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ABSTRACT 

 

Evidence suggests that the neurotropic parasite Toxoplasma gondii may play a role 

in the development of cognitive impairments. My hypothesis was that congenital 

exposure to T. gondii would lead to detectable age and sex related differences in 

behavior and neurotransmitter levels in mice. The neurotransmitter dopamine and 

commonly used anti-schizophrenic agents were evaluated against T. gondii in 

human fibroblast cells. Dopamine caused a significant increase in tachyzoite 

numbers at 250 nM but not 100 nM and the drugs valproic acid, fluphenazine, 

thioridazine and trifluoperazine inhibited T. gondii development. The effects T. 

gondii infection had on behavior were examined using a congenital mouse model. 

Previous work demonstrated maternal immune stimulation (MIS) with interferon 

gamma (INF-g) resulted in decreased fetal mortality from congenital T. gondii 

infections; therefore I examined the effects of INF- g treatment of mothers to 

determine if protection from the behavioral effects of T. gondii occurred in their 

offspring. No differences in concentrations of neurotransmitters in the brains of 

congenitally infected mice were observed. I found that mice infected with T. gondii 

developed adult onset behavior impairments with decreased rate of learning, 

increased activity and decreased memory, indicating cognitive impairment for 

male mice and not female mice. My findings support the evidence T. gondii is a 

factor in the development of cognitive impairments. My results for T. gondii 

exposed male mice are consistent with the convention that males have more 

cognitive impairments in the prodromal stage of schizophrenia. MIS with IFN-g 

had a minimal effect on behavior post sexual maturity but had a greater effect on 

pre sexual maturity female mice which exhibited difficulties with spatial memory, 

coordination and the ability to process stimuli. The results indicate the behavior 

alterations from IFN- g are transient. When MIS is given prior to congenital 

infection with T. gondii, we detected no behavior deficits in any group of mice, 

including male mice post sexual maturity. Based on the results of my study, I must 

reject the hypothesis that neurotransmitter levels are influenced by congenital 

toxoplasmosis and accept the hypothesis that congenital T. gondii infection caused 

cognitive impairments in male mice post sexual maturity.  
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Chapter 1  

 

Literature Review 

 

1.1. History of Toxoplasma gondii   

 

Toxoplasma gondii is an obligate intracellular organism discovered just over 100 

years ago by Manceaux and Nicolle, at the Pasteur institute in Tunisia. T. gondii has a 

complex lifecycle which requires two hosts (definitive and intermediate) for completion 

of its life cycle.  The only definitive hosts for T. gondii are felids.  Sexual reproduction of 

the parasite can only occur in the intestine of feline definitive hosts and results in an 

unsporulated oocysts being shed into the environment.  In the environment, it takes 

approximately 48 hours for the oocyst to mature and sporulate.  After sporulation, the 

oocyst can infect an intermediate host by ingestion of contaminated food or water.  In 

the intermediate host, sporozoites are released from the oocysts and differentiate into 

tachyzoites that will disseminate the infection thought the body, eventually undergoing 

stage transformation to become bradyzoites inside tissue cysts. Tissue cysts are most 

commonly located in neural tissue, skeletal and cardiac muscle.  For the life cycle of T. 

gondii to be completed, a felid has to ingest infected tissue containing a tissue cyst.  

Felids are also intermediate hosts and contain tissue cysts in their extra-intestinal 

tissues. Transmission of T. gondii from mother to fetus can also occur resulting in 

congenital infections.   
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T. gondii can also be transmitted horizontally from intermediate host to 

intermediate host.  This can be done by ingestion of the tissue cyst stage containing 

bradyzoites from raw or undercooked meat of an infected animal.  In humans, 

transmission can occur by less natural means, by blood transfusions and organ 

transplants, from an infected individual to an uninfected individual.  Reports indicate that 

vegetables that have come in contact with feline feces containing oocysts are also 

capable of causing infection (Yaneza and Kumari 1994). 

Unidentified changes in the functioning of the central nervous system due to the 

presence of latent tissue cysts are believed to be associated with the development of 

schizophrenia. The tissue cysts occupy space in the brain and can potentially cause 

compression of neighboring cells. The presence of tissue cysts in the brain can 

potentially alter the structural functioning of the brain and lead to changes in 

neurotransmitters resulting in schizophrenia or other neurological disorders.  

1.2. Schizophrenia background 

Schizophrenia was first recognized in 1887 as a mental illness.  Prior to 1887, 

schizophrenia was thought to be an early form of dementia/Alzheimer’s disease and 

was classified accordingly.  Dr. Emile Kraepelin separated it from dementia, naming it 

dementia praecox.  It was renamed in 1911, because too many people were confusing it 

with dementia because the names were similar.  The new name was schizophrenia, 

coined by Swiss psychiatrist Dr. Bleuler.  The word schizophrenia is derived from 

Greek; schizo, meaning split and phrene meaning mind, also known as scatted 

thoughts.  
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Schizophrenia occurs in about 1% of the world’s population and the illness is 

evenly distributed regardless of race, socioeconomic or geographic location (Torrey and 

Yolken 2003).  The definition of schizophrenia as a mental disorder can vary from 

country to country.  Some countries do not recognize schizophrenia as a mental 

disorder (Peralta and Cuesta 2000) and the criteria for diagnosis of schizophrenia often 

varies greatly from country to country.  In the past 30 years, the diagnosis of 

schizophrenia has become more standardized by the use of the Diagnostic and 

Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV).  Today, schizophrenia 

is considered an aggregate of three major symptoms: positive symptoms, negative 

symptoms and cognitive impairment (see below for definition of symptoms).  The onset 

of schizophrenia usually begins at late adolescents or early adulthood.  Males typically 

are diagnosed with schizophrenia at a younger age then females and males are usually 

affected more severally (Nicole et al. 1992).  Females normally present with less severe 

symptoms but develop schizophrenia from early adulthood to their mid-40’s where the 

prevalence of schizophrenia in males and females proportion equal (Sham et al. 1994). 

Genetics and environment are the two major factors which place people at risk 

for developing schizophrenia.  Inheritable genes that predispose an individual to 

developing schizophrenia are one factor. Mutations in the immune system resulting in 

altered neurotransmitter levels (Muller and Schwarz 2006) are a mechanism proposed 

for the development of schizophrenia.  Environmental factors, including exposure to 

pathogens, psychical stress, and starvation during in utero development, leave offspring 

at an increased risk of developing schizophrenia (Yolken et al. 2001; Susser and Lin 

1992).  Experiments examining identical twins, found if one twin has schizophrenia the 
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other twin has a 50% chance of being diagnosed with schizophrenia.  For fraternal twins 

and other siblings, there is a 10% chance of developing schizophrenia.  If a person has 

an aunt, uncle, cousin or grandparent with schizophrenia the chance of being diagnosed 

drops to 3%.  Exposure to pathogens, influenza, cytomegalovirus, and T. gondii in utero 

have, been linked to an increased prevalence in schizophrenia (Leweke et al. 2004).  

Schizophrenia can present in 3 major ways, as positive symptoms, negative symptoms, 

and as cognitive impairment.  The positive symptoms (psychosis) of schizophrenia can 

present in several ways.  Auditory hallucinations are common.  The paranoia associated 

with schizophrenia is caused by delusions where one constructs a reality that is not real.  

A similar but different symptom is illusions, when schizophrenics perceive something 

different from reality.  All three of these positive symptoms are caused by excessive 

dopamine in the mesolimbic region of the brain (Abi-Dargham and Moore 2003).  The 

result is a loss of cognitive functions that affect the prefrontal cortex that is ultimately 

responsible for cognitive function.  Negative symptoms include social incompetence, 

when a person becomes reclusive and withdraws from society, and loss of initiative, 

where a person loses motivation for daily activities.  Negative symptoms are linked to a 

decrease in dopamine function in the mesocortical region of the brain (Abi-Dargham 

and Moore 2003), resulting in the frontal cortex not working properly.  A decrease in 

volume of the frontal cortex is also observed in some schizophrenics (Molina et al. 

2004).  Negative symptoms do not respond well to medications (Chertkow et al. 2009).  

The third major classification of symptoms is cognitive impairments.  Cognitive 

impairments include decreased IQ, verbal communication and problem solving.  People 

living with schizophrenia tend to perform poorly in such learning tests as prepulse 



5 
 

inhibition, Wisconsin card sorting and Stroop test (Goldberg and Weinerberger 1988; 

Abramczyk et al. 1983).  People with cognitive impairments: tend to have a loss in 

thalamic gray matter (Ananth et al. 2002) and tend to have increased dopamine 1, 

receptors in the frontal cortex (Abi-Dargham and Moore 2003).  Some but not all of the 

anti-psychotic drugs have a D1 receptor antagonist component to them, indicating that 

other neurotransmitters are affected.   

Diagnosis of schizophrenia is eventually made by a psychiatrist using the DSM-

IV criteria, partially developed by Bleuler.  The DSM-IV test consists of 6 parts.  The first 

part deals with the characteristic symptoms broken into 5 categories, delusions, 

hallucinations, disordered speech, grossly disorganized/catatonic behavior, and 

negative symptoms.  The second section of the DSM-IV evaluates social and 

occupational dysfunction.  The third section looks at duration of symptoms lasting longer 

than 6 months.  Sections 4, 5 and 6 are exclusion sections of the DSM-IV.  Section 4 

deals with schizo-effective and/or mood disorders containing at least 1 of the 5 

symptoms from section 1.  Presenting clinically with 1 symptom is not enough for a 

diagnosis of schizophrenia.  Section 5, hallucinations and or delusions caused from 

drug abuse cannot be used towards a diagnosis.  Section 6, a pre-existing 

developmental disorder, autism or other disorder predisposing people for schizophrenia-

like symptoms disqualifies them from a diagnosis of schizophrenia. 

Friends, co-workers, and family often report the signs and symptoms of many 

people who are eventually diagnosed with schizophrenia.  The people who associate 

with schizophrenics often recognize there is a psychological problem before the 

schizophrenic does.  The psychotic episodes are often intermittent and the symptoms 
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have to be observed over an extended period of time, approximately a month for a 

diagnosis of schizophrenia to be considered.  Another factor complicating the diagnosis 

of schizophrenia is that different people rarely exhibit the same symptoms.  People 

usually are required to present with 2 or more of the 5 characteristic symptoms in 

section 1 from the DSM-IV test to be diagnosed as having schizophrenia.  If delusions 

and or the hallucinations are considered severe enough then only 1 of them is required 

for diagnosis.   

The spectrum of schizophrenic episodes varies from case to case.  Some people 

experience complete resolution after an initial episode with no residual effects while 

others have increased psychological impairment over time with no recovery.  The 

sooner the initial psychosis is treated the better the prognosis for a positive outcome 

(Shoval et al. 2011).  

Schizophrenia is among the most devastating psychiatric diseases in America.  

People diagnosed with schizophrenia not only suffer mental illness, they have a life 

expectancy that is 20% shorter than the average (Newman and Bland 1991).  The 

suicide rate within the schizophrenic population can exceed 10 times that of the 

contemporary population (Dutta et al. 2010).  Teens living with schizophrenia have a 

50% chance of committing or attempting suicide (Shoval et al. 2011).  It currently is the 

tenth most costly disease in the U.S. just ahead of bipolar disorder and behind 

Alzheimer’s disease. It is estimated that $62.7 billion is spent each year on 

schizophrenia.  Of the $62.7 billion, $22.7 billion is spent on direct health care costs, 

cost of living is $7.6 billion and excess cost, including unemployment (time lost) is $32.4 

billion dollars (Wu. et al. 2005).   
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1.3. Mental health and Toxoplasma gondii  

 Milestones 

- 1953 Burkinshaw et al.  First to examine association between toxoplasmosis 
and mental health. 

- 1994 Felgr and Hrdy Described subtle personality qualities associated with 
chronic toxoplasmosis 

- 2001 Yolken et al. Demonstrate individuals experiencing their first 
schizophrenic psychotic episode have increased levels of IgG, IgA and IgM to 
Toxoplasma gondii. 

- 2001 Buka et al. Demonstrate link between maternal antibodies to T. gondii  
in infants at birth and development of schizophrenia as adults 

- Schwarz and Hunter 2007. Immune response to intracellular pathogens 
varies, predisposition to improperly handling infection can be a contributing 
factor to neurotransmitter imbalance 

 

 The association between T. gondii and mental health disorders was first 

proposed in 1953 by Burkinshaw et al. in England.  Little progress was made in this 

area for nearly 40 years.  Between the mid 50’s and the mid 90’s several papers were 

published noting a causal relationship between occurrence of schizophrenia, and 

presents of antibodies to T. gondii.  Unfortunately, there was no continuity in the 

designs or goals of those papers, the techniques used by the research groups or even 

in the classification of the mental health disorders that would tie together the theory that 

T. gondii was a contributing factor to schizophrenia.  Many of the papers reporting a 

relationship between the occurrence of schizophrenia and exposure to T. gondii were 

case reports or studies with a small number of patients.    

During this period, numerous studies linked exposure to T. gondii with behavior 

deficits.  In 1985, Stibbs examined the potential effect acute and chronic toxoplasmosis 
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had on neurotransmitters in mice.  The results were that acute toxoplasmosis increased 

the turnover rate of dopamine by 40%, measured by an increase in homovanillic acid, a 

dopamine metabolite, and chronic toxoplasmosis increased overall dopamine 

concentrations by 14%.  Serotonin concentrations remained stable for both acute and 

chronic infections.  While these findings were interesting, the utility of the study is 

diminished because the dose and strain/type of T. gondii given to the mice was not 

specified.  For T. gondii infections both dose and strain/genotype play a large role in the 

amount of tissue damage caused during asexual replication.  The pathogenicity of T. 

gondii infections is highly dependent on strain and dose.  While the Stibbs’ study had 

some faults, it was the first publication that bridged the gap between observational 

studies correlating behavioral changes to neurotransmitter alterations induced by T. 

gondii infection.  Until 1985, the only studies that existed extrapolated observed 

behavior changes as they were related to neurotransmitter concentrations, i.e. 

increased dopamine equals decreased exploration, and decreased prepulse inhibition.  

Stibbs quantitatively measured neurotransmitter concentrations in acutely and 

chronically infected mice.  The finding of altered neurotransmitters in the mouse brain 

was similar to contemporary findings in patients with schizophrenia.  The report 

provides evidence that there is a link between schizophrenia and chronic 

toxoplasmosis.      

Flegr, working at the University of Prague in Czechoslovakia, has published 

numerous studies dating back to the mid 90’s, linking exposure to T. gondii to behavior 

alterations.  Felgr and Hrdy (1994) observed subtle behavior changes correlated with 

the presents of antibodies to T. gondii, in a sample population from Charles University.  
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When the students were analyzed using Cattell’s 16s personality questionnaire (Felgr 

and Hrdy, 1994) which detects subtle personality alterations, a divergence in 4 

personality traits was observed for chronically infected males compared to non-infected 

males.  Males seropositive for T. gondii were found to be more reserved (P<0.05), 

followed urges more (P<0.05), disregarded rules more (P<0.01), and were more 

(P<0.01) jealous than their T. gondii antibody negative counter parts.  Flegr et al. (1996) 

published a follow up paper, this time finding statistical differences amongst women.  

Women seropositive for T. gondii were shown to be warm hearted (P<0.01), self-

assured, and preferred their own decisions (P<0.05) when compared to T. gondii 

negative counter parts.  Additional studies done investigating young adult women, 

demonstrated that seropositivity for T. gondii was associated with increased intelligence 

and decreased guilt proneness compared to T. gondii negative women (Flegr and 

Havlicek 1999).  Interestingly, similar behavioral alterations were associated with 

chronic toxoplasmosis when Cloninger’s Temperament and Character Inventory 

(Cloninger’s TCI) was used for personality analysis (Flegr et al., 2003).  Both T. gondii 

infected males and females have decreased levels of novelty seeking and tend to be 

slower and more reserved than individuals who were negative to T. gondii antibodies.  

Males seropositive for T. gondii appeared to be more reserved, detached, disregarded 

rules, and isolate from groups settings when compared to negative controls (Lindova et 

al., 2006).  These personality observations would hypothetically distance T. gondii 

seropositive males from society and away from the gene pool.  Females, seropositive 

for T. gondii conversely were more likely to have increased self-control, be more 

conscientious, tidy and warm hearted than seronegative females (Lindova et al., 2006).  
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While these behaviors do not increase the transmission rate today in humans, it does 

suggest infection with T. gondii is capable of changing human personality. 

Kocazeybek et al. (2009) claimed that chronic toxoplasmosis causes increased 

concentrations of dopamine, which in turn decreased reaction time in both drivers of 

automobiles and pedestrians, resulting in an increased rate of accidents amongst 

people with chronic toxoplasmosis.  Individuals seropositive for T. gondii demonstrated 

an increased reaction time in a computerized test compared to seronegative individuals 

(Havlicek et al., 2001).  Both reports implicated chronic T. gondii infections with a 

negative impact on reaction time.  A mechanism by which infection with chronic T. 

gondii decreases reaction time has not been proposed to date.  Chronic infection was 

implicated in causing decreased memory and rates of learning in some rodent models 

(Hutchenson et al., 1980, Hay et al., 1984), lending support for infection with T. gondii 

as it causes similar changes in humans. 

The proposed link between schizophrenia and chronic T. gondii infection is still a 

relatively new theory.  It was first proposed in a 2001 paper by Yolken et al. (2001) with 

a study correlating schizophrenic’s experiencing their first psychotic episode with high T. 

gondii antibody titers.  The theory has been expanded to include congenital infections 

with T. gondii as a potential agent of adult onset mental health disorders (Buka et al., 

2001).  In utero exposure to other neurotropic intracellular pathogens was investigated 

as environmental factors contributing to schizophrenia.  Several pathogens appear to be 

potential factors in schizophrenia but infection with T. gondii was considered a major 

factor because it is preventable (Brown et al., 2005).  The theories that T. gondii is a 
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factor in causing schizophrenia was further supported by evidence that chronic 

toxoplasmosis in mice caused an increase in dopamine levels (Stibbs, 1985).  

Several studies linked the onset of an individual’s first psychotic episode with 

titers to T. gondii (Yolken et al., 2001; Leweke et al., 2004).  While the mechanism 

causing these psychotic episodes was not known, it is of interest that 42% of those 

people experiencing psychotic episodes had antibody titers to T. gondii (Yolken et al., 

2001) compared to 10% of the U.S. population with titers to T. gondii.  Enzyme linked 

immunosorbent assay and western blot antibody tests for IgM and IgG antibodies, 

demonstrated that the infections associated with psychotic episodes were acute 

infections.  The odds ratio linking the two events together ranges from 2.5-5.5 (Wang et 

al., 2006).  Leweke et al. (2004) looked at serointensity (increased titer) levels, as an 

indicator of mental illness instead of exposure.  Higher titers were indicative of a recent 

infection.  The result was that persons experiencing psychotic episodes have high titers 

to T. gondii indicating a recent exposure or a recrudescent infection.  The pitfalls of 

some of these experiments were that not all the serological tests were done the same 

way, inducing variability in titer values.  Test procedures included were done with the 

Sabin-Feldman dye test, the skin test, commercial enzyme linked immunosorbent assay 

(ELISA/RIA) tests and Immunofluorescent assays (IFA).  Because not all the techniques 

share the same sensitivity, comparing results is difficult.  Further confounding these 

results is schizophrenia is not a well defined disorder.  The standard for classifying 

schizophrenics varies greatly between countries.  While an association appears to exist 

it is difficult to determine the strength of the connection between T. gondii exposure and 

the development of schizophrenia. 
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Two retrospective studies examined individuals currently experiencing 

schizophrenia and determining the T. gondii status of maternal blood that was archived 

at the time of their birth (Buka et al., 2001; Brown et al., 2005).  Mothers of current day 

schizophrenics where found to have antibody titer levels higher to T. gondii than 

mothers who were seropositive and had offspring with no mental health problems.  

These finding indicated an acute infection, not just previous exposure, may play a role 

in fetal outcome.  These long term retrospective studies give us the opportunity to 

compare naturally occurring infections to real mental health disorders; however there 

are many unaccountable variables that are not considered. 

Toxoplasma gondii is an intracellular organism that causes a chronic for the life 

of an individual.  Similar to T. gondii, many viral infections become chronic after acute 

infections.  For this reason researchers have looked at Cytomegalovirus (CMV), 

Influenza virus, Epstein Barr virus, Herpes simplex viruses I, II, 6, and Varicella zoster 

virus to see if exposure was associated with the development of adverse mental health 

conditions.  The findings of these studies show a correlation between T. gondii, CMV, 

Herpes simplex 6 and untreated people experiencing mental health problems (Leweke 

et al., 2004).  The link indicates that infectious agents besides T. gondii may be 

contributing factors to mental illness in individuals that are seropositive for T. gondii. 

Toxoplasmosis and schizophrenia are associated with increased dopamine 

levels or dopamine receptor concentrations in the brains of affected individuals.  One of 

the early prevailing theories about schizophrenia is the dopamine theory (Wise and 

Stein 1973).  Dopamine is a potent neurotransmitter that is essential for cognitive 

function.  People living with schizophrenia have altered dopamine levels.  On post 
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mortem examination, dopamine 1 receptor concentrations in the frontal cortex are 

elevated compared to those of uninfected individuals (Kenable et al., 1996).  This 

finding indicates desensitization of the receptors from prolonged increased dopamine 

concentrations.  Although the frontal cortex is not the region of the brain with the highest 

dopamine concentrations, it does have concentrations of dopamine that are easily 

measured by HPLC or visualized by in situ hybridization.  The frontal cortex is the 

region of the brain responsible for cognitive function.  Decreased size of the prefrontal 

cortex has been observed with those people living with schizophrenia experiencing 

psychotic episodes (Brugger et al., 2010).  No reports exist in the literature of altered 

frontal cortex dopamine concentrations in mice or human with toxoplasmosis, only 

elevated receptor concentration.   

Many factors are believed to play a role in mental health disorders, genetic, 

environmental, exposure to infectious agents, and chemical imbalances.  The 

mechanism of how chronic toxoplasmosis causes changes in neurotransmitter 

concentration is not well understood.  It is clear that T. gondii is not the causative agent 

of mental health disorders, but T. gondii appears to be an environmental factor.  It has 

been proposed that infection with T. gondii causes an immune response in a 

subpopulation of people that is handled by incorrect immune cell types (Schwarcz and 

Hunter, 2007).  If the immune response is handled inappropriately then a cascade of 

events may follow resulting in neurotransmitter imbalances.  Typically, intracellular brain 

pathogens would attract glial cells to the site of infection.  The glial cells will usually bind 

up all the tryptophan and bring the pathogen’s replication to a halt.  For some people 

who have a genetic predisposition, the body mounts an inappropriate immune 
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response, resulting in astrocytes activating and binding tryptophan instead of the glial 

cells (Schwacz and Hunter, 2007).  Astrocytes cannot metabolize tryptophan as 

efficiently as glial cells.  When tryptophan is metabolized, the by-product is Kynurenic 

acid (KYNA), which is reduced further by enzymes to Indoleamine 2,3-Dioxyganase 

(IDO) or Tryptophan 2,3-Dioxygenase (TDO2).  The major difference between the two 

enzymes is IDO directs the immune system to a Th1 response, ideal for eliminating 

intracellular pathogens, while TDO2 is more of a Th2 response used for eliminating 

extracellular pathogens.  Astrocytes lack the enzyme IDO and are low in concentrations 

of TDO2 available.  The result is a buildup of KYNA in the brain.  Elevated KYNA even 

in low quantities will inhibit NMDA and nicotinic acetylcholine by blocking presynaptic 

receptors.  Both neurotransmitters are responsible for cognitive processes.  

Deregulation of KYNA levels also can result in an imbalance of catecholamine and 

indolamines, precursor molecules of dopamine and serotonin, respectively (Schwarz 

and Hunter 2007).  Ultimately altered dopamine concentrations are one of the hallmark 

characteristics of schizophrenic psychotic episodes.  Some people appear to have a 

genetic predisposition to increased TDO2 activity, and/or astrocyte activation (Schwarz 

and Hunter, 2007).  It is plausible that an increase in TDO2 and/or astrocyte activation 

brought about by T. gondii infections could be a contributing environmental factor to a 

neurochemical imbalance leading to a psychotic episode. 

 

1.4. Anti-psychotic drugs and Toxoplasma gondii 
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Anti-psychotic and mood stabilizing drugs have been used since the late 1950’s.  

The drugs revolutionized how people suffering from mental illness were treated.  Prior to 

the advent of anti-psychotic drugs, people suffering from mental illness were 

institutionalized.  Typical anti-psychotic drugs allowed people suffering from mental 

illness to return to society.  The first generation of drugs included typical antipsychotics, 

a class of phenothiazines.  Phenothiazines include, fluphenazine, thioridazine, and 

trifluoroperazine.  Haloperidol is a typical antipsychotic drug from the butyrophenone 

drug class.  Atypical anti-psychotic drug first came to market in the early 1970.  Atypical 

drugs were first classified as antipsychotic drugs that did not cause extrapyramidal 

effects.  This drug class includes but is not limited to clozapine, risperidone, and 

olanzapine.  The mood stabilizing drug valproic acid was first used clinically in the early 

1960’s.  It is mostly used for the treatment of epilepsy, bipolar disorder, and 

schizophrenia, to a lesser extent. 

The mechanism for many of the anti-psychotic and mood stabilizing drugs used 

for treatment is yet to be fully described.  Many of the traditional anti-psychotic drugs 

have more of a duel target mechanism.  The target of these drugs is the dopamine 

system and calmodulin.  These drugs work as Dopamine 2 receptor antagonists.  The 

calmodulin mechanism works by inhibiting the release of neurotransmitters into the 

synaptic cleft.  A major side effect of these drugs can be observed as extrapyramidal 

symptoms; including dry mouth, tremors, muscle stiffness and more severe side effects 

of tardive dyskinesia.  Unfortunately some of these side effects can mimic the negative 

symptoms of schizophrenia.  The traditional anti-psychotic drugs are still used for 

http://en.wikipedia.org/wiki/Butyrophenone
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treating the more persistent schizophrenia cases that are not responsive to atypical 

drugs.   

Newer, atypical antipsychotic drugs have a multi target mechanism.  These drugs 

have specific dopamine receptor targets but also appear to cross react with other 

neurotransmitters and receptors, specifically: serotonin, histamine, nicotine and other 

neurotransmitters to a much lesser extent.  The major difference between these newer 

antipsychotics and traditional drugs is the extrapyramidal effects are not present, unless 

excessively high does are administered for a long period of time.  The lack of these side 

effects makes them a better choice for the patients.   

The mechanism for the mood stabilizing drug, valproic acid, is still unknown, after 

50 years of clinical use.  Valproic acid, unlike typical and atypical anti-psychotic drugs, 

is hypothesized to work on the neurotransmitter GABA by increasing its concentrations 

in the brain.  Valproic acid is also shown to be a histone deacetylase inhibitor and is 

effective against T. gondii tachyzoites in vitro (Strobl et al., 2007).  The mechanism by 

which valproic acid works on T. gondii is currently unknown.  

Antipsychotic drug activity against infectious agents has been known for many 

years (Jones-Brando et al., 2003).  The idea that antipsychotic drugs have a static or 

cidal effect on T. gondii was first examined because of the association between 

schizophrenia and T. gondii.  It was observed that people experiencing psychotic 

episodes were more likely to be infected with T. gondii (Yolken et al., 2001).  People 

experiencing their first psychotic episode, meaning they were not on anti-psychotic 

medication prior to their episode, have higher titers to T. gondii when compared to 

patients who were experiencing mental health problems and were already on 
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antipsychotic medication (Leweke et al., 2004).  These findings suggest that 

antipsychotic medication was suppressing replication of T. gondii, evident by lower titers 

to T. gondii.  Several research groups have determined that replication of tachyzoites, 

the fast replicating form of T. gondii, can be inhibited by antipsychotic drugs (Jones-

Brando et al., 2003 and Goodwin et al., 2011). 

In vitro drug screens of several anti-psychotic drugs indicate they have activity 

against tachyzoites.  The assays performed by Jones-Brando et al. (2003) indicate that 

haloperidol inhibited tachyzoite growth at a concentration of 15uM.  A follow up 

experiment by Goodwin et al. (2011) yielded different findings.  Goodwin et al. found 

that haloperidol had no effect on tachyzoite growth at concentrations up to 10 uM.  

Some drugs have in vitro activity, but in vivo they fail to produce the desired results.  

Valproic acid was one of these drugs.  While valproic acid caused rodents to regain 

their fear of cat urine (Webster et al., 2006) it did not decrease the pathogenicity of T. 

gondii in mice (Goodwin et al., 2008). 

Vyas et al. (2007) discovered that rodents chronically infected with T. gondii lose 

their innate fear of cat urine, suggesting that T.gondii exerts selection pressures on 

rodents to complete its life cycle.  The theory being rodent predation by cats, the 

definitive host, permits the completion of the life cycle of T. gondii.  Webster et al. 

(2006) hypothesized that treating rodents, chronically infected with T. gondii, with 

antipsychotic and/or anti-toxoplasmic drugs would negate the negative effects chronic 

toxoplasmosis exerts on innate rodent behavior.  The drugs used in Webster’s et al. 

(2006) study were haloperidol (anti-psychotic), dapsone/pyrimethamine (anti-

toxoplasmic), and valproic acid (mood stabilizing drug).  The findings suggest the drugs 
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increase the rodent’s natural fear of feline urine to near normal levels. It remains unclear 

whether these drugs are working on the tissue cysts or the neurotransmitters. 

Goodwin et al. (2008) examined valproic acid extensively for in vivo activity 

against T. gondii.  However, in their experiments no behavior tests were performed. The 

focus of the experiments was to determine if valproic acid decreased the pathogenicity 

of T. gondii infections in vivo.  It was concluded by survival experiments that valproic 

acid did not increase the life expectancy of mice when compared to control mice 

receiving no treatment.  It was determined that valproic acid did not affect T. gondii 

pathogenicity in vivo, examined by histology and gross necropsy.   

A drugs activity against T. gondii replication in vitro may not equal activity in vivo.  

For example, valoproic acid inhibited T. gondii tachyzoite replication at a dose of 10 mM 

in vitro, but this did not translate in vivo (Goodwin et al., 2008).  At this time, more anti-

psychotic drugs have been tested for anti T. gondii activity in vitro then drugs tested in 

vivo.  Fluphenazine, thioridazine, trifloroperazine and other drugs that have in vitro 

activity against T. gondii should be examined in vivo. 

 

1.5. Dopamine and Toxoplasma gondii 

 

Stibbs (1985) measured the concentrations of dopamine in the brains of mice 

acutely and chronically infected with T. gondii.  The concentrations were determined 

using the whole brain and HPLC to measure dopamine, homovanillic acid, 

norepinephrine, serotonin and 5-hydroxyindoleacetic acid.  Acutely infected mice had a 

higher turnover of dopamine, more homovanillic acid, a metabolite of dopamine, but no 
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change in total dopamine compared to controls.  Chronically infected mice had elevated 

dopamine concentrations and no change in homovanillic acid concentrations compared 

to controls.  Serotonin, 5-hydroxyindoleacetic acid and norepinephrine levels remained 

unchanged for both acute and chronic T. gondii infections in these mice. 

The effect dopamine had on exploratory behavior in chronically T. gondii infected 

mice was examined by use of a dopamine reuptake inhibitor GBR 12909 (Skallova et 

al., 2006).  Mice infected with T. gondii were shown to poses increased hole board 

activity compared to control mice.  When GBR 12909 was administered to the mice it 

caused decreased hole board activity in infected females and increased hole board 

activity in controls.  The results indicated behavior phenotypes of infected mice could be 

reversed with GBR 12909.  This finding suggested T. gondii played a role in behavior 

via dopamine.  

Herriquez et al. (2009) discovered that T. gondii contains 2 aromatic amino acid 

hydroxylase enzymes.  These enzymes are essential for the synthesis of dopamine and 

serotonin precursors in humans.  The production of these enzymes potentially permitted 

the parasite to synthesize neurotransmitter precursors.  These precursors in turn could 

be used by the host to synthesize dopamine and serotonin causing an increase in 

neurotransmitter concentrations.  T. gondii has two genes encoding these 2 enzymes 

(Gaskell et al., 2009).  It was determined these genes are turned on when T. gondii 

stage converts from tachyzoite to bradyzoite.  Bradyzoites were the only stage to 

express these enzymes, lending further support that tissue cysts promote the over 

production of neurotransmitters. 
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Fleger et al. (2003) reported that subtle behavior changes in humans chronically 

infected with T. gondii could be attributed to elevated dopamine concentrations.  

Dopamine concentrations were not tested, but were correlated to behavior changes 

often associated with altered dopamine concentrations.  Flegr used Cloninger’s 

Temperament and Character Inventory to determine a correlation between exposure to 

T. gondii and decrease in novelty seeking.  Novotna et al. (2005) also looked at novelty 

seeking in humans as a measure of dopamine concentrations, and considered a 

decreased novelty seeking as indicative of increased dopamine concentrations.  They 

found that patients positive for the neurotropic chronic infections, cytomegalovirus or T. 

gondii, demonstrated a decrease in novelty seeking and they attributed this to an 

increase in dopamine concentrations.  Skallova et al. (2006) further expanded upon the 

research of novelty seeking and chronic T. gondii infection.  They looked at size of 

residence (domicile) as a possible factor for novelty seeking.  When size of residence 

was factored in and corrected, males infected with T. gondii had decreased novelty 

seeking in a population of male military conscripts.  The same results were found in 

male and female blood donors (Skallova et al., 2005).   

Yolken et al. (2009) reviewed the current literature correlating chronic 

toxoplasmosis and schizophrenia on 6 different levels.  The paper looked at prevalence 

of T. gondii antibodies within the schizophrenic population, T. gondii induced behavioral 

changes, existence of epidemiological similarities between T. gondii and schizophrenia, 

antipsychotic drug’s ability to inhibit the proliferation of T. gondii (Jones-brando et al. 

2003), how experimental T. gondii infection increases dopamine in rodents, and higher 

exposure of schizophrenics to felids as children.  Yolken et al. (2009) indicated that 
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there were many other factors not accounted for in many of these studies, which include 

timing of infection, pathogenicity of T. gondii strain, and the patient human genetics. 

 Most studies did not measure dopamine concentrations in subjects.  Most studies 

simply cite the Stibbs (1985) article demonstrating elevated dopamine concentrations in 

mice with chronic toxoplasmosis.  Many of the authors go a step further and say 

dopamine concentrations cause the observed behavior changes which were similar to 

behavior changes associated with chronic toxoplasmosis in mice.  The conclusions 

have been that infection with chronic T. gondii changed behavior via alterations in 

dopamine concentrations.  The problem in these studies was most of them cited Stibbs’ 

study that does not specify the strain of T. gondii used or the concentration used to 

infect the mice.  Nor did Stibbs perform behavioral experiments on the mice used in his 

experiment.  There appears to be a missing link in the literature that would tie 

toxoplasmosis infection in mice, elevated dopamine concentrations, and behavior 

changes together in one experiment. 

  

1.6. Behavior in rodents and Toxoplasma gondii 

 

Until recently, chronic infections were thought to be asymptomatic and of little to 

no clinical importance, except for recrudescent infections in immunocompermised 

individual (McAllister 2005).  Chronic infections resulting in tissue cyst formation in the 

central nervous system and brain are thought to be responsible for the behavior and 

personality alterations observed in infected rodents.  The mechanism for how tissue 

cysts cause problems is not known however several hypotheses exist.  The first is that 
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the slow metabolism of the intracellular tissue cyst releases toxic metabolites causing 

cellular damage (Dubey et al., 1998).  The second theory is that the tissue cysts cause 

a state of chronic inflammation and the resulting damage is more from auto immunity 

than from the actual tissue cysts (Hermes et al., 2008).  The result from either theory is 

an altered neurological behavior profile in infected rodents. 

 

Mouse behavior 

Mice experimentally infected with T. gondii have been shown to have altered 

behavior characteristics when compared to uninfected controls.  Uninfected mice are 

very apprehensive to novel stimuli and new environments.  Typically mice seek small 

dark enclosed areas and are fearful of open bright areas (Hay et al., 1984).  Hutchinson 

et al. (1980) examined the effect of chronic T. gondii infection on mouse activity, 

specifically rearing and digging.  Rearing and digging are both natural behaviors for 

mice in a new area.  Rearing is used to look around and smell new surroundings.  

Rodents are naturally borrowing animals so digging is a natural behavior for them. 

Rodents found that infected mice were more active than uninfected mice.  The activity 

measured was non-specific movement (i.e. movement that is not rearing, digging or 

grooming), infected mice also had more frequent and longer times where they were 

immobile in an open field.  Further activity testing carried out by Hay et al. (1984) 

examined activity over a 24 day time period, longer than any experiment previously 

done.  They found that congenitally infected mice exhibited hyperactivity compared to 

uninfected mice at the initial observation.  The hyperactivity remained at a higher level 

over the next five observations periods.  Previous experiments only examined one or 
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two time points; however experiment of Hay et al. (1984) reinforced the finding that the 

activity observed was permanent and not a transient change caused by introduction to a 

novel environment.  Congenitally infected mice also displayed increased activity when a 

wheel was installed in their cage (Hay et al., 1985) over a period of 24 days.  These 

reports in congenitally infected mice were also previously observed in mice 

experimentally infected after birth with chronic infection (Hutchinson et al., 1980).  

Social behavior of congenitally infected male mice has also been examined (Arnott et 

al., 1990).  Arnott et al. (1990) found that the breeding success of congenitally infected 

mice was not affected.  Congenitally infected males were more aggressive over territory 

and more inquisitive of potential mates (Amott et al., 1990).  An increase in non-specific 

activity has been suggested to make chronically infected mice easier targets for cats 

(Webster 2007).  

 

Rat Behavior  

Webster et al. (1994) examined behavior in wild captured and purpose bred lab 

rats.  T. gondii is naturally present in rat populations and is typically maintained at a 

relatively constant rate by horizontal transmission (Webster 2001). In a series of 

behavior experiments with wild and wild lab crossed hybrid rats, T. gondii infected rats 

demonstrate a decrease in neophobia, fear of a new environment.  Naturally T. gondii 

infected rats encountering novel stimuli of food, odor and open areas are shown to have 

a lower aversion to these stimuli when compared to uninfected rats (Vayas et al., 2007).  

Webster (1994) examined activity of chronically infected wild and experimentally 

infected rats.  Activity was measured for a period of 6 nights for 10 hr.  Webster (1994) 
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found that chronically T. gondii infected rats have increased activity as do chronically 

infected mice.  Similar to mice, the increased activity did not have an effect on breeding 

success (Webster 1994).  Research has demonstrated that rodents with chronic T. 

gondii infection preferentially lose their fear of predators (Berdoy et al., 2000).  Vyas et 

al. (2007) demonstrated that chronically infected mice maintain their apprehension 

towards the urine odor of foreign animals while losing their aversion to the odor of cat 

urine.  Typically non-infected rodents have a strong aversion to cat urine because cats 

typically possess the largest threat for predation.  The authors suggested that the tissue 

cyst alters the rodent’s behavior, aiding in the completion of the parasites lifecycle 

(Webster 2007).  Gonzalez et al. (2007) proposed an alternative theory.  He suggested 

that chronic T. gondii infection does not necessarily alter the rat’s aversion to cat odor 

but acts as an anti-anxiety agent.  Under this hypothesis, the rats were less anxious 

therefore they explored foreign odor and new surroundings more often because they 

were less stressed. 

 

Motor and memory function in mice and rats 

Motor and memory function in both mice and rats chronically infected with T. 

gondii was decreased compared to uninfected controls.   Hutchinson et al. (1980) 

reported a decrease in motor function of chronically infected mice.  In these 

experiments Hutchinson et al. (1980) looked at the ability of infected and non-infected 

mice to stay on a wooden rod.  They found that infected mice had less coordination and 

were less capable of staying on a wooden rod compared to uninfected mice.  Hay et al. 

(1983) examined whether the route of T. gondii infection played a role in loss of 
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coordination.  They demonstrated that both chronically and congenitally infected mice 

had decreased motor functions compared to uninfected mice.  There was no statistical 

difference between the two T. gondii infected groups: however, congenitally infected 

mice appeared to have more motor involvement when trying to stay on a wooden rod. 

Piekarski (1981) reported that mice and rats chronically infected with T. gondii 

performed poorly in memory testing.  Using a maze test, he found chronically infected 

rats and mice were unresponsive to novel stimuli.  He hypothesized that the imbalance 

of chronically infected T. gondii mice and rats inability to recognize novel stimuli 

manifested itself as poor memory.  Hodkova et al. (2007) reported that recognition of a 

geographic location was impaired in chronically T. gondii infected mice.  It was the 

rodent’s inability to recognize the environment that impaired the mouse’s memory.  The 

Hodkova et al. (2007) study used mice that had been infected with T. gondii for 10 

weeks prior to the behavioral experiments, providing time for the establishment of 

chronic infection with tissue cysts in the brain.  An alternative explanation is presented 

by Hydr et al. (2000) who suggested pathological changes that occurred in the brain 

gave rise to behavioral changes.  

 

Critical comments by David G. Goodwin 

Many of these early studies use an unrealistically high dose of parasites.  With a 

high infectious dose the animal will display different behavior based on general malaise 

and not parasitic manipulation.  Furthermore, many of the early papers do not give the 

stain of T. gondii being used.  T. gondii comes in 3 major genotypes that display a wide 

array of pathogenicity.  A low dose of highly pathogenic T. gondii genotype is capable of 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piekarski%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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producing a worse infection than a high dose of non-virulent T. gondii genotype.  

Because of this lack of information on dose or strain type comparison between studies 

is difficult.   

It is suggested these behavioral changes could aid in increased transmission 

rates from rodents to cats.  Rodents who lose their innate fear of novel environments, 

stimuli and odors are easy targets for any predator.  Predation by any animal will not 

complete the life cycle of T. gondii.  Ingestion by a felid is the only way for the 

completion of the life cycle.  While some of the evidence points towards rodents 

preferentially losing their aversion to felids (Webster 2007;Vayas et al., 2007) other 

researchers conclude that infected mice simply lose their natural apprehension of a 

novel environment (Hrda et al., 2000).  The hypothesis that T. gondii changes behavior 

in rodents to aid in the completion of the life cycle in cats has yet to be fully tested.  Until 

this hypothesis is fully tested these statements regarding increased transmission rate 

need to be further examined. 

 

1.7. Maternal Immune Simulation 

 

Pregnancy presents a balancing act for the immune system.  While components 

of the immune system need to be depressed to maintain the pregnancy, it needs to be 

robust enough to ward off infection of the mother.  Early in pregnancy the immune 

system is slightly depressed but as the pregnancy progresses the immune system 

becomes increasingly more impaired and susceptible to infection (Reinhard et al., 

1998).  If the immune system does not stay depressed, fetal resorbtion or spontaneous 
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abortion may occur.  Specific chemicals and pathogens have been found to cause birth 

defects if the fetus is exposed to them during pregnancy.  In a rodent model, maternal 

immune stimulation (MIS) with a specific immune stimulant has been shown to 

decrease birth defects when given in conjunction or as a prophylactic with a known 

teratogen.  Unfortunately, some of these MIS rodent models used to emulate infections 

were shown to have behavior deficits in the offspring of treated mothers. The negative 

behavior effects associated with these MIS disease models do not appear until late 

adolescence/early adulthood (Shi et al., 2003; Zuckerman and Weiner 2003), indicating 

that the changes in behavior observed were not from a pathogen but were a product of 

the maternal immune system (Shi et al., 2003) or a combination of the immune system 

plus pathogens. 

MIS with interferon gamma (IFN-) is shown to decrease birth defects associated 

with administration of a known teratogen (Sharova et al., 2003; Hrubec et al., 2006).  

Birth defects include craniofacial deformities, such as changes in maxillary and 

mandibular lengths, neural tube defects, limb defects and cleft palats caused by a 

chemical teratogen. The effects on behavior of offspring after MIS with IFN- are not 

well defined.  What is better understood and more clearly defined in a mouse model is 

MIS with polyriboinosinic-polyribocytidilic acid (Poly (I:C)) and the subsequent effects on 

behavior.  Poly (I:C) mimics a viral infection, stimulating the Th1 immune response via a 

Toll like-3 receptor (Alexopoulou et al., 2001).  Viral infections during pregnancy have 

been implicated in schizophrenia (Kendell and Kemp 1989).  Schizophrenia is of interest 

because it is not recognized until late adolescents/early adulthood.  Behavior testing of 

offspring born to dams that were MIS with Poly (I:C) exhibited a delayed behavioral 
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deficit, similar to what is observed in humans with schizophrenia (Shi et al., 2003).  

Immune stimulation during pregnancy yields varying behavioral results and is highly 

dependent on timing and dose of the immune stimulant.  

Shi et al. (2003) reported adult onset behavior deficits in mice born to dams that 

were immune stimulated with either human influenza virus A/NWS/33CHINI or Poly (I:C) 

on day 9.5 of gestation.  Offspring receiving poly (I:C) exhibited decreased prepulse 

inhibition (PPI).  The Poly (I:C) treatment was given in 4 different doses, 2.5, 5, 10 and 

20 mg/kg.  Only the highest dose of 20 mg/kg had significant differences in PPI.  

Indicating that at day 9.5 of gestation, a high dose of immune stimulant is required to 

precipitate a decrease in prepulse inhibition (PPI). 

The exact mechanism of how MIS with poly (I:C ) causes behavior alterations is 

unknown.  Ozawa et al. (2006) found dopamine hyper function in only adult offspring of 

dams that had been chronically immune stimulated while pregnant.  Poly (I:C) had been 

administered to the dams at a dosage of 5 mg/kg from day 12 to day 17 of gestation.  

This stimulation regime with Poly (I:C) also caused increased methamphetamine 

induced hyperactivity, and a decrease in all of the following: novel object recognition, 

thigmotaxis, PPI and memory retention in adult offspring.  All of these tests were done 

before the mice reached sexual maturity and again after sexual maturity.  Before sexual 

maturity, the mice displayed no differences between treatment groups.  After sexual 

maturity, only the mice exposed to Poly (I:C) in utero had impairments.  Dopamine 

turnover (homovanillic acid) and receptor binding was also examined (Ozawa et al., 

2006).  Increased dopamine turnover in the striatum, hippocampus, and frontal cortex 

was determined by HPLC.  In the striatum, dopamine’s ability to bind D2-like receptors 
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was shown to decrease while D1-like receptors had no change in binding affinity.  This 

indicates that the maternal immune system plays a role in the development of pathways 

of adult offspring without the presence of a true infection.   

 A slightly different result occurs with MIS using a single 5 mg/kg dose of poly 

(I:C) on day 9 of gestation.  The result is a change in the number of dopamine 

neurotransmitters and D1-like receptors of the offspring (Meyer et al., 2008a).  Immune 

stimulation can also change the fetal transcription rate of multiple dopamine neuron 

developmental genes, sonic hedgehog, fibroblast growth factor 8, and transcription 

factors Nurr1 and Pitx3 (Meyer et al., 2008b).  Maternal immune stimulation on day 9 of 

gestation caused an increase in dopamine concentrations in the prefrontal cortex and a 

decrease of serotonin and serotonin metabolites in the hippocampus (Winter et al., 

2009).  The delayed onset of these neuro-developmental behavior clusters indicates not 

only short term but long term changes in gene transcription rates for in utero exposure 

to immune stimulants. 

 Timing of MIS was evaluated to determine if a particular stage of pregnancy was 

more sensitive for inducing long term behavior deficits.  Immune stimulation with Poly 

(I:C) during early pregnancy had a different effect than stimulation late in pregnancy 

Meyers et al. (2006) examined the effect of MIS on days 6, 9, 13 and 17 on neuro- 

development of adult offspring.  Neuro-development was examined using latent 

inhibition (LI) and unconditioned stimulus pre-exposure effect (USPEE).  LI is a 

measure of conditioned learning. It is the ability of an individual or animal to make 

associations with stimuli and to filter out background stimuli.  USPEE measures rate of 

learning.  Specifically, it measures the time it takes for conditioning, to a stimulus, to 
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occur.  On days 6, 9 and 13 differences between Poly (I:C) treatment and controls were 

observed for both LI and USPEE.  On day 17 of treatment, differences between controls 

and Poly (I:C) pups of dams treated were observed in the USPEE test only and not for 

the LI test.  The poly (I:C) groups decreased learning according to the USPEE test for 

all 4 time points compared to controls, including day 17.  These results indicate MIS 

decreases the offspring’s ability to process stimuli properly if administered between 

days 6-13 during pregnancy and also decreased learning if administered days 6 and 17 

of pregnancy.  

 The immune response by the dam has been shown to play a critical role in the 

neuro-development of offspring in a mouse model (Meyer et al., 2006).  Several studies 

show that immune stimulation and not the infectious organisms are responsible for the 

behavioral sequelae (Shi et al., 2003; Zukerman and Weiner, 2005).  Meyers et al. 

(2006) looked at the IL-10/TNF-alpha ratio in dams immune stimulated (Poly (I:C)) on 

day 9 and 17 of gestation.  An increased ratio (more IL-10 to less TNF-alpha) was 

observed on day 17 of exposure but not on day 9 of exposure.  The result is an increase 

in adult onset of behavioral differences using the LI test for day 9 MIS pups but not at 

day 17 MIS pups, indicating an increased ratio of IL-10 to TNF-alpha has a protective 

effect on long term behavior changes.  If, however, IL-10 is increased in the absence of 

other pro-inflammatory cytokines, adult onset behaviors are still observed (Meyer et al., 

2008c) 

 Day 9 and 17 of gestation in mice are significant in the stages of human 

development they represent.  Day 9 is roughly equivalent to the end of the first trimester 

and day 17 represents mid to late of second trimester (Meyer et al. 2008b).  When the 
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dam is exposed to Poly (I:C) on day 9 of gestation; sensorimotor gating, PPI and spatial 

exploration are decreased in off spring (Meyers et al., 2006).  On day 17 of gestation 

MIS with Poly (I:C) caused decreased working memory.  Different behavior clusters are 

associated with certain critical time points for maternal immune stimulation.  Clearly 

infection with specific agents during these crucial time points can have long lasting 

negative effects on offspring.   

Smith et al. (2007) observed multiple behavior changes when MIS with murine 

IL-6 was administered on day 12 of gestation.  They demonstrated a decrease in both 

PPI inhibition and LI in adult mice but not pre sexually mature mice indicating maternal 

IL-6 plays a role is adult onset behavior changes.  Under typical conditions MIS with 

Poly (I:C) causes adult onset behavior changes, but when poly (I:C) is given in 

conjunction with antibodies to IL-6, behavior changes are not observed, indicating that 

cytokine IL-6 exposure in utero plays a major role in adult onset deficits for PPI and LI.  

These results are further supported a study using MIS with Poly (I:C) to IL-6 knockout 

(KO) mice.  The IL-6 KO mice demonstrated no behavior deficits.  These experiments 

indicate exposure to maternal IL-6 can cause permanent behavioral changes that are 

only present after sexual maturity. 

Immune stimulation can occur by other means.  IFN- is a cytokine with wide 

spread effect on the immune system.  IFN- plays a key role in regulating the Th-1 and 

Th-2 T-cell immune response.  Th-1 T-cells primarily target intracellular pathogens.  

Specifically, CD8+ T-cells play a larger role then CD4+ T-cells (Abou-Bacar et al., 2004) 

in preventing congenital infection of T. gondii.  By immune stimulating with IFN- during 

pregnancy, the immune system is able to decrease birth defects caused by exposure to 
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known teratogens (Sharova et. al. 2000).  Excessive immune stimulation can occur and 

rejection of the pregnancy results.  Maternal immune stimulation with IFN- is timing and 

dose dependent.  Known teratogens, urethane and methylnitrosourea are known to 

cause facial and cranial defects (Prater et al., 2004).  Amelioration of these defects with 

IFN- can be done successfully.  The mechanism for the effect IFN- is currently 

unknown, but 2 hypotheses exist.  The first is that IFN- crosses the placenta to mediate 

the immune response, the second is that IFN- causes an up regulation and/or down 

regulation of specific immune genes (Sharova et al., 2003).  If the dose and timing for 

administering the IFN- are done incorrectly termination of the pregnancy can result 

from an over robust Th-2 immune response.  The half-life of exogenous IFN- in 

pregnant dams is not known.  The duration of the effects of MIS with IFN- on the 

immune system of dam and offspring are currently unknown. 

 The exact mechanism for vertical transmission of T. gondii is still being worked 

out.  The placenta is an immune privileged organ.  While some cells and some 

cytokines are permitted to cross the placenta, not all normal cellular function and 

communication occur across the placenta (Barragan et al., 2003).  T. gondii and select 

other microscopic organisms can cross the placenta.  T. gondii possesses the ability to 

mechanically penetrate cells, replicate, and rupture out, causing lesions in an immune 

privileged placenta.  Trophoblast cells are the last line of defense protecting the fetus 

from becoming infected in utero.  After the fetal trophoblast layer is compromised, 

further damage to the fetus besides lesions on the placenta from T. gondii, can occur 

from inflammation (Abbasi et al., 2003).  Inflammation is mediated by the cytokine IFN- 

and other immune cells. 
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 Interferon gamma is a T-cell mediator.  When administered exogenously it shifts 

the T-cell response toward a Th-2 T-cell profile (Sharova et al., 2003).  Pregnancy 

naturally pushes the immune system towards a Th-2 T-cell response and away from a 

Th-1 T-cell response (Lim et al., 2000). T. gondii elicits a strong Th-1 T-cell response, 

under normal conditions (Ismael et al., 2006).  If a strong Th-1 T-cell response happens 

early in pregnancy the pregnancy maybe aborted.  Research indicates T. gondii 

infections in IFN- knockout mice increased the pathogenicity of the infection (Norose et 

al., 2001) to infected rodents. 

 No correlations between MIS with IFN-and behavior changes have been 

reported in the literature.  All of the MIS and behavior changes reported have been 

conducted using Poly (I:C).  Although viral infections elicit a Th-1 T-cell response, the 

immune response to poly (I:C) may be more refined and controlled than administering 

IFN-, a non-discriminate Th-1/Th-2 T-cell immune regulator.   
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ABSTRACT 

 

Toxoplasma gondii is an obligate intracellular parasite often found in the brain of 

humans. Research has shown a correlation between prevalence of antibody titers to T. 

gondii and psychological illness in humans. Recent studies indicate that individuals 

seropositive for T. gondii antibodies are more likely to develop psychotic disorders 

including schizophrenia. Schizophrenia is associated with changes in the dopamine 

neurotransmitter system.  Dopamine in the brain may play a role in proliferation, 

chemoattraction, or stage conversion of T. gondii in the brain. Because tachyzoites are 

the first developmental stage to reach the brain, the present study was conducted to 

determine the effects of dopamine on their development in vitro in human host cells. 

Dopamine was examined at either 100 nM or 250 nM in cell culture media and the 

numbers of tachyzoites produced at 2-3 days were determined and compared to vehicle 

treated controls. An increase of tachyzoite numbers and increased destruction in cell 

monolayer was observed at both concentrations of dopamine.  Dopamine used at 100 

nM was not significantly different from controls but dopamine used at 250 nM caused a 

significant (P< 0.05) difference in tachyzoites counts compared to controls. The role this 

increase in tachyzoite replication under the stimulus of dopamine plays in the genesis or 

modulation of schizophrenia or other mental illnesses awaits further studies. 
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Introduction 

 

 Toxoplasma gondii is an intracellular parasite often found in the central nervous 

system of humans as latent tissue cysts. Tissue cysts are essential for the maintenance 

of the T. gondii life cycle and they have historically been considered as simply a latent 

stage awaiting ingestion by a warm-blooded intermediate host or a feline definitive host. 

Because of their location in the brain, there has been increasing interest in the 

association of chronic T. gondii infection and alterations in intermediate host behavior. 

Hutchinson et al. (1980) and Hay et al. (1984) determined that mice chronically infected 

with T. gondii demonstrated increased open field activity, decreased coordination and 

diminished capacity to learn a maze.  Others have demonstrated altered behavior in 

chronically T. gondii infected mice and rats (reviewed by Webster, 2007). It is possible 

that these alterations in behavior are due to T. gondii induced alteration in brain 

neurochemistry in infected rodents and humans (reviewed Fekadu, et al., 2010).  

 Schizophrenia is an important neurological disorder affecting approximately 1% 

of the American population (Regier et al., 1993). Several research groups from different 

countries have shown that there is an increase in antibodies against T. gondii in 

individuals with schizophrenia compared to individuals without the disease in the same 

populations (reviewed by Yolken et al., 2009). It has also been demonstrated that 

children born to mothers with antibodies to T. gondii are at an increased risk of 

developing schizophrenia at the onset of maturity (Yolken et al., 2009).  

 Humans with schizophrenia have increased dopamine levels or dopamine 
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function leading to the dopamine hypothesis of schizophrenia which has dominated 

thinking about the pathophysiology of schizophrenia since the early sixties (Van 

Rossum, 1967).  Stibbs (1985) found both acute and chronic T. gondii infections can 

cause an increase in dopamine levels or dopamine turnover in the brains of 

experimentally infected mice. Henriquez et al. (2009) discovered that T. gondii has 

encoded in its genome 2 aromatic amino acid hydroxylase enzymes capable of 

synthesizing dopamine and serotonin precursors to within one final step.  Gaskell et al. 

(2009) demonstrated that these genes are turned on when T. gondii stage converts 

from tachyzoites to bradyzoites. Host genes are also probably involved in the complex 

interaction between parasite and neurochemical functioning (Carter, 2009).  In order to 

begin elucidating the parasite-neurochemical interactions, we examined the effect of 

100 nM and 250 nM dopamine on the replication of tachyzoites of T. gondii growing in 

human fibroblast cells.  
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MATERIAL AND METHODS 

& 

RESULTS 

 

Human fibroblast cells (Hs68, American Type Culture Collection, Manassas, 

Virginia) were maintained in RPMI 1640 medium (Lonza Walkersville, Inc., Walkersville, 

Maryland) supplemented with 10% (v/v) fetal bovine serum (FBS, Atlanta Biologicals, 

Inc.,  Atlanta, Georgia), 100 U/mL penicillin, 100 ug/ml streptomycin (Lonza Walkersville 

Walkersville, Maryland), and 1 mM sodium pyruvate (Lonza Walkersville, Walkersville, 

Maryland). Bovine monocytes (BM) cells were maintained in this same culture medium. 

Both cell lines were cultured in a humidified incubator set at 37oC with a 5% CO2 

atmosphere. The RH strain of T. gondii was propagated in BM cells. For experiments, 

tachyzoites were harvested from infected cell cultures as previously described (Strobl et 

al., 2007) and used immediately to infect monolayers of Hs68 cells in 48-well dishes. 

Each well of Hs68 cells was inoculated with 1-2 x 105 tachyzoites and they were 

allowed to penetrate for 2-3 hr. Non-infecting tachyzoites were removed by a single 

medium exchange and 1 mL of fresh medium composed of RPMI 1640 plus 2% (v/v) 

FBS with dopamine at 100 or 250 nM or PBS solvent control. The infected Hs68 cells 

were cultured for an additional 48-72 hours, then tachyzoites in the medium were 

collected by centrifugation (3,000 x g, 15 min) and counted using a haemocytometer  

Dopamine (Sigma St. Louis Missouri) was dissolved in PBS and diluted to make 

100 nM and 250 nM concentrations in 2% cell culture media.  Dopamine was made 

fresh prior to administration to cell monolayers. Experiments were replicated 4 times 
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 Statistical analyses were performed using PrismV5.02 (GraphPad, Inc., LaJolla, 

California). Triplicate determinations were averaged and concentration-response curves 

prepared using a curve-fit to a log model.  Comparisons between groups was done 

using student T-test. 

 Dopamine stimulated tachyzoite proliferation at both concentrations used (Figure 

1). Tachyzoites numbers were increased in Hs68 cells treated with 100 nm dopamine 

but the numbers were not significantly different (P<0.05).  Treatment of T. gondii 

infected Hs68 cells with 250 nM dopamine produced a statistical (P<0.05) increase in 

tachyzoite numbers. 
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Discussion 

 

Altered dopamine concentrations are a characteristic of schizophrenia.  Altered 

dopamine concentrations were once thought to be the primary cause of schizophrenics. 

This has been disproven by demonstration of alternate neurotransmitters and 

neurochemical pathway associated with schizophrenia.  Altered dopamine 

concentrations and dopamine receptor dysfunctions still are believed to be a major 

contributor to schizophrenia.  Hermes et al. (2008) determined that tissue cysts are 

more frequently found in the diencephalon and cortex than other regions of the brain.  

The discovery supports the idea tissue cysts are in close proximity of regions of the 

brain with higher than average dopamine levels.  The striatum, the region of the brain 

with the highest dopamine concentration, is located in very close proximity to the 

diencephalon.  The frontal cortex has the second highest concentration of dopamine in 

the cortex. 

Increased dopamine concentrations was suggested to be a potential explanation 

of why more males than females seropositive for T. gondii had an altered personality 

profile according to Cattell’s 16 factor questionnaire (Flegr and Hrdy, 1994). The 

personality changes observed were an increase in rule breaking and in 

jealousy/suspicious behaviors for seropositive males. It was suggested these behavior 

changes in men are associated with chronic T. gondii infection (Flegr and Hrdy, 1994). 

However, actual dopamine concentrations were not evaluated in their subjects. The 

behavior profiles observed are similar to known behavior changes associated with 
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altered dopamine concentrations. Novotna et al. (2005) examined novelty seeking in 

humans and attempted to correlate dopamine concentrations with this activity in T. 

gondii seropositive individuals because decreased novelty seeking is correlated with 

increased dopamine concentrations.  They found that T. gondii seropositive individuals 

had a decrease in novelty seeking which suggested that increased dopamine 

concentrations were present. Flegr et al. (2003) expanded upon this area of novelty 

seeking by evaluating the size of an individual’s residence as a possible factor for 

novelty seeking in recent male military conscripts. When size of residence was factored 

in and corrected, males seropositive for T. gondii demonstrated decreased novelty 

seeking compared to seronegative uninfected males. In another study, age-matched 

male and female blood donors were examined using the same test. Toxoplasma gondii 

seropositive males and females both exhibited decreased novelty seeking compared to 

age matched seronegative males and females (Skallova et al. 2005).   

Personality changes discovered in these tests are not as drastic as those found 

in people living with schizophrenia.  The personality changes associated with T. gondii 

infection indicates chronic infection is capable of causing behavior alterations.   Since 

dopamine concentrations were not measured in these studies the amount of dopamine 

change is unknown and cannot be compared to fluctuations in dopamine found in 

people with schizophrenia.  However evidence supports changes in dopamine 

concentrations as a cause of behavioral changes. 

 Certain behavior profiles are associated with increased dopamine concentrations 

and chronic T. gondii infections.  It is argued the behavior alterations associated with 

chronic T. gondii infections helps increase transmission of T. gondii to its definitive host 
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(Webster, 2007).  The subtle and not so subtle schizophrenic behavior profiles in 

humans could be a side effect of T. gondii cysts in the neural tissue of warm-blooded 

intermediate hosts.  Not all individuals infected with T. gondii have mental illnesses but 

infection with T. gondii might be a factor in initiating the expression of mental illness in 

susceptible individuals.  
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FIGURES 

 

Figure 1.  Graph of dopamine and T. gondii.  Bar graph demonstrating an increase in 

numbers of Toxoplasma gondii tachyzoites in human fibroblast cells 48 hour after 

treatment with 100 nM or 250 nM* dopamine (DA) compared to infected cells treated 

with vehicle only. * Indicates significantly different (P<0.05) from control. 
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ABSTRACT 

 

An increasing interest in the association of the presence of antibodies to Toxoplasma 

gondii and the development of schizophrenia in patients has been generated over the 

last several yr. Some anti-schizophrenia agents have been shown to have activity 

against T. gondii in cell culture assays and to ameliorate behavioral changes associated 

with chronic T. gondii infection in rats. In the present study, we examined the effects of 

commonly used antipsychotic and mood stabilizing agents (haloperidol, clozapine, 

fluphenazine, trifluoperazine, and thioridazine) for activity against developing 

tachyzoites of the RH strain of T. gondii in human fibroblast cell cultures. Haloperidol, 

and clozapine had no measurable activity. Fluphenazine had an IC50 of 1.7 µM, 

thioridazine had an IC50 of 1.2 µM, and trifluoperazine had an IC50 of 3.8 µM. Our study 

demonstrates that some agents used to treat schizophrenia have the ability to inhibit T. 

gondii proliferation in cell culture.  
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INTRODUCTION 

 

It has been estimated that the prevalence of schizophrenia is approximately 1% 

in the American population (Regier et al., 1993). Several research groups from different 

countries have shown that there is an increase in antibodies against the zoonotic 

protozoan Toxoplasma gondii in individuals with schizophrenia compared to individuals 

without the disease in the same populations (Alvarado-Esquivelet al., 2006; Wang et al., 

2006; Cetinkaya et al., 2007; Niebuhr et al., 2008). Researchers have also shown that 

children born to mothers with antibodies to T. gondii are at an increased risk of 

developing schizophrenia (Brown et al., 2005; Mortensen, Nørgaard-Pedersen, Waltoft, 

Sørensen, Hougaard et al., 2007; Mortensen, Nørgaard-Pedersen, Waltoft, Sørensen, 

Hougaard, Torrey et al., 2007). One study demonstrated that patients with 

schizophrenia and positive for antibodies to T. gondii had a significantly increased risk 

of dying from natural causes compared to patients with schizophrenia and no antibodies 

to T. gondii (Dickerson et al., 2007).  

It has recently been proposed that schizophrenia susceptibility genes are directly 

implicated in life cycle of T. gondii and other neuropathogens in the human brain 

(Carter, 2009). These observations suggest that there is a pathobiological relationship 

between T. gondii infection and the occurrence of schizophrenia. Researchers have 

demonstrated that some agents used to treat schizophrenia and other psychological 

disorders have activity against T. gondii in cell culture systems (Jones-Brando et al., 

2003; Goodwin et al., 2008). In the present study, we examined the effects of commonly 
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used antipsychotic and mood stabilizing agents (haloperidol, clozapine, fluphenazine, 

trifluoperazine, and thioridazine) for activity against developing tachyzoites of the RH 

strain of T. gondii in human fibroblast cell cultures.   
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MATERIALS AND METHODS 

& 

RESULTS 

 

Haloperidol, clozapine, and trifluoperazine were purchased from Sigma Chemical 

Company (St. Louis, Missouri). Fluphenazine, and thioridazine were gifts from E. R. 

Squib and Sons (Princeton, New Jersey), and Smith  Kline Beecham (King of Prussia, 

Pennsylvania, respectively. Drugs were prepared as 1,000 x stock solutions in 

dimethylsulfoxide (DMSO), and diluted into culture medium to the desired drug 

concentration and a final concentration of 0.1% DMSO. Both water and 0.1% DMSO 

controls were also tested.  

Human foreskin fibroblast cells (Hs68, American Type Culture Collection, 

Manassas, Virginia) were maintained in RPMI 1640 medium (Lonza Walkersville, Inc., 

Walkersville, Maryland) supplemented with 10% fetal bovine serum (Atlanta Biologicals, 

Inc., Atlanta, Georgia), penicillin-streptomycin (100 U/ml - 100 mg/ml each, Lonza 

Walkersville), and 1 mM sodium pyruvate (Lonza Walkersville) were cultured in a 

humidified, 37 C incubator under a 5% CO2 atmosphere. The RH strain (Sabin, 1941) of 

T. gondii was used for all experiments.  

Tachyzoites were harvested from infected cell cultures as previously described 

(Strobl et al., 2009) and used immediately to infect monolayers of Hs68 cells in 48-well 

culture plates. Each culture well of Hs68 cells on the 48-well culture plate was 
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inoculated with 1 x 105 tachyzoites and they were allowed to penetrate for 2-3 hr. Non-

infecting tachyzoites were removed by a single medium exchange and 1 mL of fresh 

medium composed of RPMI 1640 + 2% FBS and the test drugs or solvent control. The 

cells were cultured for an additional 48 hr. The activity of each agent was determined 

using the SYBR green assay as previously described (Strobl et al., 2009). Briefly, the 

supernatant from the culture plates was centrifuged, aspirated, and the pellet was used 

to determine the proliferation of the tachyzoites. The DNA-binding fluorescent probe 

SYBR green (Molecular Probes, Carlsbad, California) was utilized at 1:10,000 dilution 

prepared in lysis buffer, containing 0.01% saponin and 0.1% Triton X- 100, and added 

to the parasite pellets (Bennett et al., 2004). The pellets were incubated at 37 C for 30 

min to allow complete lysis of tachyzoites before being read on a fluorescent plate 

reader with excitation at 460 nm and emission at 530 nm. The monolayers on the 48 

welled plates were fixed and stained using 0.5% crystal violet–5% formaldehyde–50% 

ethanol–0.85% NaCl solution (Strobl et al., 2009) to qualitative compare to the results 

obtained using the SYBR green assay and to compare monolayer destruction among 

treatments. 

Statistical analyses were performed using PrismV5.02 (GraphPad Inc.  

LaJolla, California). Triplicate determinations were averaged and concentration 

response curves prepared using a curve-fit to a log inhibitor-response model. Drug IC50 

values were estimated from the curve-fits.  
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DISCUSSION 

 

Clozapine and haloperidol did not have inhibitory activity in the assay when 

examined at 1, 5, or 10 µM; therefore, no IC50 could be calculated (data not shown). 

The mean and SEM from 2 independent experiments performed in triplicates was used 

to construct the graphs of activity for fluphenazine, thioridazine and trifluoperazine (Fig. 

1). Fluphenazine had an IC50 of 1.7 ± 0.1 µM and thioridazine had an IC50 of 1.2 ± 0.1 

µM. Trifluoperazine had slight stimulatory activity at lower levels (2.0 µM) and inhibitory 

activity at higher levels (IC50 3.8 ± 0.1 µM). Results observed in the 48 welled plate 

studies were similar to those seen using the SYBR green assay (Figs. 2). 

Jones-Brando et al. (2003) examined 12 neuroleptic agents against the RH strain 

of T. gondii growing in human fibroblast cells using an ELISA based assay to determine 

activity. They reported that the IC50 of haloperidol was 5.6 µg/mL (15 µM). Haloperidol 

was not active in the present study at any of the concentrations examined (1-10 µM). 

We demonstrated activity of fluphenazine, thioridazine, and trifluoperazine against 

developing tachyzoites of T. gondii in the present study.  

Schizophrenia usually occurs in women around the ages of 25 to 35 yr., which 

corresponds to peak reproductive years, leading to a use of these agents in pregnant 

women. Fortunately, no study has demonstrated an association between the use of 

antipsychotic agents during pregnancy and an increased risk for birth defects or other 

adverse outcomes (see Einarson and Boskovic, 2009). However, studies in humans 

with schizophrenia that were treated with the anti-T. gondii agents trimethoprim (Shibre 
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et al., 2009) or azithromycin (Dickerson et al., 2009) failed to demonstrate significant 

improvement in clinical symptoms. Because anti-schizophrenia drugs are designed to 

act on the brain, it is likely that they may have more activity in the brain than other anti-

T. gondii agents. Studies using rats have reported that haloperidol or pyrimethamine 

plus dapsone are effective in ameliorating behavioral changes associated with chronic 

T. gondii infection (Webster et al., 2006). A study in mice using valproic acid did not 

demonstrate an effect on acute toxoplasmosis and there was no effect on T. gondii 

tissue cyst numbers in chronically infected mice (Goodwin et al., 2008).  

Fluphenazine showed good activity against T. gondii in the present study (an IC50 

of 1.7 µM). It is a promising drug for further investigation because fluphenazine has a 

highly acceptable adverse effect profile and is considered to be among the best 

tolerated anti-psychotic drugs available for patient use. Therapeutic plasma levels of 

fluphenazine are approximately 5 nM, well below the concentrations of drug that 

inhibited T. gondii proliferation in the present cell culture tests. Nevertheless, it is likely 

that levels of fluphenazine in the brain exceed those in plasma, and fluphenazine could 

exert some anti-T. gondii actions within the central nervous system. The safety of 

fluphenazine for use in pregnant women has not been established (see Einarson and 

Boskovic, 2009); nevertheless, a case report showed a normal pregnancy and birth 

occurred in a woman who had taken fluphenazine continuously through her pregnancy 

(Cleary 1977). In addition, there is a slow-release form of fluphenazine available that 

provides a convenient, sustained delivery of drug to enhance patient compliance. 

Thioridazine has also been administered to a pregnant woman without adverse effects 

to the baby (Yaris et al., 2004). We found thioridazine is slightly more potent than 
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fluphenazine against T. gondii in cell culture, and because therapeutic plasma levels of 

thioridazine are in the range of 5 µM (Kirchherr and Kuhn-Velten, 2006), drug levels in 

patients undergoing treatment with thioridazine are more than sufficient to exert an anti-

T. gondii activity.  

Several laboratories including our own have found that anti-psychotic drugs and 

mood-stabilizing agents exert fairly potent effects on T. gondii tachyzoites (Pezzella et 

al., 1997; Jones-Brando et al., 2003; Strobl et al., 2007). However, defining a 

mechanism of action in T. gondii has proven to be more elusive. A confounding factor in 

elucidating the biological effects for these drugs in T. gondii is the existence of multiple 

pharmacological targets. For example, there are two reports that valproic acid, a drug 

approved for use as an anti-epileptic and mood-stabilizer, reduces tachyzoite 

proliferation (Jones-Brando et al., 2003; Strobl et al., 2007). The anti-epileptic properties 

of valproic acid are generally attributed to its ability to raise levels of the 

neurotransmitter gamma-amino butyric acid (GABA) in the brain as well as to inhibit 

certain sodium channels and T-type calcium channels (Golan et al., 2008). There are 

also numerous reports that valproic acid is a histone deacetylase inhibitor and exerts 

broad biological activity by causing changes in protein acetylation (Monti et al., 2009). 

Deciphering which of these mechanisms drive the valproic acid response in tachyzoites 

is difficult, and though we have suggested that histone deacetylase is a key target of 

valproic acid in T. gondii based upon the anti-proliferative actions of other chemical 

classes of histone deacetylase inhibitors in T. gondii (Strobl et al., 2007), there is no 

evidence that the regulation of ion channels, GABA metabolism or other signaling 

pathways by valproic acid does not exert effects in T. gondii.  
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An equally complex picture emerges when examining the pharmacologic targets 

of the anti-psychotic drugs.  The typical anti-psychotic drugs are chemically related and 

share the phenothiazine ring structure. This class of antagonists includes 

chlorpromazine, trifluoperazine, fluphenazine, and thioridazine, and their 2 primary 

pharmacological targets are the dopamine D2 receptor and calmodulin (Prozialeck and 

Weiss, 1982; Miyamoto et al., 2005). Haloperidol is a typical anti-psychotic, a highly 

potent D2 dopamine receptor antagonist and calmodulin inhibitor, but has a 

butyrophenone ring structure which is chemically distinct from the phenothiazine group. 

In addition to these main drug targets, chlorpromazine, trifluoperazine, fluphenazine, 

and haloperidol have been reported to inhibit several types of potassium channels, and 

to mediate intracellular calcium-release through actions on the ryanodine receptor 

(Naiazawa et al., 1995; Qin et al., 2009; Suessbrich et al., 1997; Wagner et al, 2004).  

Second-generation anti-psychotic drugs target the dopamine D2 receptor as well as the 

serotonin receptor,5-HT-2A, and as a class bind less tightly to the dopamine receptor 

than typical anti-psychotics (Seeman 2002; Miyamoto et al., 2005). Clozapine is the 

prototype agent in this class which also includes olanzapine, risperidone, and 

quetiapine (Miyamoto et al., 2005). Unlike the typical antipsychotics, the second 

generation anti-psychotics are not calmodulin antagonists, and even some cellular 

actions of clozapine show dependence upon calmodulin-activated kinase activity (Ninan 

et al., 2003; Shin et al., 2006). Of note, in our work, clozapine  (5 µM) was ineffective in 

protecting HS68 host cell death through proliferation of tachyzoites and cell lysis; 

although an earlier publication showed clozapine (ID50 18 µM) inhibited T. gondii 

replication in host cells, this same paper showed the other second generation 
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antipsychotics tested, risperidone, quetiapine and olanzapine, were inactive (Jones-

Brando et al., 2003). We suggest that the differential response of T. gondii to typical and 

second generation anti-psychotics implicates a role for calmodulin in the protection of 

RH T. gondii –infected HS68 cells by trifluoperazine, fluphenazine, thioridazine and 

haloperidol reported here. We recognize that there is no reason to exclude the idea that 

actions of these drugs on ion channels also contribute to inhibition of tachyzoite 

propagation in host cells. In fact, multiple mechanisms may be at work here.  

Transient rises in intracellular calcium within the tachyzoites serve as a trigger for 

parasite egress from host cells and participate in the cell gliding motility and host cell 

invasion processes critical to T. gondii survival (Hoff and Carruthers, 2002; 

Chandramohanadas et al., 2009; Nagamune et al., 2008; Lourido et al., 2010). Calcium 

binding activates calmodulin and downstream calmodulin-dependent protein kinases 

have been implicated in life cycle and erythrocyte invasion of the apicomplexan, P. 

falciparum, (Vaid et al., 2008; Wurtz et al., 2009) but these pathways are not well 

understood in T. gondii. In our experiments, tachyzoites were observed within 

parasitophoros vesicles in host cells suggesting that anti-psychotics might blunt signals 

for T. gondii egress. This might involve calmodulin inhibition or, alternatively, the actions 

of anti-psychotics on in fluxes could act to repress the calcium signal for egress. 

Atypical antipsychotics stimulate excess calcium release from intracellular stores by 

opening ryanodine receptors (Wagner et al, 2004; Qin et al, 2009), and these drugs 

could thereby exert a direct cytotoxic effect on tachyzoites by amplification of the normal 

calcium release signals to initiate egress (Lovett and Sibley, 2003).  Furthermore, there 

is good evidence that the actomyosin motor directing cell motility operates 
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independently of calmodulin (Herm-Gotz et al., 2002), yet calmodulin is nevertheless, 

intimately associated with the actomyosin complex in the apical complex of the invading 

tachyzoite (Pezzella-D’Alessandro et al., 2001). Calmodulin may exert its role in 

invasion by mediating calcium-dependent conoid extrusion and through calcium-

stimulated secretion of lytic enzymes at the adhesion site on the host cell membrane 

which serves to fluidize the host cell membrane and facilitate parasite entry. In these 

ways, calmodulin inhibition would suppress tachyzoite invasion and protect host cell 

monolayers.  

The importance of dopamine receptor antagonism in the inhibition of T. gondii by 

anti-psychotics is enigmatic. Clearly, the more potent D2 antagonists of the typical anti-

psychotic class are more active inhibitors of T. gondii than the less potent second 

generation anti-psychotics, but at this time, there is no good evidence for expression of 

D2 receptors on T. gondii.  Fibroblast cells do not express detectable levels of 

dopamine receptors making it unlikely that the actions are indirectly mediated through 

altered biology of the host cell (Tang et al., 1994).    
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FIGURES 

 

Fig 1.  Graph of SYBRGreen vs. Drug Concentration.  Graphs of the SYBRGreen 

intensity vs the concentration of drug.  Figure (a) is of Fluphenazine with a calculated 

IC50 of 1.7 M.  Figure (b) is of Thioridazine with a calculated IC50 of 1.2 M.  Figure 

(c) is of Trifluoperazine with a calculated IC50 of 3.8 M.   

 

 

0.0 2.5 5.0 7.5 10.0
0

20

40

60

80

100

120

[FLUPHENAZINE] uM

S
Y

B
R

G
re

e
n

 (
A

U
)

0.0 2.5 5.0 7.5 10.0
0

20

40

60

80

100

120

[THIORIDAZINE] uM

S
Y

B
R

G
re

e
n

 (
A

U
)

0.0 2.5 5.0 7.5 10.0
0

20

40

60

80

100

120

[TRIFLUOPERAZINE] uM
S

Y
B

R
G

re
e

n
 (

A
U

)

A

IC50 1.7 uM

CB

 IC50 1.2 uM IC50 3.8 uM

 

 

  



80 
 

Fig. 2.  Graph of T. gondii counts vs. Drug Councentrations.  Graphs of the tachyzoite 

counts vs the concentration of drug. 
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ABSTRACT 

 

Toxoplasma gondii is a common intracellular protozoan infection of humans worldwide. 

Severe disease can occur in immunocompromised individuals and the in the fetuses of 

non-immune pregnant women. Chronic infection is associated with vision and hearing 

problems, and functional mental alterations, including schizophrenia. The mood-

stabilizing agent valproic acid has been shown to inhibit the development of T. gondii in 

vitro at dosages that are normally achieved in the serum and cerebral spinal fluid of 

human patients and to have positive effects on the behavior of rats chronically infected 

with T. gondii. The present study was done to examine the in vivo activity of valproic 

acid against acute toxoplasmosis in mice. Two studies were done with valproic acid 

given in the drinking water at concentrations of 1.5 mg/ml (Experiment 1) or 3.0 mg/ml 

(Experiment 2). In a third experiment (Experiment 3), valproic acid was injected 

intraperitoneally (i.p.) at doses of 200 or 300 mg/kg every 12 hr. Valproic acid was not 

effective in preventing acute toxoplasmosis. All mice treated with valproic acid died or 

were killed and did not (P≤0.05) live significantly longer than the controls. Tachyzoites 

were demonstrated in the tissues of infected valproic-acid–treated mice. A fourth study 

was done to determine if valproic acid has activity against T. gondii tissue cysts in 

chronically infected mice. Mice were chronically infected with the ME- 49 strain of T. 

gondii for 8 wk. and then treated orally with valproic acid at approximately 6.6 mg/ml 

(800 mg/kg/day) in the drinking water for 10 wk. (amount was varied due to increasing 

mouse weights). No significant differences (P≤0.05) were present in tissue cyst 
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numbers in valproic-acid–treated T. gondii chronically infected mice and in mice 

chronically infected with T. gondii but not given valproic acid. Our results indicate that 

valproic acid, although effective in vitro against T. gondii tachyzoites, is not effective as 

a preventative in mice inoculated with T. gondii tachyzoites. Additionally, no activity 

against tissue cysts was observed in chronically T. gondii–infected valproic-acid–treated 

mice.  
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INTRODUCTION 

 

Toxoplasma gondii is a protozoan parasite that infects humans and most other 

warm-blooded animals. Humans become infected by ingesting meat containing tissue 

cysts or by ingesting sporulated oocysts in the environment. Researchers indicate that 

there are 1,500,000 cases of toxoplasmosis in the United States each year, and about 

15% of those infected have clinical toxoplasmosis (Jones, Kruszon-Moran et al., (2001). 

The importance of maternal infection and congenital toxoplasmosis has long been 

recognized (Jones, Lopez et al., 2001). The role of chronic T. gondii infection on human 

health was manifested in the AIDS epidemic, with the numerous cases of toxoplasmic 

encephalitis due to reactivated infection and clinical toxoplasmic encephalitis. The 

association of chronic T. gondii infection and behavioral changes has come to light over 

recent years and has been strengthened by many studies in humans, mice, and rats 

(Holliman, 1997; Webster, 2001).  Most notably, the association of chronic T. gondii 

infection and schizophrenia has gained attention (Yolken et al., 2001; Ledgerwood et 

al., 2003; Torrey and Yolken, 2003; Bachmann et al., 2005; Brown et al., 2005; Wang et 

al., 2006). 

Valproic acid is a mood stabilizer used in the treatment of mental illnesses 

including bipolar disorder and schizophrenia (see Bowden, 2007). It has also been 

shown to inhibit T. gondii reproduction in human fibroblast cell cultures (Jones-Brando 

et al., 2003; Strobl et al., 2007). The IC50 of valproic acid (sodium salt) in a tachyzoite 

production assay was 266 "g/ml (Strobl et al., 2007), whereas in an ELISA-based assay 

the IC50 of valproic acid (free acid) was 4.7 "g/ml and the IC50 of valproic acid (sodium 
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salt) was 4.1 "g/ml (Jones-Brando et al., 2003). These studies indicate that this drug is 

active against tachyzoites of T. gondii. 

Rats chronically infected with T. gondii lose their innate fear of cat odor (Berdoy 

et al., 2000; Vyas et al., 2007). This makes them easier prey for cats and enhances the 

transmission of the parasite. The effects of valproic acid on the feline avoidance 

behavior of chronically infected rats was examined by Webster et al. (2006) and it was 

shown to help treated T. gondii–infected rats (40 mg/kg valproic acid/day orally) retain 

their innate avoidance of cat smell. 
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MATERIAL and METHODS 

& 

RESULTS 

The present study was done to examine the anti–T. gondii activity of valproic acid 

in the prevention of acute toxoplasmosis in mice or activity against the tissue cyst stage 

in chronically infected mice. Female ICR mice were housed in groups of 5 mice per 

cage (Experiments 1–3) or 3–4 mice per cage (Experiment 4). Mice in Experiments 1–3 

were inoculated subcutaneously with 5 # 103 tachyzoites of the RH strain of T. gondii 

on Day 0. Valproic acid was given in the drinking water 1 day prior to subcutaneous 

inoculation of mice in Experiments 1 and 2. Valproic-acid–containing water in lightproof 

water bottles was provided ad libitum for the remainder of the study. Fresh valproic-

acid– containing water was provided every 2 days. For dosing considerations, we 

assumed that each mouse would drink 4 ml of water each day. Saccharin was added at 

0.2% (w/v) to mask the flavor of the valproic acid–treated water. 

Experiment 1 contained 10 mice treated with 1.5 mg/ml valproic acid (Groups 1 

and 2) in the drinking water supplemented with 0.2% (w/v) saccharin and 10 mice not 

treated with valproic acid (Groups 3 and 4) (Table I). Saccharin was added at 0.2% 

(w/v) to 1 group of 5 of these mice (Group 3) given water without valproic acid. 

Experiment 2 contained 5 mice treated with 3 mg/ml valproic acid in the drinking water 

(Group 5) and 5 mice not treated with valproic acid (Group 6) (Table II). The mean 

weight of valproic-acid–treated mice in Experiment 1 was 24 g and in Experiment 2 the 

mean weight was 22 g. Valproic acid concentrations in the drinking water provided 
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doses of 250 mg/kg/ day (Experiment 1) and 545 mg/kg/day (Experiment 2). These 

dosages translate to 300 mg/kg and 600 mg/kg for a 20-g mouse, respectively. 

Experiment 3 was done to evaluate valproic acid administered intraperitoneally 

(i.p.) at doses of 200 or 300 mg/kg every 12 hr. (Table III). The mean weight of valproic-

acid–treated mice was 23 g. Valproic acid was dissolved in sterile saline (0.14 M NaCl 

solution) and i.p. injections were started 2 days prior to RH strain T. gondii infection with 

5 x 103 tachyzoites s.c. There were 2 groups (Group 7 and 8) of 5 mice each that 

received the 400-mg/kg/day total dose and 2 groups (Group 9 and 10) of 5 mice each 

that received the 600-mg/kg/day total dose. A group of 5 mice (Group 11) were infected 

controls and treated every 12 hr. with i.p. sterile saline only. 

Experiment 4 (Table IV) was conducted to determine if valproic acid has activity 

against T. gondii tissue cysts in vivo. Eight mice (4 mice in Group 12 and 4 mice in 

Group 13) were s.c. infected with 1 # 103 tachyzoites of the ME49 strain of T. gondii in 

0.5 ml HBSS and left untreated for 8 wk. Three mice (Group 14) were s.c. inoculated 

with 0.5 ml HBSS and treated similarly. After 8 wk., mice in Groups 12 and 14 were 

provided drinking water containing 0.2% saccharin and approximately 6.6 mg/ml 

(amount varied because of mouse weights, which changed during the study) valproic 

acid for 10 wk. to deliver a daily dose of 800 mg/kg. Mice in Groups 12–14 were killed 

10 wk. after valproic-acid treatment, and their brains were removed. The left half of the 

brain was homogenized in 2 ml HBSS for 2 min with the use of a stomacher machine 

(Seward Lab Blender Stomacher 80, London, England). The numbers of tissue cysts in 

a 50-"l sample of the homogenized brain was determined with the use of light 

microscopy. The right half of the brain was fixed in 10% neutral buffered formalin 
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solution and processed routinely for histological examination following staining with 

hematoxylin and eosin. 

Impression smears were made from the livers or lungs of mice that died or were 

killed during the study. They were examined unstained for tachyzoites with the use of an 

Olympus BH60 microscope equipped with interference contrast optics. 

Kaplan–Meier survival analysis was performed with the use of PrismGraphpad 

version 4.0 on mice in Experiments 1–3. The data were analyzed for statistical 

significance with the use of the chi-square and log-rank tests with a P value of 0.05. 

Tissue cyst counts from mice in Experiment 4 were examined with the use of a 1-way 

ANOVA and an unpaired t-test with a P value of 0.05. 
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DISCUSSION 

 

Acute toxoplasmosis occurred in all mice given the RH strain (Tables I–III). 

Neither oral (Experiments 1 and 2) nor i.p. (Experiment 3) treatment with valproic acid 

was effective. Deaths occurred in treated mice from 8 to 13 days after inoculation with 

tachyzoites and in untreated mice 9–12 days after tachyzoite inoculation (Tables I–III). 

There was no significant positive effect of valproic-acid treatment on mouse survival (P 

< 0.05). Tachyzoites were seen in tissues of all mice given the RH strain of T. gondii. 

 

None of the mice inoculated with tachyzoites of the ME49 strain of T. gondii died 

during the study (Groups 12 and 13). None of the mice given only valproic acid (Group 

14) died during the study. Tissue cysts were structurally normal when viewed as fresh 

preparations with light microscopy. They were also normal when viewed in stained 

histological sections. The mean number of tissue cysts in 50 L was 1.3 ± 1.3 (range, 

0–3) for mice in Group 12 and 2.0 ± 1.8 (range, 0–4) for mice in Group 13. No tissue 

cysts were seen in the brains of mice in Group 14. There were no significant differences 

(P < 0.05) in tissue cyst counts in mice infected with the ME49 strain of T. gondii and 

treated with valproic acid (Group 12) and those infected but not treated with valproic 

acid (Group 13). 

 

Valproic acid is active against tachyzoites of T. gondii in 2 different cell-culture–

based assays (Jones-Brando et al., 2003; Strobl et al., 2007). The studies of Jones-

Brando et al. (2003) indicate that valproic acid is active at lower concentrations than 
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reported by Strobl et al. (2007), but both indicate that it is active and the differences are 

probably due to different test systems used to determine activity. 

The results of the present study indicate that valproic acid is not active in 

preventing acute toxoplasmosis in mice. The highest oral daily dose of 800 mg/kg/day 

we tested is approaching the oral LD50 dose of this agent in mice (1,098 mg/kg); the 

highest i.p. dose of valproic acid tested, 600 mg/kg/day, is greater than the LD50 in 

mice for this route of administration (470 mg/kg) (American Pharmaceutical Partners, 

Inc., Bedford Labs, Bedford, Ohio). Therefore, further increasing the dose of valproic 

acid is impractical. In contrast, Webster et al. (2006) demonstrated that oral treatment of 

chronically T. gondii–infected rats with 40 mg/kg/day of valproic acid were beneficial in 

their study system. Treated T. gondii–infected rats retained their innate avoidance of 

feline smell (cat urine). The mode of action of valproic acid, including which stage of T. 

gondii is affected by valproic acid in the rats, is not known. Because the rats were 

chronically infected, it is possible that valproic acid acted on the tissue cyst/bradyzoite 

stages of T. gondii. Valproic acid might also influence the bradyzoite-to-tachyzoite or 

tachyzoite to bradyzoite stage conversion. We did not demonstrate a significant 

(P<0.05) effect of valproic acid on the numbers of tissue cysts in treated mice versus 

controls. Additional study is needed to examine the activity of valproic acid and similar 

agents against the tissue cysts/bradyzoites of T. gondii. 
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TABLES 

 

Table I.  Results of Experiment 1. Protocol and results of Experiment 1 on 1.5 mg/ml 

dose of valproic acid given in the drinking water on acute toxoplasmosis in mice. 

 

* Provided continuously in water in lightproof drinking bottle to provide an estimated 

total dose of 250mg/kg/day. 
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Table II.  Results of experiment 2.  Protocol and results of Experiment 2 on 3-mg/ml 

dose of valproic acid given in the drinking water on acute toxoplasmosis in mice.  

 

* Provided continuously in water in lightproof drinking bottle to provide an estimated 

total dose of 545mg/kg/day. 
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Table III.  Results of experiment 3.  Protocol and results of experiment 3 examining 2 

doses of valproic acid given intraperitoneally every 12 hr on acute toxoplasmosis in 

mice. 

 

* Given intraperitoneally as 200 or 300 mg/kg every 12 hr. 

† Sterile saline given intraperitoneally every 12 hr. 
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Table IV.  Results of experiment 4.  Protocol and results of experiment 4 on 6.6mg/ml 

dose of valproic acid given in the drinking water* for 10 wk on chronic toxoplasmosis in 

mice 

 

* Provided continuously in water in lightproof drinking bottle to provide an estimated 

total dose of 800mg/kg/day. 
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ABSTRACT 

 

We examined the effect of maternal Toxoplasma gondii infection on the behavior and 

neurotransmitter concentrations of congenitally infected female and male CD-1 mice at 

4 and 8 wk. of age. This is a time when latent tissue cysts would be present in their 

brains. Because of sex associated behavioral changes that develop during aging, 

infected female mice were compared to control female mice and infected male mice 

were compared with control male mice. Female and male congenitally infected mice 

showed minimal behavioral differences from uninfected mice at 4 wk. of age in 4 

different behavioral tests used to measure diverse behaviors. At 8 wk. of age, 

congenitally infected female mice remained similar to uninfected female controls. 

Infected male mice at 8 wk. were significantly different for increased random search 

technique (P≤0.077), increased activity (P≤0.080) and displayed significantly decreased 

memory (P≤0.005) compared to sero-negative male mice. This indicates 8-wk-old male 

mice suffered adverse spatial memory and rate of learning defects from congenital 

toxoplasmosis. Neurotransmitters and their metabolites (dopamine, 3,4-

dihydroxyphenylacetic acid, homovanillic acid, norepinephrine, epinephrine, 3-methoxy-

4-hydroxyphenylglycol, serotonin, and 5-hydroxyindoleacetic acid) concentrations in the 

frontal cortex and striatum were not different (P>0.1) between infected and control mice 

when measured at 8 wk. of age. Results of our study indicate that congenitally T. gondii 

infected male mice suffer adult onset behavioral deficits. The exact mechanism for the 

observed behavioral changes is not known and further investigation may help elucidate 
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the molecular mechanism associated with the proposed link between adult onset 

schizophrenia or other behavioral changes and T. gondii infection in humans.  
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INTRODUCTION 

 

Toxoplasma gondii is an obligate intracellular protozoan parasite able to infect 

most warm-blooded animals. The parasite has a heteroxenous life cycle with felids 

serving as the only known definitive host. Rodents in particular have been studied 

extensively as intermediate hosts of T. gondii because they serve as a model for human 

infections and are commonly preyed upon by felids. Transmission of infection to the 

intermediate host can occur naturally in 1 of 3 ways, i.e., by ingestion of sporulated 

oocysts, by ingestion of tissue cysts, or by congenital transmission of tachyzoites. 

Congenital transmission can occur if a pregnant female acquires a primary T. gondii 

infection allowing widespread bodily dissemination and infection of the fetus.   

Congenital T. gondii infections are manifest in several ways. Clinical outcomes of 

infection can range from spontaneous abortions to only very mild symptoms in the 

offspring that are not apparent until later in life (see Jones et al., 2001). Severe 

developmental defects, including intra-cerebral calcification, hydrocephalus, and 

retinocorditis, can result from congenital toxoplasmosis. This wide range of symptoms 

results from several factors. The most important aspect is when fetal infection occurs 

during pregnancy. If the fetus is infected early in development, the outcome is more 

severe (Jones et al., 2001).  Fetal infection early in pregnancy occurs at a lower 

frequency than infection later in pregnancy. Conversely, fetal infection later in 

pregnancy usually results in less severe disease and has a more favorable outcome for 

the fetus.  
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 Many mental illnesses associated with cognitive impairments have no known 

etiology. It is believed that genetic and environmental factors contribute to the 

development of several mental health disorders associated with cognitive impairments. 

Suspected environmental factors include exposure to infectious agents such as T. 

gondii. Chronic postnatal T. gondii infections have been correlated with human behavior 

changes (see Webster and McConkey, 2010). Rodents infected postnatally with T. 

gondii and tested after the infection has become chronic, exhibit increased open field 

activity, decreased exploration, and loss of neophobia (Hutchinson et al., 1980; Hay et 

al., 1984; Webster et al., 1994; Vyas et al., 2007). People living with mental health 

disorders, associated with cognitive dysfunction, have been shown to have a decreased 

intelligence quotient, decrease rate of learning, difficultly interacting with society, and 

may have memory impairment. The dopamine hypothesis as a potential cause of 

cognitive deficits proposes that hyperfunction of dopamine neurotransmission is 

involved in prefrontal cortex functions, such as rate of learning and memory. Chronic 

toxoplasmosis has been reported to increase levels of dopamine in mice, consistent 

with the dopamine hypothesis (Stibbs, 1985). Many of the behavior changes in mice are 

similar to the behavior changes observed in humans living with cognitive impairments.   

In addition to genetic and environmental factors, stress experienced in utero 

(McClellan et al., 2006) is also currently being investigated as a potential cause of 

cognitive impairments. In 2 retrospective studies, (Buka et al., 2001; Brown et al., 2005) 

archived maternal blood samples revealed that a significant number of offspring that 

developed schizophrenia, often associated with cognitive impairment, had been 

exposed to T. gondii infection in utero. It has also been suggested that maternal 
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exposure to T. gondii infection is a risk factor for the development of psychoses other 

than schizophrenia (Brown et al., 2005; Mortensen et al., 2007; Xiao et al., 2009). 

Based on the aforementioned findings, we hypothesized that congenital T. gondii 

infection will result in exploratory, learning/memory, sensory, and motor behaviors that 

are significantly different between infected and uninfected mice and that dopamine 

levels will also be higher in infected mice. Since the onset of most mental illness is 

observed in late adolescence or early adulthood (Jablensky, 1997; McGorry et al., 

2010), we examined congenitally T. gondii infected mice pre- and post-sexual maturity 

to determine if their behavior was different from uninfected age- and sex-matched 

controls. 
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MATERIALS AND METHODS 

 

Congenital infections 

 A total of 80 female and 40 male 5 wk. old CD-1 mice were used to produce the 

congenitally infected offspring used in this study. Food and water were given ad libitum 

for the duration of the experiment. The Institutional Animal Care and Use Committee, 

Virginia Tech, approved the study. Because the experiment examined congenital 

transmission of T. gondii infections, surrogate dams were used to eliminate negative 

effects of T. gondii infection on maternal parenting and lactation. Mice were acclimated 

to cages for 9 days. Eighty female mice were randomly allocated (40/40) into 3 groups; 

20 T. gondii infected pregnant, 20 non-infected pregnant (negative controls), and 40 

surrogates. The surrogates were used for both T. gondii infected mice and non-infected 

negative control mice. Two females were co-housed with 1 male and the females 

examined every morning for the presences of a vaginal plug. Plug positive females were 

removed and this was considered day 0 of pregnancy for the dams. 

Experimental groups contained 20 control (not infected with T. gondii) and 20 T. 

gondii infected pregnant dams. Control mice received 500 µl of Hanks’ balanced salt 

solution (HBSS, Cellgro, Mediatech, Manassas, Virginia) orally on day 11 of pregnancy.  

Toxoplasma gondii infected mice received 30 VEG tissue cysts (T. gondii genotype III) 

orally, in 500 µl HBSS on day 11 of pregnancy. These cysts were collected from the 

brains of chronically infected CD-1 mice. All experimental dams (control and infected, 
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but not surrogates) were killed after parturition and their pups moved onto an age 

matched surrogate dam. 

Pups were handled regularly pre- and post-weaning to acclimate them to 

handling. Pups were weaned at 3 wk. of age. Mice were bled and ear notched for 

identification at 3.5 wk. of age. Their sera were examined for T. gondii antibodies at a 

1:50 dilution using the RH strain of T. gondii as antigen and immunofluorescent 

antibody (IFA) test procedures routinely employed in our laboratory (Lindsay et al., 

1990). This established the infection status of pups and the percent transmission for 

pups born to infected females. This age was chosen because maternal IgG disappears 

in the pups after 3 wk. (Whitelaw and Urquhart, 1985). Five seropositive mice of the 

same sex born to each infected mother, and 5 seronegative mice of the same sex born 

to each HBSS treated mother were saved for behavior testing. All behavior 

assessments were made blind to treatment groups. Behaviors were examined at 4 and 

8 wk. because T. gondii tissue cysts are present in the brain at that time (Dubey 1997). 

At the end of the experiment, each mouse used for 8 wk. Barnes maze testing 

was killed by cervical dislocation for brain dissections and neurotransmitter 

measurements. The remaining mice were killed by CO2 asphyxiation and the brain from 

1 mouse in each group was used for frontal cortex brain smears to determine the 

presence of T. gondii tissue cysts. 

Data analysis: Transmission rates were compared between males and females 

using logistic generalized estimating equations (GEE) (proc genmod). The linear model 

specified pup sero-status (positive vs. negative) as the outcome, sex as the predictor, 
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logit as the link function, and binomial as the distribution. To request GEE, dam ids were 

specified as the clusters with an exchangeable working correlation matrix. P-values 

were based on type 3 Wald statistics. Sex ratios were compared between treatment 

groups using the Wilcoxon rank sum test (proc npar1way). 

Barnes maze apparatus and testing 

The Barnes maze is a spatial memory and learning test. The maze is used to 

examine short-term memory, acquisition of tasks, open field activity, and exploratory 

activity (Bach et al., 1995). The Barnes maze apparatus consisted of a circular 

plexiglass platform 90 cm in diameter with 16 holes (each 5 cm in diameter) equally 

spaced around the perimeter, 5 cm from the edge, and 10.5 cm from each other (Fig. 

1). The maze was mounted on a stand 91.5 cm from the floor. There were 2 locations, 

180 degrees apart, for an escape box (l x w x h = 19 cm x 9 cm x 7.5 cm) to be mounted 

underneath a hole by a drawer mechanism. At the start of each trial, a mouse was 

placed in the center of the platform in a square start chamber (8.8 cm in diameter and 

8.1 cm in height). Visual cues were set up approximately 20 cm above and 45-50 cm 

from the horizontal edge of the circular maze. Cues were positioned in such a way as to 

not be identifiable with a specific hole. Video imaging equipment was set up 

approximately 149 cm above and 12 cm from the horizontal edge of the circular maze. 

The maze was set in the corner of a room with a black curtain used for the other 2 walls. 

The corner of the room had white walls with black cues taped to the wall. The other 2 

sides were black and had white cues attached to the curtain. The black curtain was 

positioned to block the experimenter from view. A 150 W light was suspended 106 cm, 

almost directly above the center of the circular platform and a fan (Massey 8‖ High 
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Velocity Personal Fan, Bentonville, Arkansas) was placed 68.5 cm above the maze 

pointed directly down at the center of the maze. The light and fan served as 2 forms of 

adverse stimuli. 

Each mouse was randomly assigned, by a coin toss, to 1 of the 2 escape box 

locations, which remained the same throughout the testing period. Testing was 

conducted daily for 7 days. On day 1, each mouse was placed on the maze for 30 sec, 

without aversive stimuli and then physically placed in its designated goal box for 1 min. 

On day 1, the mice underwent training consisting of 2 test trials through the maze. On 

days 2-5, the testing consisted of 2 consecutive trials followed by a third trial after 3-4 

hr. rest. On the 6th and 7th day, each mouse was evaluated twice and once, 

respectively, totaling 17 trials per mouse.  

For each trial, the mouse was placed in the center of the platform in a start 

chamber (Fig. 1A). Once placed on the platform the fan and light were switched on, and 

the mouse was kept in the start chamber for 10 sec. After 10 sec, the start chamber was 

lifted and the trial began. The trial ended once the mouse entered the goal box 

(forelimbs only, or both forelimbs and hind limbs), located the goal box (4 consecutive 

nasal investigations), or after a trial time of 5 min without entry or location of the goal 

box. When the mouse entered the goal box, the trial was stopped and the fan and light 

were turned off. If the mouse had located the goal box but did not enter, the trial was 

stopped, and the mouse was then guided into the goal box, and the fan and light were 

turned off. If the mouse did not locate or enter the goal box after 5 min, the trial was 

stopped, the mouse was placed into the goal box, and the fan and light were turned off. 

After 30 sec in the goal box the mouse was returned to its home cage. Following a 3-5 
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min waiting period, the mouse was placed on the platform for the second daily trial. 

After the third trial, the mouse was returned to its home cage until the next day’s 

session. The maze and goal box were cleaned with 70% ethanol after every trial.   

 Each trial was recorded digitally and then viewed at a later date for quantitative 

analysis. Video equipment consisted of a Sony-DCR-TRV530 digital 8 camcorder 

connected via a Firewire cable to a Mac G. Imovie was used to capture and save each 

trial. Quicktime ® media player was used to view the video files.  

Barnes maze behavioral measures (Table I) were viewed and graded by 1 

person (DGG) who was blind to the treatment status of the mice. The recorded videos 

were scored on inactive time, memory (distance to goal), distance, activity, random 

search strategy (center crossings), and latency.   

Inactive time was the amount of time a mouse remained motionless in the center 

of the maze at the beginning of the trial. Inactive time is the amount of time required for 

a mouse to initially assess its environment from visual cues. Short-term memory was 

the distance between the goal box and the first hole investigated. For example, if the 

first hole was adjacent to the goal box then the distance to goal value was recorded as 

1. Short-term memory is indicative of how well the mouse recognized it’s surrounding 

and remembered where the goal box was positioned (Bach et al., 1995). Distance was 

measured as how far the mouse traveled either before finding the goal box or the 

distance traveled during the 5-min observation time if the mouse was not successful in 

finding the goal box. Errors were recorded as the visitation to a hole other than the goal 

hole (Fig. 1C). Activity was calculated by the number of holes investigated divided by 
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the active time (active time is overall time minus the inactive time) and defined as the 

amount of time spent investigating/exploring each hole. Random search strategy (center 

cross) (Fig. 1B) was defined as passing through the center of the maze, or as skipping 

more than 4 holes when traveling from hole to hole, or as walking into the center of the 

maze and back out again. Random search strategy is a precursory approach where the 

mouse randomly searches for the goal box without a well-defined strategy. Acquiring 

the task was defined by a direct route to the goal box with errors ≤ 2 in a trial. A mouse 

was considered to have acquired the task (learned the maze) if 3 of 4 trials on 2 

consecutive days were successful at any point during the 7-day trial period (Fig. 1D). 

Latency was the time elapsed from trial start to finish and is not related to task 

acquisition, but does indicate rate of learning.   

The Barnes maze test was used to test 6 seronegative female mice, 8 T. gondii-

infected female mice, 7 seronegative male mice and 7 T. gondii-infected male mice at 

the 4-wk time point. At the 8-wk time point 5 seronegative female mice, 7 T. gondii-

infected female mice, 6 seronegative male mice and 7 T. gondii-infected male mice 

were tested with the Barnes maze.  

Data analysis: Scatter plots for outcome against trial number showed that 

Latency, Active time, Distance and Errors followed an exponential decay. Subsequently, 

half-lives were generated for each of the four outcomes (for each mouse). The half-lives 

were then compared between the treatment groups using the Wilcoxon rank sum test.  

For outcomes that were slightly skewed (inactive time, distance to goal, activity, and 

center crosses), the treatment groups were compared using linear GEE. The linear 

model specified behavioral measure as the outcome, treatment as a predictor, identity 
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as the link function, and normal as the distribution. To request GEE, mouse ids were 

specified as clusters with an exchangeable working correlation matrix. P-values were 

based on the type 3 Wald statistics.  

 

Functional observation battery tests 

 The FOB tests are designed to detect physiological changes, coordination, and 

startle and menace responses in mice (Moser et al., 1988; King et al., 2003). The 

specific physiologic parameters evaluated are listed in Table II. All of these parameters 

were graded on a ―yes‖ or ―no‖ scale. The FOB tests also evaluate coordination, startle 

response, and menace. The coordination of the mice was measured using 2 tests. The 

first test was the righting reaction test. This righting reaction test determines the 

mouse’s ability to right itself when placed on its back. The second test was performed to 

see how well the mice hold onto a wooden rod. The startle response was elicited using 

a clicker. The clicker was clicked approximately 6-8 cm behind the mouse’s head and 

was scored as ―Yes‖ if the click elicited a flinch or startle, or ―No‖ if no response was 

elicited. The FOB also examined menace response and this was done by placing a 

pencil about 1-2 cm from the face of the mouse. If the mouse looked or turned away 

then the mouse was scored with a No, no menace response. If the mouse acted 

aggressively to the pencil end the mouse was scored as ―Yes‖, acts menacingly to an 

object.     

The FOB test used 9 seronegative female mouse litters, 4 T. gondii-infected 

female mouse litters, 8 seronegative male mouse litters and 5 T. gondii-infected male 
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mouse litters for the 4-wk time point. At the 8-wk time point, 7 seronegative female 

mouse litters, 8 T. gondii-infected female mouse litters, 7 seronegative male mouse 

litters and 7 T. gondii-infected male mouse litters were used for FOB testing. 

Data analysis: The treatment groups were compared using logistic generalized 

estimating equations (proc genmod). The linear model specified FOB test as the 

outcome, Treatment as a predictor, logit as the link function, and binomial as the 

distribution. To request GEE, dam ids within treatment were specified as the clusters 

with an exchangeable working correlation matrix. P-values were based on the type 3 

Wald statistics.  

Visual placement 

Vision and coordination of mice was evaluated by the visual placement test (Fox 

et al., 1965). The test was performed by holding the mouse upside down by its tail, so 

that its head was 3.5 to 5 cm from the edge of the counter top and approx. 2.5 cm below 

the surface of the counter top. This encourages the mouse to reach up and out to the 

counter top to keep from dangling upside down. The mouse was then scored on a 3 

point scale, i.e., (1) the mouse made no attempt to reach out, (2) the mouse attempted 

to reach out but could not grab, and (3) the mouse reached out and grabbed the edge of 

the table.   

The visual placement test used 9 seronegative female mouse litters, 4 T. gondii-

infected female mouse litters, 8 seronegative mouse male litters and 5 T. gondii-infected 

male mouse litters for the 4-wk time point. At the 8-wk time point, 7 seronegative female 

mouse litters, 8 T. gondii-infected female mouse litters, 7 seronegative male mouse 



113 
 

litters and 7 T. gondii-infected male mouse litters were used for visual placement 

testing. 

Data analysis: Only scores 2 and 1 were observed and recorded. Accordingly, 

the treatment groups were compared using logistic generalized estimating equations 

(proc genmod). The linear model specified score as the outcome, Treatment as a 

predictor, logit as the link function, and binomial as the distribution. To request GEE, 

dam ids within treatment were specified as the clusters with an exchangeable working 

correlation matrix. P-values were based on the type 3 Wald statistics.  

Virtual cliff 

The virtual cliff (Adams et al., 2002) consisted of a box 38 x 38 x 38 cm. The top 

surface of the box a piece of plexiglass that was half clear and half opaque. The virtual 

cliff was positioned 38 cm off the bottom of the box. Mice were placed in the center of 

the cliff with 1 front and hind limb of 1 side of the body on the clear portion and the 

contralateral limbs on the opaque portion. Mice were tested 3 times and the initial 

position remained constant. Mice were scored depending on which side of the 

plexiglass they traveled to, a score of 1 for the clear side and a score of 2 for the 

opaque side.  

The virtual cliff test used 9 seronegative female mouse litters, 4 T. gondii-infected 

female mouse litters, 8 seronegative male mouse litters, and 5 T. gondii-infected male 

mouse litters for the 4-wk time point. At the 8-wk time point, 7 seronegative female 

mouse litters, 8 T. gondii-infected female mouse litters, 7 seronegative male mouse 

litters, and 7 T. gondii-infected male mouse litters were used for virtual cliff testing. 
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Data analysis: The number of times a mouse went to the opaque side was used 

as the outcome for this section (score range 0 to 3). After scoring, the treatment groups 

were compared using linear generalized estimating equations (proc genmod). The linear 

model specified score as the outcome, Treatment as a predictor, identity as the link 

function, and normal as the distribution. To request GEE, dam id within treatment were 

specified as clusters with an exchangeable working correlation matrix. P-values were 

based on the type 3 Wald statistics.  

Rearing and Open Field Activity 

Rearing tests look specifically at exploration of novel environments (Hutchinson 

et al., 1980). Four mice from each litter were individually placed in a box (20 cm x 42 

cm) for 5 min. The numbers of times a mouse reared or lifted its forelimbs off the ground 

in an exploratory manner were counted. The box was cleaned with 70% ethanol 

between each mouse. The rearing test was not conducted at 4 wk. The rearing test 

used 6 seronegative female mouse litters, 9 T. gondii-infected female mouse litters, 6 

seronegative male mouse litters, and 7 T. gondii-infected male mouse litters for the 8-

wk time point.  

Open field activity testing was carried out using San Diego Instruments 

Photobeam Activity System and a clear 20 cm x 42 cm cage. The cage had a metal 

halo that surrounded the perimeter of the box, with 3 laser beams that were evenly 

spaced 10 cm apart dividing the box in to 4 evenly spaced sections 20 X 10 cm. When 

the mouse moved from 1 quadrant to another quadrant the laser beam was broken. A 

record of the beam breaks was recorded onto the computer. Mice were left in the open 
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field for 5 min, while beam breaks were recorded. The computer measured ambulations 

and beam breaks. The box was cleaned with 70% ethanol between every mouse tested. 

Ambulations were recorded as movement of a mouse through at least 3 of the 4 

quadrants without back tracking. Beam breaks occurred when the mouse broke the 

beams in a non-successive order, indicating non-specific activity in the box. 

The open field activity test was not conducted at 4 wk. The test used 7 

seronegative female mouse litters, 7 T. gondii-infected female mouse litters, 7 

seronegative male mouse litters, and 7 T. gondii-infected male mouse litters for the 8-

wk observation time point.   

Data analysis: Effect of treatment on rearing was assessed using mixed model 

ANOVA (proc mixed). The linear model included rearing as outcome, treatment as a 

fixed effect, and litter Id within treatment as the random effect. Ambulations and beam 

breaks were compared between treatments at each time point using mixed-model 

repeated-measures ANOVA (proc glimmix). The linear model included ambulation or 

beam breaks as outcome, treatment as a fixed effect, and mouse within treatment as a 

random effect (G side). For the R side of the model, an autoregressive 1 correlation 

matrix was specified. Denominator degrees of freedom were specified as 

KenwordRoger.      

Neurotransmitter determinations  

 Mice that completed the 8-wk Barnes maze test were used for neurotransmitter 

isolation and determination. The whole brain was removed and placed on ice, then cut 

in half along the sagittal plane. The striatum from both the right and the left hemispheres 
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was removed and placed into a microfuge tube on ice. The frontal cortex from the right 

hemisphere was removed and placed in a microfuge tube on ice. The tissue was then 

weighed and 6 times the v/w of isoproterenol buffer (4.7 pH) was added to the tissue for 

preservation of neurotransmitters. The brain tissue was then homogenized on ice 

followed by micro-centrifugation at 4 C for 10 min at 15,000 g. The supernatants were 

stored at -80 C until analysis by high performance liquid chromatography (HPLC) was 

conducted. Striatal and cortical samples were analyzed for dopamine and its 

metabolites, 3,4-dihydroxyphenylacetic acid and homovanillic acid, in addition 

norepinephrine, epinephrine, and the metabolite 3-methoxy-4-hydroxyphenylglycol, and 

serotonin and its metabolite, 5-hydroxyindoleacetic acid, were also analyzed.   

Samples were examined in a HPLC Agilent Technologies (Wilmington, DE) 1100 

Series equipped with a degasser, a quaternary pump, a refrigerated auto sampler (set 

at 4 ºC) and connected to a Waters 2465 electrochemical detector (Milford, MA). A C18 

column (Macherey Nagel Bethlehem, PA) (Pyramid EC 250 x 4 mm i.d., 3 µm) was 

used with a flow rate of 0.7 ml/min. Column temperature was maintained at 35 ºC. The 

mobile phase composition was 5% methanol in aqueous sodium acetate (50 mM), citric 

acid (12.5 µM), EDTA (134 µM), octane sulfonic acid (230 µM), sodium chloride (2 mM), 

pH 4.7. Isoproterenol (1 µM) was used as the internal standard, and calibration curves 

of each neurotransmitter and metabolite were prepared using solutions of 10, 50, 100, 

250, and 500 nM.  

Data analysis: Neurotransmitter concentrations were compared between 

treatment groups using one-way analysis of variance (proc mixed). The linear model 

specified neurotransmitter as outcome, treatment as a fixed effect, and residual as the 
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denominator degrees of freedom. While the effect of treatment on epi was assessed 

using Wicoxon rank sum test. 

Brain smears  

One mouse from each litter was examined for the presence of tissue cysts at the 

termination of the experiment. The cranial cavity of the mouse was opened and 

approximately 0.1 g of the frontal cortex was removed placed on a slide, crushed with a 

22 x 22 mm2 cover slip and examined at 20x using an Olympus BX60 microscope for 

the presence or absence of tissue cysts. 

Statistical considerations for all sections  

 Data were analyzed using SAS version 9.2 (Cary, North Carolina). Because 

initial findings demonstrated sex associated differences in mouse behavior between 4 

and 8 wk. of age, mice were examined as 4 groups consisting of 4-wk-old female mice, 

8-wk-old female mice, 4-wk-old male mice, and 8-wk-old male mice. Statistical 

significance was set to P<0.1. 
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RESULTS 

 

Congenital transmission 

 Fifteen of 20 T. gondii infected dams produced litters resulting in 8 liters of T. 

gondii-infected females and 7 liters of T. gondii-infected males. Twelve of 20 control 

dams produced litters resulting in 6 liters of female and 7 liters of males. Congenital 

transmission of T. gondii was detected by IFA testing for 14 of 15 litters, using our 

inoculation schedule. Of the 15 litters exposed to T. gondii in utero, there was a 

transmission success of 70% for males and 74% for females. No statistical differences 

(P>0.1) in transmission success were detected between males and females. Of the 12 

HBSS-treated litters, none of the litters tested positive for T. gondii. The male to female 

pup ratio was 1.3 for T. gondii-infected litters and 1.0 for control litters (one sided P-

value 0.09).  . 

Behavior 

The results of Barnes maze behavioral testing are summarized in Table I.  

Behavior of congenitally infected female mice compared to seronegative control 

females in the Barnes maze 

At 4 wk. of age, T. gondii-infected female mice spent 16.8 sec sitting in the 

middle of the maze compared to 6.1 sec for the female controls (a difference of 10.7 sec 

with a standard error of 5.260) (P=0.041). Similarly T. gondii-infected female mice 

crossed the center of the maze on average 0.65 times per maze trial, while control mice 
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only crossed the center of the maze 0.22 times per maze trial (a difference of 0.43 with 

a standard error of 0.261) (P=0.101). 

At 8 wk. of age, T. gondii-infected female mice had an average of 0.13 center 

crosses per trial, while control female mice had an average of 0.30 center crosses per 

trial (a difference of 0.17 with a standard error of 0.081) (P=0.033). 

Behavior of congenitally infected male mice compared to seronegative control 

males in the Barnes maze 

 At 4 wks. the first holes investigated by T. gondii-infected male mice were on 

average a distance of 3.1 holes from the goal box, while control mice first investigated a 

hole that was on average 4.1 holes from the goal box (a difference of 1 hole with a 

standard error of 0.476)(P=0.054). 

At 8 wk. of age, the first hole investigated by infected male mice was 4.1 holes 

from the goal box compared to 3.0 holes for control male mice (a difference of 1.1 holes 

with a standard error of .389) (P=0.005). Toxoplasma gondii-infected male mice had an 

overall effect of treatment for difference in time spent investigating each wrong holes 

(P=0.006). Similarly, infected male mice spent more time than controls investigating 

wrong holes (an average of 5.1 sec/hole vs. 11.4 sec/hole; and a difference of 6.3 

sec/hole with a standard error of 3.624) (P=0.080). Finally infected males had on 

average twice as many center crosses, 0.37, compared to 0.18 center crosses /per trial 

for control mice (a difference of 0.19 and a standard error of 0.109) (P=0.077). 

FOB 
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At 4 wks., T. gondii-infected female mice were 6 times more likely to respond to 

the click test compared to the control mice (odds ratio 6.9, 95% confidence interval 1.2 

to 30.5) (P=0.03). The FOB tests showed that infected male mice 4-wk-old were 80% 

less likely than the controls to complete the righting test (odds ratio 0.2, 95% confidence 

interval 0.1 to 1.2) (P=0.077).  At 8-wk-old, no differences (P>0.1) in behavior were 

detected for both female and male mice tested with the FOB.  

Virtual cliff and Visual Placement 

 At 4 wks., T. gondii-infected males went to  the opaque side of the virtual cliff an 

average of 1.9 times (out of three trials) compared to 1.6 times in control mice (a 

difference of 0.3 and a standard error of 0.17) (P=0.053). Conversely, infected female 

mice at 4-wk-old went an average of 1.4 times to the opaque compared to 1.8 times for 

control female mice (a difference of 0.4 with a standard error of 0.1) (P=0.0007). No 

statistical differences (P>0.1) were observed for male or female mice in the virtual cliff 

test conducted at 8 wk. of age. 

 No significant differences (P>0.1) between infected and control mice were found 

for male or female mice at either 4- or 8-wk time points, when visual placement was 

assessed. 

Activity and rearing 

No significant differences (P>0.1) were detected in any group of mice for activity 

(ambulations and beam breaks) or rearing.  

Neurotransmitter concentrations 
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 Neurotransmitters were only measured after the completion of the Barnes maze 

at the 8-wk time point. There were no significant differences (P>0.1) in neurotransmitter 

or metabolite concentrations for either T. gondii-infected females or males compared to 

controls, data not shown. 

Brain smears 

Twelve of the 15 mice representing each infected litter tested positive for T. 

gondii via IFA. Of these 12 positive mice, 11 tested positive for tissue cysts in the frontal 

cortex. None of the mice from control litters tested positive for T. gondii by IFA or brain 

smear. 
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DISCUSSION 

 

CONGENITAL TRANMISSION RATE OF Toxoplasma gondii  

Congenital T. gondii transmission rates vary during the course of pregnancy 

when exposure occurs (Ocampo and Duarte-Gandica et al., 2010). The highest rate of 

maternal to fetal transmission in mice occurs between days 10 to 12 of pregnancy for 

mice. A transmission success of 73% in the present study is comparable to 90% 

reported by others (Wang et al., 2011). Equal transmission to male and female mice 

indicates both sexes were equally susceptible to congenital transmission of T. gondii. 

While the transmission rate to both sexes remained consistent we found more male 

mice were born to dams infected with T. gondii during pregnancy. Our findings are 

consistent with a 2007 report where mice with late acute infection/early chronic infection 

gave birth to more male mice (Kankova et al., 2007). The effects of congenital T. gondii 

infection on mice pre- and post-sexual maturity have not been previously been studied 

and, while the rate of transmission to male and female mice was equal, our study 

indicates that the behavioral manifestations of congenital infection differ in male and 

female mice.   

Toxoplasma gondii infection and pre sexual maturity 

We chose the Barnes maze to evaluate mouse behavior because it evaluates 

many facets of learning at once. Results of the Barnes maze test in the present study 

indicated that the method of learning differed between infected and uninfected mice 

both pre- and post-sexual maturity. Toxoplasma gondii-infected female mice at 4 wk. of 
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age have an increased initial assessment of their environment (P=0.041) in conjunction 

with increased random search strategy that approached significance (P=0.101). 

Together, these results indicated that the mice show a diminished ability to recognize 

their environment and decreased learning. This is consistent with studies indicating that 

chronically infected mice spend more time in the open field than seronegative control 

mice. Impaired memory and learning was previously reported in mice chronically 

infected with T. gondii by use of an 8-arm radial maze (Hodkova et al., 2007) and Y 

maze test (Hay et al., 1984). A decreased rate of learning, similar to our findings in 

female mice, has also been documented in humans experiencing cognitive deficits 

(Rossi et al., 1997). While these sets of behavior changes were not permanent and 

dissipated between 4 and 8 wk. of age, further investigation should be carried out to 

characterize these impairments in environmental assessment and learning in 

congenitally infected mice. 

Toxoplasma gondii infected 4-wk-old male mice performed significantly better 

(P=0.054) than control mice the short-term memory portion of the Barnes maze test. 

The finding did not indicate T. gondii infected mice solved the maze at a faster rate than 

uninfected controls (P >0.1). Our results suggest infections with T. gondii in female and 

male 4-wk-old mice may change behavior transiently, perhaps by causing a delay in 

neurodevelopment caused by infection or is sex dependent and changes with age. 

Similarly, people living with cognitive deficit disorders show a shift in predominant 

symptoms during the course of the disease.   

Infected female mice had a significantly increased (P=0.033) startle response to 

stimuli at 4 wk. of age. An increased startle response has not previously been reported 
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for mice infected with T. gondii. It is well documented in humans experiencing cognitive 

impairments, frequently have difficulties processing stimuli as indicated by decreased 

prepulse inhibition (Hazlett et al., 2008). By 8 wk. of age, in females, there was no 

difference (P>0.1) between infected and seronegative mice for the startle response, 

however deafness frequently occurs in CD-1 mice later in life and this may have been a 

contributing factor in our findings at 8 wk. (Shone et al., 1991).  

Cognitive impairments and adult onset behavior profiles in mice 

The presence of detectable T. gondii tissue cysts in the frontal cortex of 92% (11 

of 12 mice) of the congenitally infected mice sampled suggests tissue cysts maybe 

altering some neurochemical pathway. Traditionally, researchers believed tissue cysts 

were inert and problematic only in recrudescent infections. Gaskell et al. (2009) 

demonstrated that T. gondii has 2 genes coding aromatic amino acid hydroxylases. 

These 2 hydroxylase genes are capable of synthesizing the precursor molecules of the 

neurotransmitter dopamine and are expressed in encysted bradyzoites in brain tissue 

(G. A.  McConkey, pers. comm.). Dopamine was originally believed to be involved 

because dopamine receptor antagonists blocking dopamine reuptake, i.e., haloperidol, 

were effective in people experiencing schizophrenic episodes. It is now thought that 

dopamine and other neurochemical pathways are contributing factors in psychoses. 

Research indicates that the presence of tissue cysts may elicit a stronger or even a 

slightly altered immune response in a sub population not currently well recognized 

(Hinze-Selch et al., 2007). Clearly, there is a gap between the 10% of the US population 

living with chronic toxoplasmosis (Jones et al., 2007) and the less than 1% of the 

population living with schizophrenia related cognitive deficits (Regier et al., 1993).   
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People experiencing psychotic episodes often have an altered perception of 

reality, perceiving stimuli as a threat when in reality there is no threat. An altered 

perception for danger of falling is suggested in T. gondii-infected mice evaluated using 

the virtual cliff. Four-wk.-old infected male mice stayed away from the cliff (stayed on 

the opaque side and away from the clear side) significantly (P=0.053) more often than 

seronegative control mice, suggesting an increased fear of falling. Four-wk.-old female 

mice demonstrated the opposite result using the same test (P=0.0007). The results 

indicated congenital T. gondii-infection caused a reversal of altered perception of 

danger between male and female mice at 4 wk. of age. At 8 wk. of age, there were no 

differences (P>0.1) when T. gondii-infected mice were compared to uninfected age and 

sex matched control mice. The differing results between 4 and 8 wk. indicate altered 

perception of fear that was age related and as the mice matured the sex related 

differences in fear dissipated. The difference between male and female mice at 4 wks. 

of age indicated perception of fear at a young age that was influenced by infection and 

sex. There are no reports in the literature evaluating mice infected with T. gondii using a 

virtual cliff so our findings are novel and should be explored further. 

Infected female mice at 8 wks. of age used the random search strategy 

significantly (P=0.033) less than control female mice in the present study. Normally, 

decreased random search technique can be a measure of increased memory retention, 

but our data suggest that the decreased random search technique was a result of 

decreased activity (data not shown) (P>0.1) in congenitally infected female mice. The 

decrease in activity is not significant, but does lend support for an alternative 

explanation for decreased use of the random search strategy with no increase in overall 
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maze performance. These results taken together indicate congenitally infected female 

mice at 8 wks. of age are more sedentary, resulting in a decrease in novelty seeking 

compared to age matched seronegative controls. The decreased performance by 

female 8-wk-old congenitally infected mice in the Barnes maze demonstrated that they 

had decreased random search technique, but no improvement in overall maze 

performance. Decreased novelty seeking was documented in adult men and women 

seropositive for T. gondii using Cloninger's TCI (Temperament and Character Inventory) 

test (Skallova et al., 2005). These results were not seen in the male mice in our study. 

Sex related behavior differences between mice infected with T. gondii and those 

observed in humans with T. gondii are similar, but are not identical.  

Congenitally infected male mice at 8 wks. of age performed significantly or 

approached significance worse than uninfected males in 3 measured areas, short-term 

memory (P=0.005), increased activity (P=0.080), and increased random search strategy 

(P=0.077). This is consistent with the literature, which indicates chronically T. gondii-

infected mice have diminished spatial memory (Kannan et al., 2010). Infected male 

mice spent less time investigating each hole (P=0.080) compared to seronegative 

control male mice. These observations are similar to those of Hay et al. (1985) who 

reported that mice chronically infected with T. gondii had increased activity when 

compared to uninfected mice. Congenitally infected male mice used random search 

strategy twice as frequently as non-infected control male mice, indicating that infected 

mice were progressing through the stages of learning the maze at a slower rate than 

control mice (P=0.077).  A combination of these 3 measurements provides evidence 

that congenital T. gondii infections cause adult onset cognitive deficits in 8-wk-old male 
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mice. The decrease in learning observed in the infected male mice is similar to what is 

reported in people living with cognitive impairments.  

 Men and women living with schizophrenia, a mental illness associated with 

cognitive defects, have slightly different symptoms (Cowell et al., 1996). Males tend to 

experience negative symptoms worse in their 20’s, while females have milder negative 

symptoms during their 20’s (Rosenfield et al., 2009). Choi et al. (2008) found males in 

the prodromal stage of schizophrenia have more negative and cognitive impairments 

than females. How and why the clusters of symptoms are associated with a single sex 

is unknown. Our model may not emulate the divergence of negative symptoms 

observed in humans, but it does support that cognitive impairments can be caused by 

infection, similar to cognitive impairments observed in males with prodromal symptoms 

of first episodes of schizophrenia (Choi et al., 2008).   

Toxoplasma gondii and neurotransmitters 

Little is known about chronic T. gondii infection of the brain and its influence on 

behavior as related to alterations in neurotransmitters. Neurotransmitter measurements 

for our mice demonstrated no statistical difference (P>0.1) between congenitally T. 

gondii-infected mice and seronegative controls for both males and females in cortex or 

striatum. Our findings conflict with the study of Stibbs (1985) who reported that 

dopamine was increased by 14% for chronically post-natally T. gondii-infected mice 

compared to seronegative controls. However, we examined specific regions of the brain 

(striatum and cortex), while he examined the entire brain.  This may indicate that 

regional differences in neurotransmitter levels occur in the brains of mice with chronic T. 
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gondii infection. We found no differences in serotonin levels, which is in agreement with 

Stibbs (1985) findings. Serotonin levels are unlikely to differ with course of infection. 

This is particularly relevant as the immune response to T. gondii infection induces 

interferon gamma that releases indoleamine 2, 3-dioxygenase degrading tryptophan 

(MacKenzie et al., 2007). This could decrease serotonin as tryptophan is a precursor to 

serotonin. We used a congenital model, whereas Stibbs (1985) used a post-natal 

chronic infection model for his 7-wk-old acutely and 12-wk-old chronically infected 

female mouse model. It is possible Stibbs (1985) used a higher dose or a more virulent 

genotype of T. gondii for his infections because he did not report the dose or strain of T. 

gondii used for his study. Results from Skallove et al. (2006) suggested that male mice 

may be more susceptible to subtle neurotransmitter changes than female mice; 

however they did not examine neurotransmitter concentration in the brains of mice used 

in their study. Numerous other mouse behavior studies cite Stibbs (1985) for his 

research demonstrating increased dopamine levels in the brains of mice chronically or 

acutely infected with T. gondii. However, Stibbs (1985) did not test behavior in his mice. 

The absence of neurochemical changes associated with our behavioral changes 

suggests that other transmitter systems than those measured may be involved, e.g., an 

amino acid or peptide, or other mechanisms that change transmitter content or turnover 

are responsible. 

 Elucidating a potential environmental factor causing cognitive impairments is an 

important piece for all mental illnesses. Our mouse model demonstrates that congenital 

infection with T. gondii can result in adult onset behavior deficits similar to those 

observed in humans with cognitive impairments. Behavior alterations observed prior to 
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sexual maturity indicate lifelong subtle alterations in brain neurochemistry. Our 

congenital model is a promising system to further our understanding of the complex 

relationship between T. gondii infection and the development of mental illnesses 

associated with cognitive impairments. 
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FIGURE AND TABLES 

 

FIGURE 1.  The Barnes maze apparatus.  The Barnes maze apparatus (arrow = goal 

box) used to examine mouse behavior.  (A) Beginning of the test with mouse in the start 

box in the center of the maze. (B) Mouse demonstrating inactive time. (C) Mouse 

investigating a wrong hole. (D) Mouse entering the goal box. 
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Table I.  Barnes maze results summary.  Behavioral parameters measured in and 

results* of the Barnes maze test for 4-wk-old and 8-wk-old female and male 

Toxoplasma gondii congenitally infected mice and non-infected controls. 

Behavior Description Result 4 wks. Result 8 wks. 

Inactive time Initial period of inactivity in maze 

center when trial starts 

Females 

only* 

None 

Memory Distance between goal box and 1st 

hole investigated 

Males only* Males only*  

Distance Distance traveled to goal or reached 

by expiry of observation period 

None None 

Errors Visitation to a hole other than the 

goal box hole 

None None 

Activity Number of holes visited/Active time 

(overall time minus inactive time) 

None None 

Random search 

strategy 

Passing through center of maze or 

skipping more than 4 holes 

None Females 

only* 

Latency Time elapsed from start to finish of 

trial 

None None 

Task acquisition  Direct route to goal box with errors 

<2 in 3 of 4 trials on 2 consecutive 

days 

None None 

*Results were significantly different (P ≤ 0.1). 
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Table II.  FOB negative results summary.  Parameters evaluated in the Functional 

Observation Battery tests*. 

Open field ataxia  Soft stool  Corneal bulging 

Tremors/convulsions Fecal stain  Partially closed eyes 

Posture   Urine stain  Piloerection 

Coat condition  Salivation  Dehydration 

Tail Condition  Nasal discharge Protruding penis 

Respiration   Oral discharge Cool to touch cyanosis 

Vocalization   Lacrimation  Weight gain/loss 

Diarrhea   Ocular discharge Activity 

*None of these measured parameters were significantly different (P>0.1). 
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ABSTRACT 

 

Maternal immune stimulation (MIS) with interferon gamma (INF-) is shown to decrease 

fetal mortality and increase fetal survival when given prophylactically to pregnant mice 

infected with the protozoan parasite Toxoplasma gondii.  MIS however can be both 

beneficial and detrimental to developing fetuses.  Research shows MIS with 

polyriboinosinic-polyribocytidilic acid (Poly (I:C)), a synthetic dsRNA, that mimics a viral 

infection can cause adult onset behavior deficits in a mouse model.  The Poly (I:C) 

model supports the theory that exposure to viral pathogens in utero plays a role in adult 

onset behavior deficits in humans. Congenital infection with Toxoplasma gondii has 

been associated with adult onset behavioral changes in humans.  Interferon gamma 

(INF-), a potent immune regulatory chemical, can decrease teratogenic birth defects, 

when administered at an appropriate time and dose.  INF- is also a major mediator of 

the immune reaction towards T. gondii.  Our hypothesis was that MIS of pregnant mice 

would be helpful in decreasing behavioral defects in congenitally T. gondii infected 

mice. We assessed behavior response of CD-1 mice born to mothers exposed to INF-, 

INF-/T. gondii, T. gondii only or no treatment mice were assessed with the Barnes 

maze and Function observational battery.  Examinations were conducted pre sexual 

maturity at 4 wks. of age, and again at 8 wks. post sexual maturity post, by which time 

tissue cysts should be present and inciting an immune response in the brain.  We 

demonstrated that infection with T. gondii decreased memory and learning in an age 

dependent fashion in our model.  INF- treatment of dams also alters behavior of their 

offspring in a sex and age dependent manor.  Immune stimulated female mice at 4 wks. 
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of age demonstrated alterations in special memory, coordination and processing of 

stimuli.  Male mice demonstrated coordination difficulties at 4 wks. of age.  By 8 wks. of 

age, post sexual maturity, all the deficits observed at 4 wks. of age, had disappeared for 

both sexes but male T. gondii infected mice experienced deficits involving spatial 

memory and rate of learning.  INF- exposure in utero caused post sexual maturity 

changes in initial open field assessment in mice of both sexes.  We found MIS with INF-

 eliminated negative effects of congenital T. gondii infection.  
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INTRODUCTION 

 

Toxoplasma gondii is an obligate intracellular protozoan parasite.  Natural 

infections of humans occur in one of three major ways: ingestion of sporulated oocysts, 

ingestion of tissue cysts from undercooked contaminated meat, or through 

transplacental congenital infection.  T. gondii disseminates through the body of infected 

individuals before encysting in neural tissue, resulting in latent infection.  Congenital T. 

gondii exposures, along with other in utero acquired central nervous system infections, 

are believed to play a role in schizophrenia, a mental illness with adult onset behavior 

changes (Yolken et al., 2001).  Congenital T. gondii infections can cause severe 

problems, such as, hydrocephalus, intracranial calcification, blindness and severe 

mental retardation.  

Stimulating the maternal immune system can have a profound effect on fetal 

development.  Per conceptual administration of a number of immune stimulations has 

decreased both the incidence and severity of a wide variety of birth defects.  Birth 

defects caused by a number of physical and chemical agents including x-rays, 

hypothermia, urethane, cyclophosphamide, hyperglycemia, lipopolysaccharides, and 

anticonvulsant therapeutics have been reduced or prevented.  A variety of immune 

stimulants are effective in preventing fetal malformations including immune modulatory 

cytokines such as Interferon gamma (IFN-, granulocyte-macrophage colony-

stimulating factor, Freud’s complete adjuvant and bacille Calmette-Guérin inert particles 

such as pyran and even zenogenic lymphocytes.  Maternal immune stimulation (MIS) 

can prevent malformation of the face eyes, palate, neural tube (brain and spinal cord) 
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limb digits and tails as well as reduce teratogen induced fetal death in mice (Reviewed 

by Hrubec et al 2005; Holladay et al 2002) 

Schizophrenia has no known etiology.  Genetic predisposition, environmental 

exposure to chemicals or pathogens and changes in biochemical pathways brought 

about by the physical stress of nutritional deficiencies during in utero development are 

three major areas of focus (Roth et al., 2009; Susser and Lin 1992).  In the recent 

years, in utero exposure to pathogens is being explored as a contributing factor to 

mental illnesses with adult on set profile (Buka et al., 2001).  

Pregnancy is a balancing act for the immune system.  During pregnancy, 

maternal immunity is suppressed to maintain the pregnancy, leaving the fetus more 

susceptible to a variety of pathogens.  Some infections do not cross the placenta; 

however there is evidence the maternal immune system may cause adult onset learning 

deficits on the fetus (Zukerman and Weiner 2005).  The influence that the maternal 

immune response plays in fetal development is still undefined.  Experimentally, MIS has 

been examined using polyriboinosinic-polyribocytidilic acid (Poly (I:C) in mice.  Poly 

(I:C)  mimics a viral infection, stimulating the maternal immune Th-1 immune response 

via toll-like receptor 3 (Kadowaki et al., 2001).  The use of Poly (I:C) elicits a very 

specific defined immune response.  Experimentally MIS with Poly (I:C) is shown to 

cause behavioral changes in adult, but not immature mice (Shi et al., 2003).  Similar 

behavior profiles are observed in offspring of mice receiving MIS with IL-6 indicating 

specific maternal immune profiles may play a role in causing adult onset behavior 

alterations (Smith et al., 2007).  These finding are of value because MIS due to a viral 
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infection, could be a factor in schizophrenia or other mental illnesses with adult onset 

behavior disorders.  It is becoming increasing clear not all forms of MIS are beneficial. 

The connection between MIS and adult onset behavior deficits in mice is of great 

importance.  The literature indicates behavior changes in the offspring as adults occur 

when administration of poly (I:C) a viral mimic is used.  The conclusion is maternal 

immune response to a viral mimic maybe causing the observed adult onset behavior 

deficits instead of an infectious agent as previously thought (Shi et al., 2003).  The type 

of MIS given can dictate the type of behavior response observed.  The majority of the 

research has employed MIS with Poly (I:C).  The results are behavior deficits in adult 

offspring consisting of decreased memory retention, increased dopamine 

concentrations or turnover, measured by an increased in homovanillic acid a dopamine 

metabolite, decreased prepuls inhibition and decreased latent inhibition (Meyer et al., 

2006; Ozawa et al., 2006; Shi et al., 2003).  When IL-6 is used for MIS the behavior 

profile is nearly identical to poly (I:C) immune stimulation (Smith et al., 2007).  IFN- has 

been used to successfully decrease birth defects when given prophylactically, but the 

mechanism is unknown at this time.  IFN- is a potent immune stimulator and will shift 

the maternal immune system to up-regulate the gene coding for granulocyte-

macrophage colony-stimulating factor a gene that is previously shown to regulate 

placental development and protect against birth defects induce by other teratogens.  To 

our knowledge MIS with IFN- has not been examined for its effects on adult onset 

behavior alterations. 

We used murine INF- to immune stimulated pregnant female mice 5 days prior 

to breeding and on day 10 of gestation followed by infection of pregnant mice with T. 
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gondii on day 11.  Our goal is to ameliorate the adult onset behavior observed in 

congenitally infected mice with IFN-We subjected the offspring to behavioral testing 

for assessment.  We used the Barnes maze test and functional observational battery 

(FOB) at 4 wks. of age.  At 8 wks. of age, the mice were again tested with the Barnes 

maze and FOB as well as assessing open field activity, and open field exploration.  

After behavioral testing was completed, we measured neurotransmitters, examined the 

frontal cortex for the presence of tissue cysts, and evaluated the brains histologically.  

We evaluated the offspring of IFN- treated, IFN-/T. gondii treated and T. gondii 

infected compared to non MIS/infected control mice; pre sexual maturity, 4 wks. old and 

post sexual maturity, 8 wks. old.  Male and female were analyzed separately as 

responses in the sexes were different.   
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MATERIAL AND METHOD 

 

MIS and fetal mortality 

60 female CD-1 mice (Charles River Laboratories) were randomly split into 4 

groups, 15 untreated, uninfected controls, 15 T. gondii infected, 15 INF- treated and 

15 IFN-/T. gondii treated mice.  Female mice in immune stimulated treatment groups 

were injected intraperitoneally (IP) with 1000 units of INF- (Pepro Tech, Inc. Rocky Hill, 

NJ) at 10 and 5 days before breeding.  On day 3 of gestation, mice in the T. gondii 

infected groups were given orally 30 tissue cysts of the VEG strain of T. gondii.  On day 

17 of gestation, pregnant dams were killed and the uterus was removed.  The fetuses 

were evaluated for malformations, developmental delay and fetal mortality.  Fetuses 

were segregated into live, early fetal mortality and late fetal mortality.  The percent of 

litters with viable fetuses was calculated and used as a measurement for mortality. 

 

Congenital T. gondii infection 

 This study was conducted concurrently and was  part of a study designed to 

examine the effects of congenital T. gondii infection on the behavior of mice pre and 

post sexual maturity (Goodwin et al., 2011 in review). The portion of the study devoted 

to the MIS effect of INF- and INF-/T. gondii used a total of 160 female and 80 male 

mice, 5 week-old CD-1 mice, used to produce the congenitally infected offspring used in 

this study.  Food and water was given ad libitum for the duration of the experiment.  The 

Institutional Animal Care and Use Committee, Virginia Tech, Blacksburg, Virginia 

approved the study.  Because the experiment involved examining congenital 
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transmission of T. gondii infections, surrogate dams were used to negate any negative 

effects of T. gondii infection on the mother during lactation of the pups.  Eighty of the 

160 total female mice were used as aged matched surrogates for the experiment.  Mice 

were permitted to acclimate to cages for 4 days.  The female mice were then randomly 

split into 2 treatments, by use of a coin flip.  Female mice in immune stimulated 

treatment groups were injected I.P. with 1000 units of INF- (Pepro Tech, Inc. Rocky 

Hill, NJ) 5 days prior to mating.  Control mice received IP injections of Hanks balanced 

salt solution (HBSS, Cellgro, Mediatech, Manassas VA).  Females were added to the 

male cages, 1 male per 2 females for both experimental and surrogate groups.  The 

females were examined every morning for the presence of a vaginal plug.  Plug positive 

females were removed daily and co-housed with a female from the same treatment 

group.  The presence of a vaginal plug was indicative of mating and was considered 

day 0 of pregnancy for the dams. 

Experimental groups contained 20 controls (untreated and uninfected), 20 IFN- 

stimulated mice, 20 T. gondii infected pregnant mice and 20 IFN-/T. gondii infected 

pregnant dams.  Control and T. gondii infected only mice received HBSS IP on day -5 

and day 10 of gestation. IFN- treated and IFN-/T. gondii mice received 1000 units of 

murine IFN- IP on day -5 and day 10 of gestation.  Control mice received no T. gondii 

infected, only HBSS, acting as a negative control.  The IFN- only mice received no 

tissue cysts. The T. gondii and IFN-/T. gondii treatments received 30 VEG tissue cysts 

(T. gondii genotype III) orally, in 500 l HBSS on day 11 of pregnancy.  The VEG tissue 

cysts were collected from chronically infected CD-1 mice.  All dams were killed after 

parturition and their pups placed with an age matched non-infected surrogate dam.  
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Making this a blind test, random numbers produced from a number generator were 

assigned to each cage after dams gave birth.  One person who had no part in the 

behavior testing or grading of the Barnes maze assigned the random numbers to the 

mice.  The treatment groups were not revealed until all behavior testing was completed.  

Pups were weaned at 3 weeks of age.  Between 3 and 4 weeks of age mice were 

handled twice for 2-3 minutes to acclimatize them to handling.  At 3.5 wks. mice were 

bled, and ear notched for identification.  The sera were examined for T. gondii 

antibodies at a 1:50 dilution using the RH strain of T. gondii as antigen and 

immunofluorescent antibody (IFA) test.  These procedures are routinely employed in our 

laboratory (Lindsay et al., 1998) to establish infection status of pups and percent rate of 

transmission for pups born to infected females.  Three week old mice were chosen 

because maternal IgG disappears after 3 weeks in mice (Whitelaw and Urquhart 1985). 

Five seropositive mice of the same sex born to the same infected mother, and 5 

seronegative mice of the same sex born to each HBSS and IFN- treated mothers were 

saved for behavior testing.  Behaviors were examined at 4 and 8 wks. because T. gondii 

tissue cysts are present in the brain at that time (Dubey 1997). 

At the end of the experiment, the mouse used for 8 week Barnes maze testing 

was killed, by cervical dislocation, for brain dissections and neurotransmitter 

measurements.  The four remaining mice were killed by CO2 asphyxiation.  The brain 

from one of these four mice was used for frontal cortex brain smears. The remaining 

three mice were not used in post mortem experiments.   

Data analysis: Transmission rates were compared between males and females 

using logistic generalized estimating equations (GEE) (proc genmod). The linear model 
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specified pup sero-status (positive vs. negative) as the outcome, sex as the predictor, 

logit as the link function, and binomial as the distribution. To request GEE, dam ids were 

specified as the clusters with an exchangeable working correlation matrix. P-values 

were based on type 3 Wald statistics. Sex ratios were compared between treatment 

groups using the Wilcoxon rank sum test (proc npar1way). 

 

Barnes maze apparatus and testing 

The Barnes maze is a spatial memory and learning test. The maze is used to 

examine short-term memory, acquisition of tasks, open field activity, and exploratory 

activity (Bach et al., 1995). The Barnes maze apparatus consisted of a circular 

plexiglass platform 90 cm in diameter with 16 holes (each 5 cm in diameter) equally 

spaced around the perimeter, 5 cm from the edge, and 10.5 cm from each other (Fig. 

1). The maze was mounted on a stand 91.5 cm from the floor. There were 2 locations, 

180 degrees apart, for an escape box (l x w x h = 19 cm x 9 cm x 7.5 cm) to be mounted 

underneath a hole by a drawer mechanism. At the start of each trial, a mouse was 

placed in the center of the platform in a square start chamber (8.8 cm in diameter and 

8.1 cm in height). Visual cues were set up approximately 20 cm above and 45-50 cm 

from the horizontal edge of the circular maze. Cues were positioned in such a way as to 

not be identifiable with a specific hole. Video imaging equipment was set up 

approximately 149 cm above and 12 cm from the horizontal edge of the circular maze. 

The maze was set in the corner of a room with a black curtain used for the other 2 walls. 

The corner of the room had white walls with black cues taped to the wall. The other 2 

sides were black and had white cues attached to the curtain. The black curtain was 
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positioned to block the experimenter from view. A 150 W light was suspended 106 cm, 

almost directly above the center of the circular platform and a fan (Massey 8‖ High 

Velocity Personal Fan, Bentonville, Arkansas) was placed 68.5 cm above the maze 

pointed directly down at the center of the maze. The light and fan served as 2 forms of 

adverse stimuli. 

Each mouse was randomly assigned, by a coin toss, to 1 of the 2 escape box 

locations, which remained the same throughout the testing period. Testing was 

conducted daily for 7 days. On day 1, each mouse was placed on the maze for 30 sec, 

without aversive stimuli and then physically placed in its designated goal box for 1 min. 

On day 1, the mice underwent training consisting of 2 test trials through the maze. On 

days 2-5, the testing consisted of 2 consecutive trials followed by a third trial after 3-4 

hrs. rest. On the 6th and 7th day, each mouse was evaluated twice and once, 

respectively, totaling 17 trials per mouse.  

For each trial, the mouse was placed in the center of the platform in a start 

chamber (Fig. 1A). Once placed on the platform the fan and light were switched on, and 

the mouse was kept in the start chamber for 10 sec. After 10 sec, the start chamber was 

lifted and the trial began. The trial ended once the mouse entered the goal box 

(forelimbs only, or both forelimbs and hind limbs), located the goal box (4 consecutive 

nasal investigations), or after a trial time of 5 min without entry or location of the goal 

box. When the mouse entered the goal box, the trial was stopped and the fan and light 

were turned off. If the mouse had located the goal box but did not enter, the trial was 

stopped, and the mouse was then guided into the goal box, and the fan and light were 

turned off. If the mouse did not locate or enter the goal box after 5 min, the trial was 
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stopped, the mouse was placed into the goal box, and the fan and light were turned off. 

After 30 sec in the goal box the mouse was returned to its home cage. Following a 3-5 

min waiting period, the mouse was placed on the platform for the second daily trial. 

After the third trial, the mouse was returned to its home cage until the next day’s 

session. The maze and goal box were cleaned with 70% ethanol after every trial.   

 Each trial was recorded digitally and then viewed at a later date for quantitative 

analysis. Video equipment consisted of a Sony-DCR-TRV530 digital 8 camcorder 

connected via a Firewire cable to a Mac G. Imovie was used to capture and save each 

trial. Quicktime ® media player was used to view the video files.  

Barnes maze behavioral measures (Table I) were viewed and graded by 1 

person (DGG) who was blind to the treatment status of the mice. The recorded videos 

were scored on inactive time, memory (distance to goal), distance, errors, activity, 

random search strategy (center crossings), serial search strategy (perseverations) and 

latency.   

Inactive time was the amount of time a mouse remained motionless in the center 

of the maze at the beginning of the trial. Inactive time is the amount of time required for 

a mouse to initially assess its environment from visual cues. Short-term memory was 

the distance between the goal box and the first hole investigated. For example, if the 

first hole was adjacent to the goal box then the distance to goal value was recorded as 

1. Short-term memory is indicative of how well the mouse recognized it’s surrounding 

and remembered where the goal box was positioned (Bach et al., 1995). Distance was 

measured as how far the mouse traveled either before finding the goal box or the 
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distance traveled during the 5-min observation time if the mouse was not successful in 

finding the goal box (Bach et al., 1995). Errors were recorded as the visitation to a hole 

other than the goal hole (Bach et al., 1995) (Fig. 1C). Activity was calculated by the 

number of holes investigated divided by the active time (active time is overall time 

minus the inactive time) and defined as the amount of time spent investigating/exploring 

each hole. Random search strategy (center cross) (Fig. 1B) was defined as passing 

through the center of the maze, or as skipping more than 4 holes when traveling from 

hole to hole, or as walking into the center of the maze and back out again. Random 

search strategy is a precursory approach where the mouse randomly searches for the 

goal box without a well-defined strategy (Bach et al., 1995). Serial search strategies are 

persistent entries into any hole that is not the goal box. They can also be an oscillation 

between two holes. Serial search strategy is used as a more advanced methodical 

search over the random search strategy (Bach et al., 1995). It also indicates a spatial 

learning and memory of the goal box. An increase in the rate of learning was defined as 

either a statistical decrease in the use of the random search strategy (injunction with an 

increase in the serial search strategy not statistically significant) or increase in the use 

of the serial search strategy (in conjunction with a decrease in the use of the random 

search strategy not statistically significant).  Acquiring the task was defined by a direct 

route to the goal box with errors ≤ 2 in a trial (Bach et al., 1995). A mouse was 

considered to have acquired the task (learned the maze) if 3 of 4 trials on 2 consecutive 

days were successful at any point during the 7-day trial period (Fig. 1D). Latency was 

the time elapsed from trial start to finish and is not related to task acquisition, but does 
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indicate rate of learning (Bach et al., 1995).  The numbers of mouse litters used are 

listed on Table II. 

Data analysis: Scatter plots for outcome against trial number showed that 

Latency, Active time, Distance and Errors followed an exponential decay. Subsequently, 

half-lives were generated for each of the four outcomes (for each mouse). The half-lives 

were then compared between the treatment groups using the Wilcoxon rank sum test.  

For outcomes that were slightly skewed (inactive time, distance to goal, activity, and 

center crosses), the treatment groups were compared using linear GEE. The linear 

model specified behavioral measure as the outcome, treatment as a predictor, identity 

as the link function, and normal as the distribution. To request GEE, mouse ids were 

specified as clusters with an exchangeable working correlation matrix. P-values were 

based on the type 3 Wald statistics.  

 

Functional observation battery  

 The FOB tests are designed to detect physiological changes, coordination, and 

startle and menace responses in mice (Moser et al., 1988; King et al., 2003). The 

specific physiologic parameters evaluated and displayed differences are listed in Table 

III. Parameters without differences are listed on Table IV. All of these parameters were 

graded on a ―yes‖ or ―no‖ scale. The FOB tests also evaluate coordination, startle 

response, and menace. The coordination of the mice was measured using 2 tests. The 

first test was the righting reaction test. This righting reaction test determines the 

mouse’s ability to right itself when placed on its back. The second test was performed to 
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see how well the mice hold onto a wooden rod. The startle response was elicited using 

a clicker. The clicker was clicked approximately 6-8 cm behind the mouse’s head and 

was scored as ―Yes‖ if the click elicited a flinch or startle, or ―No‖ if no response was 

elicited. The FOB also examined menace response and this was done by placing a 

pencil about 1-2 cm from the face of the mouse. If the mouse looked or turned away 

then the mouse was scored with a No, no menace response. If the mouse acted 

aggressively to the pencil end the mouse was scored as ―Yes‖, acts menacingly to an 

object.  The numbers of mouse litters used are listed on Table II. 

Data analysis: The treatment groups were compared using logistic generalized 

estimating equations (proc genmod). The linear model specified FOB test as the 

outcome, Treatment as a predictor, logit as the link function, and binomial as the 

distribution. To request GEE, dam ids within treatment were specified as the clusters 

with an exchangeable working correlation matrix. P-values were based on the type 3 

Wald statistics.  

 

Visual placement 

Vision and coordination of mice was evaluated by the visual placement test (Fox 

et al., 1965). The test was performed by holding the mouse upside down by its tail, so 

that its head was 3.5 to 5 cm from the edge of the counter top and approx. 2.5 cm below 

the surface of the counter top. This encourages the mouse to reach up and out to the 

counter top to keep from dangling upside down. The mouse was then scored on a 3 

point scale, i.e., (1) the mouse made no attempt to reach out, (2) the mouse attempted 
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to reach out but could not grab, and (3) the mouse reached out and grabbed the edge of 

the table.  The numbers of mouse litters used are listed on Table II. 

Data analysis: Only scores 2 and 1 were observed and recorded. Accordingly, 

the treatment groups were compared using logistic generalized estimating equations 

(proc genmod). The linear model specified score as the outcome, Treatment as a 

predictor, logit as the link function, and binomial as the distribution. To request GEE, 

dam ids within treatment were specified as the clusters with an exchangeable working 

correlation matrix. P-values were based on the type 3 Wald statistics.  

 

Virtual cliff 

The virtual cliff (Adams et al., 2002) consisted of a box 38 x 38 x 38 cm. The top 

surface of the box a piece of plexiglass that was half clear and half opaque. The virtual 

cliff was positioned 38 cm off the bottom of the box. Mice were placed in the center of 

the cliff with 1 front and hind limb of 1 side of the body on the clear portion and the 

contralateral limbs on the opaque portion. Mice were tested 3 times and the initial 

position remained constant. Mice were scored depending on which side of the 

plexiglass they traveled to, a score of 1 for the clear side and a score of 2 for the 

opaque side.  The numbers of mouse litters used are listed on Table II. 

Data analysis: The number of times a mouse went to the opaque side was used 

as the outcome for this section (score range 0 to 3). After scoring, the treatment groups 

were compared using linear generalized estimating equations (proc genmod). The linear 

model specified score as the outcome, Treatment as a predictor, identity as the link 
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function, and normal as the distribution. To request GEE, dam id within treatment were 

specified as clusters with an exchangeable working correlation matrix. P-values were 

based on the type 3 Wald statistics.  

 

Rearing and Open Field Activity 

Rearing tests look specifically at exploration of novel environments (Hutchinson 

et al., 1980). Four mice from each litter were individually placed in a box (20 cm x 42 

cm) for 5 min. The numbers of times a mouse reared or lifted its forelimbs off the ground 

in an exploratory manner were counted. The box was cleaned with 70% ethanol 

between each mouse.  The numbers of mouse litters used are listed on Table II.  Open 

field activity testing was carried out using San Diego Instruments Photobeam Activity 

System and a clear 20 cm x 42 cm cage. The cage had a metal halo that surrounded 

the perimeter of the box, with 3 laser beams that were evenly spaced 10 cm apart 

dividing the box in to 4 evenly spaced sections 20 X 10 cm. When the mouse moved 

from 1 quadrant to another quadrant the laser beam was broken. A record of the beam 

breaks was recorded onto the computer. Mice were left in the open field for 5 min, while 

beam breaks were recorded. The computer measured ambulations (2 or more 

consecutive beam breaks indicating walking across the box) and beam breaks 

(nonconsecutive beam breaks indicating oscillations from quadrant to quadrant of 

nonspecific movement) . The box was cleaned with 70% ethanol between every mouse 

tested. Ambulations were recorded as movement of a mouse through at least 3 of the 4 

quadrants without back tracking. Beam breaks occurred when the mouse broke the 
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beams in a non-successive order, indicating non-specific activity in the box.  The 

numbers of mouse litters used are listed on Table II. 

Data analysis: Effect of treatment on rearing was assessed using mixed model 

ANOVA (proc mixed). The linear model included rearing as outcome, treatment as a 

fixed effect, and litter Id within treatment as the random effect. Ambulations and beam 

breaks were compared between treatments at each time point using mixed-model 

repeated-measures ANOVA (proc glimmix). The linear model included ambulation or 

beam breaks as outcome, treatment as a fixed effect, and mouse within treatment as a 

random effect (G side). For the R side of the model, an autoregressive 1 correlation 

matrix was specified. Denominator degrees of freedom were specified as 

KenwordRoger.      

 

Neurotransmitter determinations  

 Mice that completed the 8-wk Barnes maze test were used for neurotransmitter 

isolation and determination. The whole brain was removed and placed on ice, then cut 

in half along the sagittal plane. The striatum from both the right and the left hemispheres 

was removed and placed into a microfuge tube on ice. The frontal cortex from the right 

hemisphere was removed and placed in a microfuge tube on ice. The tissue was then 

weighed and 6 times the v/w of isoproterenol buffer (4.7 pH) was added to the tissue for 

preservation of neurotransmitters. The brain tissue was then homogenized on ice 

followed by micro-centrifugation at 4 C for 10 min at 15,000 g. The supernatants were 

stored at -80 C until analysis by high performance liquid chromatography (HPLC) was 

conducted. Striatal and cortical samples were analyzed for dopamine and its 
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metabolites, 3,4-dihydroxyphenylacetic acid and homovanillic acid, in addition 

norepinephrine, epinephrine, and the metabolite 3-methoxy-4-hydroxyphenylglycol, and 

serotonin and its metabolite, 5-hydroxyindoleacetic acid, were also analyzed.   

Samples were examined in a HPLC Agilent Technologies (Wilmington, DE) 1100 

Series equipped with a degasser, a quaternary pump, a refrigerated auto sampler (set 

at 4 ºC) and connected to a Waters 2465 electrochemical detector (Milford, MA). A C18 

column (Macherey Nagel Bethlehem, PA) (Pyramid EC 250 x 4 mm i.d., 3 µm) was 

used with a flow rate of 0.7 ml/min. Column temperature was maintained at 35 ºC. The 

mobile phase composition was 5% methanol in aqueous sodium acetate (50 mM), citric 

acid (12.5 µM), EDTA (134 µM), octane sulfonic acid (230 µM), sodium chloride (2 mM), 

pH 4.7. Isoproterenol (1 µM) was used as the internal standard, and calibration curves 

of each neurotransmitter and metabolite were prepared using solutions of 10, 50, 100, 

250, and 500 nM.  The numbers of mouse litters used are listed on Table II. 

Data analysis: Neurotransmitter concentrations were compared between 

treatment groups using one-way analysis of variance (proc mixed). The linear model 

specified neurotransmitter as outcome, treatment as a fixed effect, and residual as the 

denominator degrees of freedom. While the effect of treatment on epi was assessed 

using Wicoxon rank sum test. 

 

Brain smears  

One mouse from each litter was examined for the presence of tissue cysts at the 

termination of the experiment.  The cranial cavity of the mouse was opened and 
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approximately 0.1 grams of the frontal cortex was removed placed on a slide, crushed 

with a 22 x 22 mm2 cover slip and examined using an Olympus BX60 microscope for 

the presence or absence of tissue cysts.  The numbers of mouse litters used are listed 

on Table II. 

 

Histology 

 One mouse from each litter was examined for necrosis and inflammation around 

the tissue cysts.  The brain was removed from the cranial vault and placed in 10% 

neutral buffered formalin (Fisher scientific).  Following fixation the brains were sectioned 

at the following 4 transverse levels- head of caudate nucleus, mammillary body, 

midbrain, cerebellum and medulla oblongata and embedded in paraffin.  Sections were 

cut at 7M thickness and stained with hematoxylin and eosin and examined by B. 

Jortner, initially this was a blind study and was followed by an unblended assessment.  

Lesions were semi quantitatively scored as follows. 

 Meningitis and encephalitis 0) normal tissue,1) focal small lesions, 2) multifocal 

small or focal prominent lesions and 3) multifocal prominent lesions. 

 

Statistical considerations for all sections  

Data were analyzed using SAS version 9.2 (Cary, North Carolina). Because initial 

findings demonstrated sex associated differences in mouse behavior between 4 and 8 

wks. of age, mice were examined as 4 groups consisting of 4-wk-old female mice, 8-wk-

old female mice, 4-wk-old male mice, and 8-wk-old male mice. Statistical significance 

was set to P<0.1.  
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Results 

 

IFN- decreased fetal mortality 

 12 of 15 control dams bred had 91.5% of their fetuses viable, 9 of 15 T. gondii 

dams bred had 23% of their fetuses viable, 13 of 15 IFN- dams bred had 92.9% of their 

fetuses viable and 9 of 15 IFN-T. gondii dams bred had 57.7% of their fetuses viable.  

Control dams had 91.5% viable fetuses with 1.5% late fetal mortality/death and 7 % 

early fetal mortality.  IFN- treated dams had 93% viable fetuses with 1% late fetal 

mortality/death and 6 % early fetal mortality; Toxoplasma. gondii infected dams had 

23% viable fetuses, with 3% late fetal mortality/death and 74% early fetal mortality.  

IFN-/T. gondii treated dams had 58% viable fetuses with 20% late fetal mortality/death 

and 22% early fetal mortality.  When litters are evaluated as the unit of measure, both 

control and INF- mice had 100% of the litters with developed fetuses.  T. gondii 

infected litters had 22% with developed fetuses.  IFN-/T. gondii treated litters had 77% 

with developed fetuses. 

 

Congenital transmission 

 Twelve of 20 HBSS treated dams produced litters, fifteen of the 20 immune 

stimulated dams produced litters, fifteen of 20 T. gondii infected dams produced litters 

and thirteen of 20 IFN-/ T. gondii infected dams produced litters.  The transmission rate 

of T. gondii was 66% for males and 77% for females.  The difference in numbers of 

males and females infected was not statistically different (P>0.1).  In the HBSS treated 

controls and INF- treated litters, no pups tested positive for T. gondii antibodies.  The 
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male to female ratio for the litters infected vs. not infected were statistically different 

(P=0.090 one-sided P value) between infected and non-infected groups. 

 

Behavior 

The results of Barnes maze behavioral testing are summarized in Table I.  

 

Transient 4-week old Barnes maze behavior for IFN- treated mice, T. gondii infected 

and IFN-/T. gondii treated mice female and male mice 

 Four wk. old IFN- treated female mice  spent more time investigating each hole, 

11.4 sec per trial compared to 7.4 sec per trial for control (a difference of 4 sec with a 

standard error of 2.22) (P=0.075).  IFN- treated mice had an increase in center crosses 

with 0.7 crosses per trial vs. 0.22 per trial for the control (a difference of 0.48 crosses 

per trial with a standard error of 0.229) (P=0.036). 

Four wk. old T. gondii-infected female mice spent 16.8 sec sitting in the middle of 

the maze compared to 6.1 sec for the female controls (a difference of 10.7 sec with a 

standard error of 5.260) (P=0.041).  T. gondii-infected female mice crossed the center of 

the maze on average 0.65 times per maze trial, while control mice only crossed the 

center of the maze 0.22 times per maze trial (a difference of 0.43 with a standard error 

of 0.261) (P=0.101). 

Four wk. old IFN-/T. gondii treated female group had an increase in serial 

search strategy from 1.42 per trial vs. 0.93 per trial for controls (a difference of 0.49 with 

a standard error of 0.300) (P=0.098).  IFN-/T. gondii treated mice spent less time sitting 
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in the middle of the maze 6.1 sec per trial vs. 7.9 sec per trial for controls (a difference 

of 1.8 sec with a standard error of 1.07) (P=0.086). 

Four wk. old IFN- treated male mice had no statistical differences (P>0.1) 

compared to control mice with the Barnes Maze.   

Four wk. old T. gondii-infected male mice first investigated holes that were on 

average a distance of 3.1 holes from the goal box vs. 4.1 holes for control mice (a 

difference of 1 hole with a standard error of 0.476)(P=0.054). 

Four wk. old IFN-/T. gondii treated male mice had a decrease in the number of 

trial 5.4 compared to controls 6.6 trials to decrease the time required to solve the maze 

by half (a difference of 1.2 trials, treated mice had a range of 2.0-20.2 and control mice 

had a range of 5.6-18.0)) (P=0.085).  Four wk. old IFN-/T. gondii treated males had an 

increase in serial search strategy from 1.7 per trial vs. 1.2 per trial for controls (a 

difference of 0.5 with a standard error of 0.312) (P=0.079) 

 

Adult onset 8 week old Barnes maze behavior for IFN- treated mice, T. gondii infected 

and IFN-/T. gondii treated mice female and male mice 

Eight wk. old Female IFN- treated mice had a decrease in center crosses with 

0.18 per trial vs. 0.30 per trial for controls (a difference of 0.12 with a standard error of 

0.073) (P=0.082). 

Eight wk. old T. gondii-infected female mice had an average of 0.13 center 

crosses per trial vs. 0.30 per trial for controls (a difference of 0.17 with a standard error 

of 0.081) (P=0.033). 
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Eight wk. old IFN-/T. gondii treated female mice had an increase in distance 

traveled 32.0 holes vs. 4.0 holes for controls (a difference of 28.0 holes and a standard 

error of 3.74) (P=0.067).  IFN-/T. gondii treated female mice had a decrease in inactive 

time 10.4 sec per trial vs. 38.1 sec per trial for controls (a difference of 17.7 sec per trial 

and a standard error of 16.1) (P=0.086).  IFN-/T. gondii treated female mice had a 

decrease in center crosses 0.16 per trial vs. 0.3 per trial for controls (a difference of 

0.14 crosses per trial and a standard error of 0.060) (P= 0.015). 

Eight wk. old IFN- treated male mice had a decrease in the number of trials 3.7 

compared to controls 10.0 trials to decrease the time required to solve the maze by half 

(a difference of 6.3 trials with a standard error of 3.93) (P=0.062).  IFN- treated male 

mice spent more time sitting in the middle of the maze 17.0 sec per trial vs. 9.4 sec per 

trial for the controls (a difference of 7.6 sec with a standard error of 4.27) (P=0.078). 

Eight wk. old T. gondii infected male mice first investigated a hole that was on 

average 4.1 holes from the goal box vs. 3.0 holes for control male mice (a difference of 

1.1 holes with a standard error of 0.389) (P=0.005).  T. gondii-infected male mice spent 

more time investigating each wrong hole 11.4 sec per hole vs. 5.1 sec per hole for 

controls ( a difference of 6.3 sec with a standard error of 3.624) (P=0.080).  Finally 

infected males had on average twice as many center crosses, 0.37 vs. 0.18 center 

crosses per trial for control mice (a difference of 0.19 and a standard error of 0.109) 

(P=0.077). 

Eight wk. old IFN-/T. gondii treated male mice spent on average more time 

sitting in the middle of the maze at the start of the test 13.3 sec per trial vs. 9.4 sec per 

trial for controls (a difference of 3.9 sec with a standard error of 2.02) (P=0.058).  
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FOB 

 IFN-, T. gondii and IFN-/T. gondii treated female mice at 4 wks. of age had an 

elevated response to the click stimuli compared to control mice.  IFN-treated mice 

were 3 times more likely to respond to the click test compared to control mice (odds 

ratio of 2.7, 95% confidence interval 0.9 to7.9) (P=0.080).  T. gondii-infected female 

mice were 7 times more likely to respond to the click test compared to the control mice 

(odds ratio 6.9, 95% confidence interval 1.2 to 30.5) (P=0.03).  IFN-/T. gondii treated 

female mice were 5 times more likely to respond to the click test compared to control 

mice (odds ratio of 5.1, 95% confidence interval 1.8 to 14.5) (P=0.002).  The FOB tests 

showed that infected male mice at 4-wk-old righted themselves 92% of the time 

compared to 80%for the control mice (odds ratio 0.2, 95% confidence interval 0.05 to 

1.2) (P=0.077).  At 8 wks. of age female and male mice had no differences (P>0.1) 

when the groups were compared to the control group for FOB testing.   

 

Virtual cliff  

 Four wk. old female mice in the virtual cliff test had a significant difference 

between control mice and T. gondii infected mice, infected mice went an average of 1.4 

times to the opaque compared to 1.8 times for control female mice (a difference of 0.4 

with a standard error of 0.1) (P=0.0007).  A difference between control mice and INF-

/T. gondii, INF-g/T. gondii mice went on average of 1.2 times to the opaque side 

compared to 1.8 times for the control female mice ( a difference of 0.6 with a standard 
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error of 0.162) (P=0.011).  No differences (P>0.1) were found between control and IFN-

 female mice. 

Four wk. old T. gondii-infected males went to  the opaque side of the virtual cliff 

an average of 1.9 times (out of three trials) compared to 1.6 times in control mice (a 

difference of 0.3 and a standard error of 0.17) (P=0.053).  No differences (P>0.1) were 

found between control vs. IFN- or control vs. IFN-/T. gondii male mice. 

 No differences (P>0.1) in virtual cliff were found between the male or female 

mouse treatment groups at the 8 wk. time points. 

 

Visual placement 

Four wk. old female mice in the visual placement test had a statistical differences 

(P=0.051) between IFN- mice, with a completion rate of 95.6%, vs. control mice, with a 

71.5% completion rate (an odds ratio of 4.6 and a 95% confidence interval of 1.0-21.9).  

No differences (P>0.1) were found between control vs. IFN- and control vs. T. gondii 

infected female mice. 

Four wk. old male mice in the visual placement test were not statistically (P>0.1) 

different between groups. 

No differences (P>0.1) in visual placement were found between the male or 

female treatment groups at the 8 wk. time point. 

 

Activity and Rearing 

No significant differences (P>0.1) were detected in any group of mice for activity 

(ambulations and beam breaks) or rearing.  
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Neurotransmitter concentrations 

Neurotransmitters were measured after the completion of the Barnes maze at the 

8 week time point. Female and male mice for each group were analyzed separately.  

There was no statistical difference (P>0.1) in neurotransmitter concentrations in any 

group of mice (Table V).  

 

Brain Smears 

 Each litter had one mouse chosen for brain smears.  Twelve of the 15 mice 

representing each infected litter tested positive for T. gondii via IFA.  Of these 12 

positive mice 11 tested positive for tissue cysts in the frontal cortex.  Nine of the 13 mice 

representing the IFN- /T. gondii treated litters tested positive for T. gondii via IFA.  Of 9 

positive mice 7 tested positive for tissue cysts in the frontal cortex.  None of the HBSS 

and IFN- treated litters tested positive for T. gondii tissue cysts by brain smear. 

 

Histology 

 Eight mice from the IFN- /T. gondii were evaluated for tissue cysts and necrosis 

and 11 mice from the T. gondii infected group were evaluated for tissue cysts and 

necrosis.  The average score for the IFN- /T. gondii mice was 1.1 compared to 1.9 for 

the T. gondii infected mice.    
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DISCUSSION 

 

MIS with IFN-   

 The mechanism for how exogenous administration of IFN- serves to protect a 

fetus from infectious agents is not well understood.  Endogenous IFN- is required for 

modulation of Th-1 T-cell response, required for limiting T. gondii infections.  A strong 

Th-1 T-cell response can also be detrimental to the embryo by causing rejection of the 

embryo.  Optimizing dose and timing of the administration of IFN- must be done to 

achieve the desired results of protection of the embryo.  Contrary to the expected 

outcome, of administration of exogenous IFN-, causes a shift towards a Th-2 T-cell 

immune response. Preliminary work has demonstrated exogenous IFN- is not 

detectable 24 hrs. after administration (data not shown) leading us to the conclusion 

that the protective effects observed by MIS mice, days 10 and 5 pre breeding prior to 

infections is the result a downstream cellular mechanisms. 

 

General mouse behavior   

Data from previous studies indicated MIS with INF- given prior to T. gondii 

infection decreased fetal mortality from congenital infections.  The mechanism for how 

MIS with IFN- decreased mortality is unknown.  It is suggested that prophylactic 

immune stimulation causes an up-regulation in the immune system to prevent, in utero, 

T. gondii infections from causing fetal mortality (provisional patent number VCOM-113-

PRO).   
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When IFN- /T. gondii infected mice in our study were evaluated for tissue cysts 

by brain smear we looked at the frontal cortex.  Seven of 9 IFA positive mice are 

positive for tissue cysts in the frontal cortex.  According to Wang et al., (2011) the 

cortices were one of the two most likely regions of the brain for tissue cysts to be 

identified.  The presence of tissue cysts in the frontal cortex indicated that a foreign 

agent was presence and potentially capable of causing cognitive impairments observed 

in the IFN- /T. gondii infected group of mice. 

Congenital T. gondii transmission rate between males and females using our 

infection model was 70% and 74% respectively.  When MIS was administered once 

prior mating and again the day before infection, with T. gondii, the transmission rate 

decreased for males and increased for females but was not statistically significant 

(P>0.1).  Our experiment suggested that although mortality was decreased, the 

congenital transmission rate for T. gondii was not altered.  The reason for the shift in 

infection rate between males and females was most likely caused by a subtle shift in 

male to female ratio between treatment groups caused by treatment of either IFN- or 

T. gondii.  A shift in male to female ratio, in female mice with chronic toxoplasmosis, has 

previously been observed by Kankova et al., (2007).  A shift for male to female ratio for 

the IFN-/T. gondii treated dams has not previously been reported. 

Mice from the MIS treatment group had decreased inflammation and necrosis 

around the tissue cysts in the brain compared to controls.  Our findings suggest an 

immune shift in mice receiving IFN- treatment in utero persisting as long as 9 wks. 

after birth.  A finding of potentially lifelong attenuated immune response has not been 

indicted anywhere in the literature.  Currently the literature suggests MIS can cause a 
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shift in the offspring immune response.  To date, 28 days post parturition was the 

longest time for a shift in offspring immune system to persist as a result of MIS (Ponzio 

et al., 2007). 

Our activity and rearing data revealed no difference between males or females in 

treatment groups for the first 5 minutes in a new environment.  In the present study, it 

appears that IFN-, T. gondii and IFN-/T. gondii treatments do not negatively affect 

novel open field activity or exploration as has been previously reported with postnatal T. 

gondii infected mice (Hutchinson et al., 1980) and other models of MIS (Meyer et al., 

2006). 

Behavior response to the administration of MIS and congenital infection with T. 

gondii varied greatly with the age and sex of mice.  For this reason male and female 

mice were analyzed separately.  Typically male and female mouse behavior does not 

differ before sexual maturity.  After 5-6 wks. of age, when mice become sexually mature 

divergent behavior changes are observed (Kvist and Selander 1987).  Female mice 

become more sedentary.  By staying in a smaller area, it permits mature male mice to 

seek them out for breeding purposes.  Male mice, after 5-6 wks. of age, become more 

active and typically travel greater distance in search of female mice.  To control for the 

divergence in behavior between male and females, treated mice were only compared to 

age and sex matched mice. 

 

Transient FOB changes  

The FOB is a compilation of 30 tests; we tested the mice using the virtual cliff 

(VC) and visual placement (VP) concurrently with FOB.  It should be noted for many of 
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the aspects of the FOB, VC and VP, no differences between the groups existed 

indicating that the different treatments; infection, MIS or a combination of both, had no 

measurable effect on the mice.  Furthermore all of the differences observed at 4 weeks 

of age in the FOB, VC and VP for females and males treatments dissipated with time 

and by 8 weeks of age no statistical (P>0.1) differences were found. 

Female mice from the three treatment groups; IFN-, T. gondii and IFN-/T. 

gondii all experienced impairments in the click response compared to controls.  Failure 

of all the experimental female mouse groups at 4 wk. old to respond to stimuli properly 

was a novel finding but was not unexpected, because mice receiving MIS with Poly (I:C) 

perform poorly in prepulse inhibition tests (Meyer et al., 2006).  Prepulse inhibition 

measures conditioned response to startle.  Although the tests were different, with the 

prepulse test measuring the processing of stimuli and click measuring response to 

stimuli, there was a trend of impaired response to stimuli.  4 wk. old male mice exhibited 

no differences (P>0.1) between treatment groups.  The lack of a response to click at 8 

wks. of age could be caused by deafness.  Deafness frequently occurs in CD-1 mice 

later in life and this may have been a contributing factor in our findings at 8 wks. (Shone 

et al., 1991).   

Congenital infection with T. gondii is the leading cause of retinochoriditis in the 

United States and can cause severe complications in vision (Jones and Holland 2010).  

Blindness is potentially caused by recrudescent infections in the eye, an immune 

privileged organ.  As a result of the inflammatory response, lesions develop, resulting in 

vision impairments or blindness.  Our VP test indicated 4 wk. old female mice were not 

negatively affected by treatment with either INF- or T. gondii when compared to control 
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mice.  INF- and T. gondii treated female mice completed the VP test at a higher rate 

than control and IFN-/T. gondii mouse groups.  The tests incorporated coordination 

and movement for completion so an increase in nonspecific movement and 

hyperactivity, previously described for other MIS and post natal infection with T. gondii 

models, could have aided in a higher completion rate over controls.  It should be noted 

that age matched male mice did not experience differences in the completion of the 

visual placement test.  By 8 wks. of age, no differences in completion rate for either sex 

or treatment groups were observed indicating MIS was not affecting vision.  

Furthermore, these results indicated the eyesight should not be considered a factor for 

performance in the Barnes maze.  The virtual cliff tests fear avoidance, and at 4 weeks 

of age a divergence between sexes and treatment groups emerged.  Female mice 

infected with T. gondii, regardless of MIS status exhibited decreased fear of falling, 

evident by walking onto the clear side of the virtual cliff more often than uninfected 

female mice.  4 week old male mice had a different result with T. gondii male mice 

traveling to the dark side of the virtual cliff more often than uninfected mice.  T. gondii 

infected mice, regardless of sex, had an altered fear of falling is unknown.  Our results 

indicated MIS did not correct for changes observed in the virtual cliff associated with T. 

gondii infections.  By 8 wks., female and male mice had no statistical (P>0.1) 

differences between groups for the VC test, indicating decreased fear of falling 

observed in female mice at 4 wks. of age resolved with time.   

 

Barnes maze 4 week old female  
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When only MIS was evaluated compared to control mice, the results varied 

greatly depending on age and sex.  MIS, IFN-, 4 wk. old female mice when tested 

using the Barnes maze had a trend for increased, latency (P=0.101) and initial 

assessment of environment (P=0.104), while these values were not statistically 

significant they are of value for assessing behavior in the IFN-, treated female mice at 

4 wks. of age.  The IFN- 4 wk. old female mice also had a statistical increase random 

search strategy (P=0.036) and decreased time spent exploring each hole (P=0.075) 

compared to control female mice.  Increased activity, decreases in memory retention 

and recognition of environment, were reported in mice receiving MIS with poly (I:C) as 

an adult (9-10 wks. old) onset behavior profile (Ozawa et al., 2006).  We were observing 

similar behavior profiles reported in the literature from other MIS models, except our 

observations were for pre-sexual mature female mice only.  In our study we found IFN- 

MIS mice had difficulty acquiring the task, manifested by more deficits in learning than 

control mice.  Further testing at 8 wks. of age revealed that all of these specific behavior 

deficits dissipated with time indicating the changes observed were not lifelong.  

We have proposed that MIS with IFN- would ameliorate the negative effects 

that congenital infection with T. gondii has on behavior. 4 wk. old female T. gondii and 

IFN-/T. gondii treated mice both had increased initial recognition of the environment 

(P=0.04 and P=0.088) respectively.  A similar increase in time spent assessing the 

environment was observed for MIS, IFN- female mice; indicating both MIS and T. 

gondii infection caused similar outcomes.  MIS and T. gondii female mice also shared a 

decrease in spatial learning evident by an increase in random search strategy, not 

observed for the IFN-/T. gondii treated group.  The IFN-/T. gondii treated group did 
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have an increase in serial search strategy (P=0.079) but they also had an increase in 

random search strategy (increase not statistically significant at P>0.1) making it 

impossible to formulate a conclusion of increased rate of learning.  Taken together 4 wk. 

old female mice were most negatively affected by MIS, followed by T. gondii and least 

effected by IFN-/T. gondii.  The behavior patterns exhibited by MIS appear to cause 

more deficits when given alone rather in combination with T. gondii infection.  MIS with 

INF- given prophylactically to T. gondii infected mice decreases some but not all of the 

behavior deficits associated with T. gondii alone  

 

Barnes maze 4 week old male 

Male mice 4 wks. of age receiving MIS with IFN-, unlike MIS IFN- female 

mice, showed no difference (P<0.1) in behavior compared to control male mice.  The 

difference in response to IFN- MIS between sexes was unexpected.  The divergent 

effects MIS had on behavior between females and males prior to sexual maturity has 

not been reported in the literature for any MIS regimes.  We currently have no 

explanation for the differences between sexes.  Further confounding our results was an 

unexpected decrease in latency (P=0.085) for IFN- /T. gondii infected male mice.  

Clearly MIS alone with male mice did not influence latency but when co-administered 

with T. gondii the result was a decrease in latency.  Four wk. old IFN-/T. gondii male 

mice increased the use of serial search strategy (P=0.079) compared to control mice, 

while decreasing the use of random search strategy (decrease not statistically 

significant at P>0.1).  Increased use of serial search strategy indicated increased rate of 

learning, resulting in the decrease maze latency observed for IFN-/T. gondii group of 
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mice.  It was unclear why MIS with INF- and congenital infection with T. gondii would 

improve serial search strategy and latency over control mice.  Four wk. old male mice 

unlike female mice were less affected from MIS or infection with T. gondii but like 4 wk. 

old female mice, the male mice receiving both IFN- and T. gondii performed as good if 

not better in the Barnes maze than mice receiving only MIS or T. gondii.   

To date behavior assessments examining the effects of MIS with IFN- on post 

sexually mature mice have not been reported in the literature.  Clearly MIS with Poly 

(I:C) has a clear expected effect on adult onset behavior profile (Ozawa et al., 2006).  

How MIS caused behavior profile alterations is not fully understood, but it appears MIS 

with Poly (I:C) causes a lifelong shift in the expression of some genes associated with 

neurotransmitter production (Meyer, Engler et al., 2008). An adult behavior profile has 

not been established in mice born to dams using MIS with INF-.  We demonstrated 

some adult onset behavior shifts associated with MIS with IFN- treated mice.  The 

behavior patterns observed were not as drastic as behaviors associated MIS with Poly 

(I:C) administered on a similar time schedule. 

 

Barnes maze 8 week old male and female 

Female mice post sexual maturation experienced minimal effects from MIS with 

IFN-, infection with T. gondii and IFN-/T. gondii treatment.  All three treatment groups 

experience a decrease in random search strategy (P=0.082, 0.015, and 0.03 

respectively) compared to control mice, concurrently IFN- and T. gondii infected mice 

had an increase in serial search strategy (P>0.1).  While the increase was not 

statistically significant it should be considered to indicate an increase in rate of learning 



176 
 

when examined in conjunction with random search strategy.  The increase in serial 

search strategy was not found for IFN-/T. gondii female mice.  Our findings for IFN- 

and T. gondii treated groups were an increased rate of learning over control mice.  The 

increase was minimal and ultimately had no effect in overall completion of the maze.  

IFN-/T. gondii treated mice had decreased initial assessment of environment and 

increased distance traveled compared to control mice.  Changes in these two aspects of 

the Barnes maze did not negatively affect overall maze performance but should be 

noted because increased distance traveled/increased overall activity were previously 

described for mice infected with T. gondii and MIS with Poly (I:C) respectively 

(Hutchinson et al., 1980; Ozawa et al., 2006). 

Male IFN- MIS mice, similar to their female, counterparts did not show signs of 

adult onset deficits in the Barnes maze.  To the contrary, IFN- MIS male mice 

completed the maze faster than control mice.  An interesting observation for both IFN- 

and IFN- /T. gondii groups of mice was they experienced an increase time required for 

initial assessment of environment (P=0.078 and 0.058 respectively).  Increased initial 

assessment of environment in most cases did not negatively affect latency in the maze.  

It is possible for the IFN- treated mice, the increased time for initial assessment of 

environment, aided in completion of the maze faster, although this trend does not exist 

for other treatment groups with increased initial assessment of environment.   

T. gondii infected male mice at 4 wks. of age had minimal behavior alterations 

but by 8 weeks of age male mice demonstrated what was considered adult onset 

behavior deficits consisting of increased activity (P=0.08), decreased memory (P=0.05) 

and rate of learning (P=0.08).  A behavior profile that was not observed in the IFN-/T. 
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gondii treated mouse profile, indicating MIS had a protective effect for adult onset 

behavior profile caused by congenital infection with T. gondii.   

At 8 wk. of age, the IFN- male mice similar to the 8 wk. IFN- female mice were 

not displaying the adult onset behavior deficits associated with other MIS mouse 

models.  How the male and female mice responded to MIS with IFN- appeared to be 

sex related, but a mechanism for these results has yet to be proposed.  Our IFN- MIS 

treatment regime differs from the other MIS regimes.  We gave the IFN- pre-breeding 

and 24 hours prior to infection.  The half–life of exogenous IFN- and its bioavailability to 

the fetuses in a mouse is currently not known.  Many of our findings for mice 4 wks. old 

were similar to findings for adult onset behavior changes associated with poly (I:C) MIS 

models (Ozawa et al., 2006) and post natal infection with T. gondii models (Hutchinson 

et al 1980).  But the behaviors dissipated by 8 wks. in our mice.  Clearly our IFN- MIS 

model caused behavior alterations but in a much different pattern than what was 

reported with poly (I:C) MIS models.  

The protection MIS with IFN- had when given in conjunction with T. gondii was 

not a simple correction of all T. gondii induced behavior changes to normal control 

levels, instead it corrected all behavior changes induced by T. gondii, while exhibiting 

most behavior changes caused by administration of IFN- alone and producing some 

behavior alterations not explained by either IFN- or T. gondii treatment.  In most of 

these cases IFN-/T. gondii behavior profile were either an improvement over controls 

or caused no deficits.  IFN- negatively affected female mice at 4 wks. of age more than 

any other group which was unexpected because age matched male mice receiving the 

same treatment had no effect.  It should be noted when IFN- was given in conjunction 
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with T. gondii it provided a protective effect, warranting further investigation into timing, 

dose and concentration in relation to exposure to a known behavior altering teratogen.   
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FIGURE AND TABLES 

 

FIGURE 1. The Barnes maze apparatus.  The Barnes maze apparatus (arrow = goal 

box) used to examine mouse behavior.  (A) Beginning of the test with mouse in the start 

box in the center of the maze. (B) Mouse demonstrating inactive time. (C) Mouse 

investigating a wrong hole. (D) Mouse entering the goal box. 
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Table I.  The Barnes maze results summary.  Behavioral parameters measured in and 

results* of the Barnes maze test control vs. MIS with IFN-, control vs. T. gondii and 

control vs. MIS with IFN-/Toxoplasma gondii congenital infection for 4-wk-old and 8-

wk-old female and male mice. 

Behavior Description Result 4 wk. Result 8 wk. 

Inactive time Initial period of inactivity in maze center 

when trial starts 

T.g., and MIS/T. g. 

females* 

MIS/T. g. females* 

MIS and MIS/T.g. 

males* 

Memory Distance between goal box and 1st hole 

investigated 

T.g males* T.g males* 

Distance Distance traveled to goal or reached by 

expiry of observation period 

None MIS/T.g females* 

Errors Visitation to a hole other than the goal box 

hole 

None None 

Activity Number of holes visited/Active time (overall 

time minus inactive time) 

MIS females* T.g. males* 

Random 

search strategy 

Passing through center of maze or skipping 

more than 4 holes 

MIS and T.g. 

females* 

MIS, T.g., and 

MIS/T. g. females* 

T.g. males* 

Serial search  

strategy 

Persistent sequential errors in holes besides 

the goal box 

MIS/T.g. females* 

MIS/T.g. males* 

None 

Latency Time elapsed from start to finish of trial MIS males MIS males* 

Task 

acquisition  

Direct route to goal box with errors <2 in 3 

of 4 trials on 2 consecutive days 

None None 

*Results were significantly different (P ≤ 0.1). 
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Table II.  Male and female mice used.  Number of female (F) and male (M) litters used 

for each treatment group, control, MIS (IFN-), congenital T. gondii exposed (T.g.), and 

MIS and congenital T. gondii exposed (IFN-/T.g.). 

 

4 week Control IFN- T.g.  IFN-/T.g 

BM  6F, 7M 7F, 8M 8F, 7M 6F 7M 

FOB  9F, 8M 9F, 9M 4F, 5M 7F, 8M 

VP  9F, 8M 9F, 9M 4F, 5M 7F, 8M 

VC  9F, 8M 9F, 9M 4F, 5M 7F, 8M 

     

8 week Control IFN- T.g.  IFN-/T.g 

BM  5F, 7M 5F, 8M 7F, 7M 5F, 5M 

FOB  7F, 7M 7F, 8M 8F, 7M 6F, 7M 

VP 7F, 7M 7F, 8M 8F, 7M 6F, 7M 

VC  7F, 7M 7F, 8M 8F, 7M 6F, 7M 

Activity 7F, 7M 7F, 8M 8F, 7M 6F, 7M 

BS 4F, 5M 7F, 8M 9F, 6M 6F, 7M 

NT  6F, 6M 6F, 9M 8F, 7M 6F, 7M 

 

Barnes Maze (BM), Functional observational battery (FOB), Visual placement (VP), 

Virtual cliff (VC), Open field activity (Activity), Brain smear (BS), and neurotransmitter 

(NT). 
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Table III. FOB results. The results of behavioral testing of control vs. MIS with IFN-, 

control vs. T. gondii and control vs. MIS with IFN- /Toxoplasma gondii congenital 

infection, mice at 4 and 8 wk. of age using the functional observational battery test.  

Behavior Description Result 4 wk. Result 8 wk. 

Virtual Cliff Initial period of inactivity in maze center 

when trial starts 

T.g, and MIS/T. g. 

females* 

T. g. males* 

None 

Righting Distance between goal box and 1st hole 

investigated 

T.g males* None 

Click Distance traveled to goal or reached by 

expiry of observation period 

MIS, T.g., and 

MIS/T.g. females 

None 

Visual 

placement 

Visitation to a hole other than the goal box 

hole 

MIS females None 
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Table IV.  FOB negative results summary.  Parameters evaluated in the Functional 

Observation Battery tests*. 

Open field ataxia  Soft stool  Corneal bulging 

Tremors/convulsions Fecal stain  Partially closed eyes 

Posture   Urine stain  Piloerection 

Coat condition  Salivation  Dehydration 

Tail Condition  Nasal discharge Protruding penis 

Respiration   Oral discharge Cool to touch cyanosis 

Vocalization   Lacrimation  Weight gain/loss 

Diarrhea   Ocular discharge Activity 

* None of these measured parameters were significantly different (P>0.1) 
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Table V.  Neurrotransmitters measured.  Mean concentrations of neurotransmitters and 

their metabolites in the brains of male (M) and female (F) mice; control, MIS (IFN-), 

congenital T. gondii exposed (T.g.), and MIS and congenital T. gondii exposed (IFN-

/T.g.) examined at 8 weeks of age. 

______________________________________________________________________ 
   Number of Neurotransmiter   Location in brain 
Sex treatment mice  or metabolite   cortex/striatum* 
M HBSS  6  dopamine   0.047/0.474 mM/mg 

M IFN-  9  dopamine   0.057/0.563 mM/mg 
M T. g.  7  dopamine   0.040/0.476 mM/mg 

M IFN-/T. g. 7  dopamine   0.050/0.407 mM/mg 
F HBSS  6  dopamine   0.049/0.608 mM/mg 

F IFN-  6  dopamine   0.027/0.367 mM/mg 
F T. g . 8  dopamine   0.052/0.447 mM/mg 

F IFN-/T. g. 6  dopamine   0.041/0.407 mM/mg 

M HBSS  6 3,4-dihydroxyphenylacetic acid 0.0062/0.050 M/mg 

M IFN-  9 3,4-dihydroxyphenylacetic acid 0.0061/0.057 M/mg 

M T. g.  7 3,4-dihydroxyphenylacetic acid 0.0062/0.046 M/mg 

M IFN-/T. g. 7 3,4-dihydroxyphenylacetic acid 0.0065/0.041 M/m 

F HBSS  6 3,4-dihydroxyphenylacetic acid 0.0066/0.070 M/mg 

F IFN-  6 3,4-dihydroxyphenylacetic acid 0.0029/0.039 M/mg 

F T. g.  8 3,4-dihydroxyphenylacetic acid 0.0082/0.060 M/mg 

F IFN-/T. g. 6 3,4-dihydroxyphenylacetic acid 0.0065/0.050 M/mg 

M HBSS  6  homovanillic acid   0.009/0.044 M/mg 

M IFN-  9  homovanillic acid  0.010/0.053 M/mg 

M T. g.  7  homovanillic acid  0.010/0.054 M/mg 

M IFN-/T. g. 7  homovanillic acid  0.009/0.045 M/mg 

F HBSS  6  homovanillic acid  0.008/0.057 M/mg 

F IFN-  6  homovanillic acid  0.006/0.045 M/mg 

F T. g.  8  homovanillic acid  0.008/0.046 M/mg 

F IFN-/T. g. 6  homovanillic acid  0.010/0.051 M/mg 

M HBSS  6  norepinephrine  0.010/0.017 M/mg 

M IFN-  9  norepinephrine  0.012/0.020 M/mg 

M T. g.  7  norepinephrine  0.013/0.014 M/mg 

M IFN-/T. g. 7  norepinephrine  0.010/0.020 M/mg 

F HBSS  6  norepinephrine  0.011/0.019 M/mg 

F IFN-  6  norepinephrine  0.008/0.018 M/mg 

F T. g.  8  norepinephrine  0.008/0.013 M/mg 
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F IFN-/T. g. 6  norepinephrine  0.011/0.017 M/mg 
M HBSS  6   epinephrine   0.355/0.97 pM/mg 

M IFN-  9  epinephrine   0.452/0.67 pM/mg 
M T. g.  7  epinephrine   N/A 

M IFN-/T. g. 7  epinephrine   0.180/0.33 pM/mg 
F HBSS  6  epinephrine   0.386/1.53 pM/mg 

F IFN-  6  epinephrine   0.365/1.27 pM/mg 
F T. g.  8  epinephrine   N/A 

F IFN-/T. g. 6  epinephrine   0.183/0.58 pM/mg 
M HBSS  6      3-methoxy-4-hydroxyphenylglycol  2.12/2.74 pM/mg 

M IFN-  9      3-methoxy-4-hydroxyphenylglycol 2.03/3.21 pM/mg 
M T. g.  7      3-methoxy-4-hydroxyphenylglycol 2.72/1.8 pM/mg 

M IFN-/T. g. 7      3-methoxy-4-hydroxyphenylglycol 1.64/3.12 pM/mg 
F HBSS  6      3-methoxy-4-hydroxyphenylglycol 2.43/3.15 pM/mg 

F IFN-  6      3-methoxy-4-hydroxyphenylglycol 1.39/3.40 pM/mg 
F T. g.  8      3-methoxy-4-hydroxyphenylglyco 1.87/2.35 pM/mg 

F IFN-/T. g. 6      3-methoxy-4-hydroxyphenylglyco 2.18/2.20 pM/mg 

M HBSS  6  serotonin   0.011/0.035 M/mg 

M IFN-  9  serotonin   0.011/0.036 M/mg 

M T. g.  7  serotonin   0.011/0.031 M/mg 

M IFN-/T. g. 7  serotonin   0.009/0.032 M/mg 

F HBSS  6  serotonin   0.011/0.039 M/mg 

F IFN-  6  serotonin   0.007/0.030 M/mg 

F T. g.  8  serotonin   0.011/0.031 M/mg 

F IFN-/T. g. 6  serotonin   0.011/0.032 M/mg 
M HBSS  6 5-hydroxyindoleacetic acid  2.91/7.34 pM/mg 

M IFN-  9 5-hydroxyindoleacetic acid  3.03/7.97 pM/mg 
M T. g.  7 5-hydroxyindoleacetic acid  3.71/7.90 pM/mg 

M IFN-/T. g. 7 5-hydroxyindoleacetic acid  2.55/7.21 pM/mg 
F HBSS  6 5-hydroxyindoleacetic acid  3.65/9.35 pM/mg 

F IFN-  6 5-hydroxyindoleacetic acid  2.18/7.80 pM/mg 
F T. g.  8 5-hydroxyindoleacetic acid  3.59/8.31 pM/mg 

F IFN-/T. g. 6 5-hydroxyindoleacetic acid  3.85/9.17 pM/mg 

* mean value for group 

† ND = not determined 
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Chapter 7 

SUMMARY 

 

Over the past decade, evidence supports that chronic infection with T. gondii can 

cause lifelong changes from subtle behavior alteration, learning and memory deficits, to 

more complex interactions including possible contributions to mental illness.  The 

neurotropic nature of T. gondii infection makes it a likely candidate for causing 

neurologic changes.  Additional evidence that T. gondii infection may contribute to 

mental illness is our findings that demonstrating phenothiazines, a class of typical 

antipsychotic drugs, inhibit T. gondii replication and that dopamine, a potent 

neurotransmitter, stimulates T. gondii replication.  Maternal exposure and transmission 

of T. gondii to the fetus has long been recognized as the most detrimental time for 

infection.  MIS with the immune stimulant IFN- has been shown to successfully 

decrease birth defects when administered prophylactically to administration of known 

teratogens.  We determined that IFN- when given prior to T. gondii decreased the 

negative behavior effects associated with congenital T. gondii infection.  Our findings 

support a theoretical mechanism for T. gondii infections and prophylactic treatment for 

amelioration of potential negative effects of a teratogen. 

Previous research indicates a connection between an elevation in the 

neurotransmitter dopamine and infection with T. gondii.  More recently increased 

numbers of T. gondii tissue cysts were found in the region of the brain with high 

dopamine levels.  We found dopamine at levels as low as 250 nM have a pronounced 



192 
 

effect on the proliferative capacity of the rapidly dividing tachyzoite stage of T. gondii.  

How dopamine increases the proliferative capacity is currently unknown.  We found no 

indication that T. gondii has within its genome a code for a human dopamine receptor 

that would bind dopamine and cause an increase in proliferation we found.  The 

proliferative capacity of T. gondii experimentally is highly susceptible to free radicals.  

Dopamine has been found to possess strong antioxidant properties, indicating that the 

chemical structure of dopamine may play a role in increased proliferation.  With this 

alternative explanation one can speculate an alternative mechanism for dopamine’s 

effects on T. gondii proliferation is not direct but is caused by a microenvironment more 

suitable for T. gondii proliferation.  The result is a potential for an increase in the number 

of tissue cysts in regions of the brain with high dopamine levels.  The propensity for T. 

gondii to encyst lifelong in neural tissue of infected individuals makes it a probable 

candidate for causing behavior changes 

Schizophrenia in the past decade has been linked to maternal exposure to T. 

gondii in utero decades earlier.  We found that phenothiazines, a drug class used for the 

treatment of schizophrenia, inhibit the proliferation of T. gondii in vitro.  Fluphenazine, a 

drug in the phenothiazine class showed the most promise with an IC50 of 1.7 ± 0.1 µM.  

Chronic infection with T. gondii results in slow growing relatively inert tissue cysts 

causing few overt clinical symptoms.  These tissue cysts naturally rupture causing a 

recrudescent infection that result in the dissemination of the infection throughout the 

body in the form of tachyzoites.  These tachyzoites are the stage of T. gondii that is 

susceptible to fluphenazine.  Fluphenazine, because of its target, is already designed to 

cross the blood brain barrier giving it access to region of the body currently difficult to 
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treat with some drugs.  Our finding suggests a theoretical way for antipsychotic drugs to 

act on chronic T. gondii infection.   

We further tested the mood stabilizing drug, valproic acid using an in vivo mouse 

model to evaluate anti-parasitic activity.  While fluphenazine had the lowest I.C. 50 

concentration valproic acid was previously used by Webster et al. to return rat’s innate 

fear of cat urine to normal levels when chronically infected with T. gondii.  We tested 

valproic acid at varying concentration both prophylactically and post infection under 

different infection regimes and found valproic acid to have no effect on parasite burden.  

For these in vivo experiments, death and tissue cyst enumeration were used as 

parameters for efficacy.  Mice, unlike rats, are more susceptible to T. gondii infection.  

The mechanism of action for valproic acid on T. gondii is currently unknown.  However, 

it is suspected to be a folic acid inhibiter.  These experiments found valproic acid had no 

anti-parasitic effect in vivo, on both acute and chronic T. gondii infection.  No 

explanation for its diminished effect in vivo can be explained.   

Maternal exposure and subsequent infection with T. gondii is implicated in mental 

illness and alterations in both rodent and human behavior.  By using the Barnes maze, 

we were able to test for cognitive impairments.  We determined congenital 

toxoplasmosis in a mouse model did alter the offspring rate of learning, perception of 

environment and memory.  We also determined that the effects of infection with T. 

gondii, or treatment, with IFN-, affected male and female mouse offspring differently.  

We determined that MIS with IFN- did not decrease the transmission rate of congenital 

infection but it did decrease mortality when administered prophylactically before 

infection with T. gondii.   
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Congenital T. gondii infection of 4 week old female and male mice had only minor 

effects on behaviors tested by the Barnes maze.  All the changes in behaviors observed 

at the 4 week time point disappeared by the 8 week time point, indicating the behavior 

patterns were not permanent.  T. gondii infected female mice at 8 weeks of age similar 

to the mice 4 weeks of age, had few behavior modifications.  Alternatively, congenitally 

T. gondii infected male mice 8 weeks of age had deficits in memory, a decrease in 

activity and decreased rate of learning.  Our conclusion was male mice were more 

susceptible to cognitive impairments cause by congenital T. gondii infection. 

When dams were MIS, without infection with T. gondii, 4 week old female mice 

had deficits in task acquisition, decreased activity, increased assessment of 

environment and random search strategy.  Male mice at 4 weeks of age had no deficits 

when compared to seronegative control mice.  Male and female 8 week old mice had 

minimal difference compared to seronegative control mice indicating the deficits in the 4 

week old female mice were not permanent and would change over time. 

MIS, when given prior to infections with T. gondii, caused no deficits for 4 week 

old male and female mice.  Minimal improvements in rate of learning were observed for 

4 week old male mice.  Eight week old female mice had minimal impairments; 

conversely 8 week old male had increased assessment of environment and correction 

of all negative deficits caused by congenital infection.  The results indicate MIS, when 

given prior to infection, ameliorated the negative cognitive deficits caused by infection 

for 8 week old male mice.  The exact mechanism for how IFN- affects fetal outcome is 

not yet understood but we have evidence suggesting its affects can be both long term 

and transient.   
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The practical utility of these experiments explains many unanswered questions 

while opening several other questions.  We can certainly say congenital infection with T. 

gondii may have subtle lifelong effects on the infected individual.  Many of the negative 

effects can be corrected with the prophylactic administration with the immune stimulant 

IFN-.  IFN- may cause transient behavior changes but our model does not indicate 

adult onset cognitive deficits as a result of MIS.  We also discovered as with every other 

drug tested thus far neither MIS nor treatment with mood stabilizing drugs has any 

measurable effect on tissue cyst production or elimination.  In an in vitro model we 

found that dopamine is a potent neurotransmitter thought to be at the center of several 

mental illnesses and a prerequisite for cognitive processes, can stimulate T. gondii 

replication.  Conversely phenothiazines, potent dopamine antagonists, inhibit T. gondii 

replication in vitro.  The use of phenothiazines to inhibit T. gondii growth is still unclear 

because drugs that mechanistically are similar but are structurally different to 

phenothiazines yielded much different results.  Further research into increased 

proliferative capacity of T. gondii in and around regions of the brain with high dopamine 

levels is an area for future research.  Similarly the efficacy of phenothaizines as an in 

vivo drug used for treatment of acute toxoplasmosis warrants further investigation. 
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Appendix A 

Four and eight wk. Barnes Maze results 
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Appendix B 

Four week old mice FOB test results 
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Appendix C 

Eight week old mice FOB test results 

 

 


