV+ and SOM+ interneurons [251, 252].  Due to the restricted 

spatial expression of genes within the ganglionic eminences that are responsible for interneuron 

migration, alterations in expression of certain genes may result in a loss of a particular subtype of 

interneuron while another type is completely unaffected [253].    

Immature interneurons arising from ventral telencephalic progenitor pools migrate in a 

tangential direction across the network of radial glial fibers to enter the cortex before 

differentiating into mature neurons [254].  Once in the cortex, the interneurons adopt a radial 

migratory style to invade their final location within the cortical layers [249].  Migrating 
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interneurons express a number of specific genetic markers, namely transcription factors, which 

are essential for proper migration and differentiation.  The distal-less (DLX) homeobox genes are 

a class of six genes, four of which are brain-specific (DLX1, 2, 5 and 6), whose expression is 

intimately linked with the expression of developing GABAergic interneurons [255, 256].  We are 

the first to report reduced Dlx gene expression in the MIA model.  Dlx1, 2 and 5 were among the 

top 10 most significantly down-regulated genes in LPS fetal brains 4 h post maternal LPS.  The 

significance of this result can be surmised from the fact that tangential migration from the 

ganglionic eminences to the cortex and hippocampus is virtually absent in double Dlx1/2 knock-

out mice [255, 257].  Migration is fairly intact in single Dlx1 or Dlx2 knock-outs, but the mutants 

have fewer total numbers of cortical and hippocampal interneurons, abnormal neurite 

morphology, and increased seizure susceptibility [254, 257, 258].  Whereas all GABAergic 

interneurons require proper expression and function of Dlx1 and 2, recent evidence suggests that 

Dlx5 and 6 preferentially regulate the MGE-derived PV+ cortical interneurons [259].  Point 

mutations of DLX1, 2, and 6 have recently been detected in patients diagnosed with autism [260, 

261].  One proposed mechanism underlying the pathogenesis of autism is an excitation/inhibition 

imbalance caused by excessive glutamatergic and reduced GABAergic activity, which could 

explain the high co-morbidity rate of seizure disorders in the patient population [14, 26].  Given 

the role of DLX genes in GABAergic interneuron development they should be considered autism 

candidate genes for future studies.    

Additional transcription factors, including but not limited to Nkx2.1, Lhx6, Arx1, and 

Mgat5B, all of which are down-regulated in the fetal brain by maternal LPS, play specific roles 

in interneuron development and migration [250, 253, 262-265].  Nkx2.1 and Lhx6 influence fate 

determination and cortical migration of PV+ and SOM+ interneurons derived from the MGE 
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[266, 267].  In humans, mutations of the ARX gene results in vast cortical and subcortical 

disorganization and Type 1 lissencephaly, a fatal neurological disease characterized by mental 

retardation, and intractable epilepsy [268].  Arx mutant mice exhibit interneuron pathology, 

seizure activity, and arrested migration from the MGE and LGE [269, 270].  Arx1 is directly 

regulated by Dlx1/2 and, therefore, it is not surprising that its expression is also decreased in the 

fetal LPS brains.  Less is known about the function of Mgat5B, which is down-regulated by LPS 

treatment in the current study.  Mgat5B is a ubiquitously expressed forebrain transcription factor, 

but its expression does co-localize with migrating interneurons [263].  The doublecortin (DCX) 

and closely related murine doublecortin-like kinase (Dclk1 & 2) genes, down-regulated in this 

study, are also required for normal neuronal migration and cortical lamination [248].  Similar to 

ARX mutations, humans with DCX mutations acquire Type 1 lissencephaly [268], and the 

neurological phenotype can be recapitulated in double Dcx/Dclk1 or Dcx/Dclk2 knock-out mice 

[271-273].  In the present study, qRT-PCR validation revealed a 4-fold reduction in Dclk2 

expression in the LPS fetal brains, which could lead to disruption in cortical and/or hippocampal 

neuronal migration patterns.  

Cellular signaling from a variety of morphogens, including chemokines, semaphorins, 

and growth factors, also provides migratory cues to developing interneurons [253, 274].  The 

CXCL12 chemokine (also called stromal-derived factor 1) and its cognate receptor CXCR4 

appear to regulate the temporal course of tangential migration of MGE-derived interneurons.  

Chemokine receptor loss-of-function studies reveal the presence of heterotopic cortical 

interneurons, specifically, an accumulation of immature interneurons in the deeper cortical 

layers, suggesting that these cells are not receiving signals to continue their migration to the 

superficial cortical layers [275].  Migrating neurons must bypass the developing striatum in order 
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to successfully reach the cortex; this is achieved through the release of striatally-derived 

semaphorin chemorepulsive cues.  In addition to their roles in general axon guidance throughout 

the developing CNS, semaphorin 3a and 3f are transiently expressed in the primordial striatum to 

prevent atypical interneuron migration from the ganglionic eminences [251].  Our results do not 

indicate gene expression changes in Cxcl12, Cxcr4, or these two specific semaphorins; however, 

protein levels of fetal brain-derived neurotrophic factor (BDNF), another important migration 

molecule [253], were significantly reduced at 4 and 24 h post maternal LPS (Study 2).     

To date, there have been no reports of interneuron loss in offspring following maternal 

LPS, making it an obvious and necessary follow-up study.  A study by Meyer et al. [101] did 

find that maternal polyI:C resulted in a loss of hippocampal and cortical PV+ cells in the adult 

mouse offspring.  However, the authors offered no mechanism by which this occurred.  Further 

evidence for an inflammation-related loss of interneurons comes from studies of age-related 

neuroinflammation and related hippocampal interneuron loss.  The aged brain, both human and 

murine, is characterized by increased glial activation and cytokine production [276]. The 

hippocampal SOM+ interneurons appear to be particularly vulnerable to death associated with 

normal aging inflammatory processes.  Chronic systemic LPS injections to young rats mimicked 

the inflammatory processes (e.g., increased cytokine and cytokine receptor expression) and 

SOM+ interneuron loss normally observed in the aged hippocampus, suggesting that cytokines, 

even in the young brain, are sufficient to induce neuronal death of interneurons [277].  The 

present findings support the notion that MIA may result in a loss of interneurons mediated by a 

transient reduction in transcriptional regulation, which could explain some of the behavioral 

disturbances in offspring born to immune-challenged dams.  
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There was a significant reduction in mRNA expression in the LPS fetal brains of a 

number of other developmental genes whose functions are not specifically associated with 

interneuron development but are involved in neuronal migration.  The semaphorins represent a 

large class of membrane-bound and secreted molecules, who along with their primary receptors 

the plexins and co-receptors the neuropilins, provide chemoattractant and chemorepulsive cues to 

migrating axons.  Additional roles include the regulation of dendritic branching, synaptogenesis, 

and synaptic pruning [278, 279].  I validated the expression changes of only a subset of 

semaphorins (Sema 4c) and plexins (Plexin 4a, a2, a3) that were significantly altered by 

maternal LPS at the 4 h time-point.  There has been one other report of ED 18 maternal LPS 

reducing semaphorin (Sema 5b) mRNA expression in the mouse fetal brain 6 h post treatment 

[109].  There have also been reports of semaphorin mutations in individuals with autism [280].  

It is possible that altered semaphorin signaling, in conjunction with the other various autism risk 

genes, could contribute to the atypical functional connectivity and white matter deficits seen in 

autism [281].   

Whereas the semaphorins are the primary axon guidance molecules in the CNS, there are 

additional genes that influence migration, many of which were down-regulated by maternal LPS 

treatment.  Neuron navigator 1 (NAV1) and gylpican 2 (GPC2) are developmentally-regulated 

genes, both of whose expression is restricted to the axonal growth cones of postmitotic, 

migrating neurons [282, 283], and are down-regulated in the fetal brain following maternal LPS 

treatment.  The protocadherins genes CELSR3 and PCDHB6 play important roles early CNS 

development [284].  Celsr3 mutant mice have a number of brain malformations such as a loss of 

several major axonal fiber tracts, including the anterior commissure and internal capsule [284, 

285].  A recent study by Ying and colleagues [286] proposed a novel role for Celsr3 in 
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interneuron migration.  Loss of Celsr3 function resulted in stunted tangential migration 

evidenced by misguided cortical interneurons, and accumulation of interneurons at the 

corticostriatal boundry.  The -protocadherins are enriched in growth cones and synapses, and 

they are known to regulate synapse formation and maintenance, primarily in the spinal cord [286, 

287].  Little is known about the specific function of PCDHB6; however, its expression has been 

shown to be restricted to growth cones of spinal interneurons [288].   

One limitation of this study relates to the sheer number of gene expression changes 

observed.  One way to obtain a more manageable list of candidate genes is to repeat the 

experiment using regional tissue dissections.  The cortex and hippocampus are clear target 

regions based on the down-regulation of development genes that are specifically expressed in 

those areas.  Regional dissections would also magnify the fold differences in expression levels 

because the changes will not be washed out across the entire fetal brain.  Anatomical 

examination of some of the candidate genes using in situ hybridization would also address the 

question of regional specificity of expression changes.  The current study also did not directly 

study the effects of MIA and the transient down-regulation of interneuron-dependent genes on 

the laminar positioning and numbers of GABAergic interneurons.  This set of experiments is 

currently underway.   

What remains unclear is why maternal LPS and associated host inflammatory response 

specifically targets and down-regulates the developmental genes discussed.  Radiolabeled LPS is 

not seen in the rodent fetus following maternal administration, but it is found in placenta, 

maternal serum, liver, and kidney.  Therefore any adverse effects to the fetal brain are the result 

of the maternal inflammatory response, not LPS itself [108].  Most workers in the MIA field 

have implicated cytokines as the mediating factor; however, our results suggest that MIA induces 
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fetal hypoxia and cellular stress.  It is therefore possible that these processes are in fact the 

critical downstream events from MIA that result in alterations in CNS development genes 

subsequently leading to atypical brain and behavioral development.  A necessary follow-up study 

to test the hypoxia-mediated hypothesis is to subject the fetus to oxidative stress and measure 

expression levels of the genes that were most down-regulated by maternal LPS (e.g., the Dlxs).   

Assuming the down-regulation was caused by events related to cellular stress, one would expect 

to see a similar pattern of gene expression as in the present study.  Our results are even more 

promising because of their implication for neuropsychiatric disorders.  A number of the down-

regulated genes are proposed autism susceptibility genes.  It is possible that those particular 

genes are susceptible to dysregulation by environmental influences, such as maternal infection.  

One could investigate gene x environment (G x E) interactions in mice by combining genetic and 

MIA studies to determine whether MIA has a greater impact on mice carrying a susceptibility 

gene.  The first attempt at creating a gene x immune activation rodent model of schizophrenia 

was recently conducted by exposing disrupted-in-schizophrenia 1 (Disc1) mutant neonates to 

polyI:C.  Mutants exposed to early postnatal immune challenge had greater behavioral and 

histological abnormalities compared to groups with either one of the treatments alone such that 

the combination of the risk gene and early immune challenge had the most deleterious outcomes 

[289].  The movement towards G x E studies will help elucidate the issues of genetic 

susceptibility and why maternal infection acts as a risk factor for atypical development in only a 

small subset of the clinical population.  Limitations aside, this was the first report of an MIA-

induced down-regulation of several classes of developmental genes involved in neuronal 

migration, and more specifically the GABAergic interneuron system.  These findings offer a 
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novel mechanism by which MIA can target a particular neurotransmitter system known to have 

vast and diverse roles in early CNS development.   
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Future Directions 

In conclusion, the three studies contained within this dissertation, once published, will 

contribute to the current understanding of the relationship between MIA and atypical 

development.  The goals of this dissertation were three-fold.  Study 1 examined the 

consequences of maternal immune activation (MIA) using the bacterial endotoxin, 

lipopolysaccharide (LPS) on exploration and social behavioral development in offspring.  Study 

2 examined the effects of maternal LPS on cytokine, chemokine, and growth factor protein levels 

in the maternal-fetal unit, which included maternal serum, amniotic fluid, and the fetal brain, at 4 

and 24 h post LPS injection.  Study 3 examined the effects of maternal LPS on global gene 

expression changes in the fetal brain at 4, 24, and 168 h (day of birth) post maternal LPS.  While 

each of these experiments was independent of one another in that different cohorts of animals 

were used across studies, they were inter-related because each study focused on different aspects 

of the same MIA model.  The post-doctoral position I have been given in Miles Herkenham’s 

laboratory offers a seamless transition from my status in the laboratory as a graduate student to 

that of a post-doctoral fellow.  This has allowed me to consider future studies and even begin 

data collection so that I can commence laboratory activities immediately following completion of 

my graduate studies.   The future studies below represent just a sampling of the types of research 

questions generated by the data from my dissertation.  

Additional Behavioral Studies 

I would like to expand the behavioral phenotyping of offspring born to LPS-exposed 

dams.  Most immediately needed are control tests for anxiety-like behaviors.  I did run animals 

through the elevated plus maze on postnatal day (PD) 23 in Study 1; however, due to faulty 
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equipment, I was not confident in the data.  Both control and LPS offspring displayed heightened 

anxiety evidenced by a complete failure to explore the open arms, and overt freezing behaviors 

in the closed arms.  The structural integrity of the maze was impaired (e.g., the arms were not 

stable or level), which I believe was responsible for the lack of exploration of either of the arms 

by both groups.  A new rat plus maze is therefore required to obtain valid and reliable data.  I 

also plan to add another social preference test to my battery of behavioral assays.  We have 

constructed a large social interaction testing chamber to employ the protocol developed by Dr. 

Jacqueline Crawley.  Briefly, two metal corrals (wire mesh utensil holder positioned upside-

down) are placed within a large chamber.  One corral remains empty and the other corral 

contains a novel same-sexed stimulus rat.  The test subject is placed in the chamber, and a video-

monitoring system tracks the movements of the test animal to measure social preference for the 

stimulus rat or the empty corral.  This task is more sensitive and provides measures of more 

subtle social and non-social behaviors than the automated three-chambered task used in Study 1.  

It is important to include more than one measure of social preference to strengthen the argument 

that MIA results in deficits specific to the domain of social behavior.  Additional tasks that could 

be added to the behavioral testing battery include the prepulse inhibition paradigm, Morris water 

maze, rotarod, novel object preference, and open field locomotor activity.  The current limiting 

factor is access to rat behavioral equipment because it is not possible to use the mouse equipment 

that is readily available to us.   

Discussions with a colleague led to the development of the following additional 

experiment that is already underway.  A labmate developed an environmental enrichment 

protocol whereby the inclusion of a running wheel and other various rodent ―toys‖ promotes 

neurogenesis and protects against psychosocial stress in the mouse [290].  In order to combine 
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my MIA model and his enrichment model, we hypothesized that the deleterious behavioral 

effects of maternal LPS can be ameliorated by early life environmental enrichment.  Running 

wheels will be placed in the cages of pregnant dams (without the wheel, just the base so that they 

do not use the wheel while pregnant).  Wheels will be mounted to their base on day of pup eye 

opening (~PD 12) so that the neonates can access the wheel.  Wheels will remain in the cages 

through weaning when offspring will undergo social and exploration phenotyping using the same 

apparati used in Study 1 and the additional social task.  Offspring born to LPS-exposed dams that 

underwent early enrichment are expected to have fewer behavioral impairments than those LPS 

offspring housed under standard conditions.   

Additional Biological Studies  

A study I am currently working on examines the differences in a single hit versus double 

hit model of MIA.  I have already collected day of birth whole brains from 4 groups of mothers: 

1. ED15 sham injection 2. ED15+16 sham injection 3. ED15 LPS injection 4. ED15+16 LPS 

injection.  The tissue is fixed, cryoprotected, and stored until processing.  I will look for gross 

morphological changes, assumed to be clearly evident in the LPS double hit group using a Nissl 

stain.  I am also currently breeding more rats to collect additional fetal brains at the 4 h (ED 15) 

time point.   I will use a number of harvesting protocols so that the brains will be stored properly 

for however they will be processed.  For instance, some of the brains will be placed in Trizol, 

some will be fresh frozen, and others will be fixed and cryoprotected.  I will use the new tissue to 

replicate some of the qRT-PCR data for the genes of interest, as well as to validate additional 

candidate genes from the microarray that have not yet been validated.  I can also use the fresh-

frozen or fixed tissue to visualize changes in mRNA expression of critical genes of interest using 

in situ hybridization (ISH).  This had been a goal for my dissertation, but time constraints 
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prevented it from occurring.  It will beneficial to do regional dissections (e.g., cortex and 

hippocampus) in addition to collecting the whole brain.  I do not have direct experience with 

fetal brain dissections but can learn from colleagues.  I will also collect the placentas at the 4 h 

time point because that is the one component of the maternal-fetal unit I am missing.  I plan to 

measure cytokine protein and mRNA expression, as well as examine it for possible histological 

changes induced by maternal LPS.  It will be important to visualize placental pathology because 

it is thought that maternally-derived cytokines enter the fetal environment through the placenta.  

Maternal LPS-induced placental breakdown provides a mechanism by which cytokines can gain 

access to the fetus.  The presence of placental pathology will also support the hypothesis 

suggested in Study 3 that the fetal brain is experiencing hypoxia due to disrupted placental 

oxygen transport.   

Maternal LPS and its downstream effects seem to specifically reduce mRNA expression 

of a number of developmentally-regulated genes primarily involved in neuronal migration, with 

specific functions in the GABAergic interneuron system.  As discussed in Study 3, the 

microarray data suggest that MIA transiently reduces gene expression of a number of 

transcription factors intimately involved in the proliferation and migration of GABA-containing 

interneurons.  This is a novel finding, and follow-up research is required.  In order to show that 

MIA and the reduced gene expression of interneuron-related transcription factors ultimately 

leads to a reduction in cortical and/or subcortical interneurons, a  cell counting study using 

GABAergic interneuron markers is required.  To date, no publications have examined 

interneuron development following maternal LPS exposure.   

I am also very interested in pursuing the maternal LPS-induced fetal hypoxia/cellular 

stress theory discussed in Study 3.  To show that the down-regulation of developmental genes is 



117 
 

actually mediated by cellular stress events one needs to replicate the gene expression data using 

maternal hypoxia instead of maternal LPS.  While there are a number of methodological 

considerations to account for when designing this experiment, this is definitely one of the 

experiments I want to begin soon.  Finally, it would be extremely beneficial to address the MIA 

model from a G x E prospective.  There is little research into the combined effects of genetic 

susceptibility and maternal infection.  It would be intriguing to show that maternal LPS 

exacerbates the behavioral and anatomical abnormalities present in transgenic mice with autism 

or schizophrenia risk alleles.  I am particularly interested in the effects of MIA on the Dlx-/- mice 

that display a behavioral and anatomical phenotype relevant to neuropsychiatric disorders. 
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