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Abstract

Serious psychiatric disorders such as schizophrenia, bipolar disorder, and major depression are 

important causes of mortality and morbidity worldwide. While these are primarily diseases 

involving altered brain functioning, numerous studies have documented increased rates of 

gastrointestinal inflammation and dysfunction in many individuals with these disorders.

Toxoplasma gondii is an apicomplexan protozoan intracellular parasite with a widespread 

distribution in both developed and developing countries. Toxoplasma organisms enter the 

ecosystem through the shedding of oocysts by Toxoplasma infected felines. In almost all 

cases of post-natal human infection, Toxoplasma enters its hosts through the intestinal tract 

either by the ingestion of oocysts or by the consumption of meat from food animals which 

themselves were infected by Toxoplasma oocysts.

It had previously been thought that most cases of Toxoplasma infection in immune 

competent children and adults were in-apparent and asymptomatic. However, recent studies 

cast doubt on this concept as exposure to Toxoplasma has been associated with a range of 

acute and chronic symptoms. Of particular note has been the finding of an increased rate of a 

range of neurological and psychiatric disorders associated with serological evidence of 

Toxoplasma exposure. A role of Toxoplasma infection in brain diseases is also supported by 

the consistent finding of altered cognition and behavior in animal models of infections. 

Much of the attention relating to the role of Toxoplasma infection in neuropsychiatric 

disorders has focused on the brain, where Toxoplasma tissue cysts can persist for extended 

periods of time. However, recent discoveries relating to the role of the gastrointestinal tract 

in cognition and behavior suggests that Toxoplasma may also increase susceptibility to 

human brain diseases through immune activation, particularly involving the gastrointestinal 

mucosa.

The study of the pathways relating to the pathobiology and immunology of Toxoplasma 

infection may provide insights into the pathogenesis of a range of human neuropsychiatric 

disorders as well as into cognitive functioning in otherwise healthy individuals.

The Biology of Toxoplasma Infection

Toxoplasma gondii is an apicomplexan protozoan with a worldwide distribution. 

Toxoplasma organisms can undergo a complete cycle of replication in feline species, which 
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thus serve as complete hosts for this organism. However, Toxoplasma can also undergo 

incomplete replication in virtually any warm-blooded animal, with those animals 

constituting intermediate hosts (Figure 1). In order to adapt to these multiple environments, 

Toxoplasma has developed an intricate and complex genome and system of gene expression 

capable of encoding enzymes and other proteins required for intracellular replication and 

maintenance in different host species. It has also developed a complex set of regulatory 

molecules and pathways allowing for persistence in tissues, particularly within the central 

nervous system (White et al, 2014).

Initial infection of a host is usually accomplished by the rapidly replicating form of the 

organism called tachyzoites (Figure 2). However, in an immune competent host following 

activation of the immune system, these tachyzoites undergo a conversion to the slowly 

replicating forms of the organism called bradyzoites (Figure 3) which cluster to form tissue 

cysts. These tissue cysts can persist in the brain and other organs for extended periods of 

time without the generation of an apparent immune response. At various times, a portion of 

these tissue cysts can reactivate into tachyzoites and, if the immune response is adequate, 

with subsequent reconversion into bradyzoite containing tissue cysts. Through these inter-

conversions Toxoplasma can establish life-long persistence in immune competent hosts.

Epidemiology of Toxoplasma Infection

This complex lifecycle has facilitated the widespread prevalence of Toxoplasma in animal 

populations, as the organism have been found to infect a wide range of warm blooded 

animals living in different environments (Pittman and Knoll 2015). In the case of humans, 

Toxoplasma infection exists in essentially every human population (Pappas et al, 2009). As 

in the case of most other protozoa, the prevalence of Toxoplasma is higher in developing 

areas of the world. However, Toxoplasma is one of the few protozoans which has maintained 

a significant prevalence in developed countries such as the United States (Jones et al, 2014). 

This high level of prevalence in human populations is likely due to the fact that individuals 

can become infected with Toxoplasma by a number of routes. For example, humans can 

become infected following the ingestion of oocysts shed in the feces of infected cats which 

reside in soil and other environmental niches. In many areas of the world, water 

contaminated with oocysts is a major source of environmental infections (Jones et al, 2010). 

Since water systems which employ filtration and chlorination destroy most oocysts, this type 

of infection is less common in countries with well-functioning water purification 

infrastructure. Differential exposure to oocyst contaminated water is thus likely to be the 

environmental factor which is largely responsible for the increased rates of prevalence of 

Toxoplasma infection in many areas of the developing world (Flegr et al, 2014).

Humans can also become infected through ingestion of meat from animals harboring tissue 

cysts. Since the level of heat used in cooking disrupts tissue cysts, most infections by this 

route occur through the ingestion of uncooked or undercooked meat. Also food animals vary 

in terms of resistance to tissue cysts and thus the ability to infect humans. This is the reason 

why the consumption of meat from some species, such as bovines, which are relatively 

resistant to Toxoplasma, is a less common source of transmission as compared to the 
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ingestion of meat from other animal food sources such as ovine or porcine species (Dubey et 

al, 2005; Jones & Dubey 2012).

Humans and other mammals can also become infected vertically by the passage of 

tachyzoites from mother to fetus. While the effects of fetal infection can be devastating, 

active fetal infection is a relatively rare event (Yamada et al, 2015 and Evangård et al, 2001. 

This fact, in addition to the fact that Toxoplasma prevalence increased with age (Wilking et 

al, 2016) suggests that most cases of Toxoplasma in humans are acquired after birth. Risk 

factors associated with the prevalence of schizophrenia in adults are largely based on age, 

geographic location and household and occupational environmental exposures. Household 

environmental exposures include lack of access to clean water, eating vegetables washed 

with contaminated water, eating undercooked meat, and soil floors (Alvarado-Esquivel et al, 

2006). Occupational risks associated with increased Toxoplasma exposure include 

gardening, working with and raising farm animals (Alvarado-Esquivel et al, 2013). Several 

studies have also found household cats to be a risk factor (Chiang et al, 2014 ) particularly if 

the exposure is to multiple kittens, although some studies have not found increased risks of 

Toxoplasma in households with only 1 adult cat (Esch and Petersen 2013). Nonetheless, 

careful handling of cat feces and strategies to minimize Toxoplasma infection in cats are 

recommended in terms of the prevention of household transmission of infection (Opsteegh et 

al, 2015).

It is of note that most available data relating to Toxoplasma exposure have been collected in 

adults. Data relating to the age of acquisition of Toxoplasma in children living under 

differing environmental conditions are currently lacking and are needed to better understand 

the epidemiology of Toxoplasma infection in childhood and adolescence. Also, the 

proportion of individuals infected from the ingestion of oocysts shed from infected cats as 

compared to tissue cysts from consumed meat is difficult to determine since, as discussed 

above, both forms of the organism are often generated in the host following infection despite 

source of the initial infection. Recent studies suggest that antibodies to sporozoites are 

present only when humans or other animals have been infected with T. gondii oocysts 

(Munoz-Zanzi et al, 2010). While sporozoite antibodies have the potential to differentiate 

oocyst- versus tissue cyst-induced infection, such antibodies are only detectable in humans 

within 6–8 month of initial oocyst-acquired infection. This time window considerably limits 

the utility of the sporozoite antibody, given the majority of human infections are chronic and 

thus would exceed the detectable period. The availability of assays capable of distinguishing 

the lifecycle form of the initial infecting organisms in a large population over an extended 

period of time would be an important step in terms of developing efficient methods for the 

control of infection within a population (Hill et al, 2011).

Chronic Toxoplasma Infection of Humans and Experimental Animals

Toxoplasma is well recognized as a cause of serious central nervous system infections in 

neonates and in individuals with depressed T-cell immunity as can occur in HIV infection, 

congenital immunodeficiency diseases, hematological malignancies, and during the course 

of immunosuppressive chemotherapy (Robert-Gangneux and Dardé 2009). Considerably 

less attention has been given to the consequences of Toxoplasma infection in immune 

Severance et al. Page 3

Int Rev Neurobiol. Author manuscript; available in PMC 2017 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



competent individuals. It has been previously thought that Toxoplasma infection in immune 

competent individuals was in-apparent and not associated with measurable health 

consequences. However, there are a number of recent observations which seriously 

challenge this supposition. For example, there have been a number of water-borne outbreaks 

which have been described to be associated with acute fever, lymphadenopathy, retinopathy 

and altered mental state (Bowie et al, 1997). The acute symptoms generally resolve but are 

sometimes followed by long term sequellae such as retinal infection and decreased visual 

acuity (Burnett et al, 1998).

In addition, a number of animal models of chronic Toxoplasma infection have been 

developed, particularly in rodents such as mice and rats. While chronically infected animals 

gain weight normally and appear healthy, they often have measurable changes in behavior 

and cognition (Xiao et al, 2012). One of the interesting findings is that chronic T. gondii 

infection triggers abnormal response to dopamine, as evidenced by T. gondii-infected mice 

displayed a striking behavioral deficit in amphetamine-trigged locomotor response (Xiao et 

al, 2016). These models indicate that Toxoplasma infection can have lifelong effects on the 

brain functioning of intermediate hosts.

Toxoplasma Exposure and Neuropsychiatric Disorders

An increased understanding of the role of persistent Toxoplasma infection in humans and 

animals has led to a re-consideration of the pathogenic effect of acquired Toxoplasma 

infections in immune competent individuals. Of particular importance are studies 

investigating the potential role of Toxoplasma infection in human neuropsychiatric 

disorders.

The neuropsychiatric disorder which has been studied in most detail is schizophrenia. 

Schizophrenia is a severe brain disorder involving altered perception and cognition. The 

etiology of schizophrenia is uncertain but is likely to involve both genetic and environmental 

factors (Børglum et al, 2014) A possible role of infectious agents in some cases of 

schizophrenia has been suspected since the disease was first characterized in the early part of 

the 20th century (Torrey et al, 2007). The first published association between Toxoplasma 

exposure and schizophrenia was in 1952 and there have been many subsequent studies. A 

meta-analysis published in 2012 calculated a pooled odds ratio relating seropositivity to 

Toxoplasma and risk of schizophrenia of 2.71 (95% CI 1.93–3.80) based on 38 published 

studies (Figure 4, Torrey et al, 2012). Several additional studies reporting an association 

between exposure to Toxoplasma and either increased risk of schizophrenia or increased 

symptoms have been published since 2012. It is of note that some studies report an 

association between risk of schizophrenia and Toxoplasma prevalence as defined by 

detectable levels of antibodies, while other studies report a quantitative association between 

risk of schizophrenia and the level of antibodies (Hinze-Selch et al, 2007). It should also be 

noted that several studies have been published which have failed to find a statistically 

significant association between exposure to Toxoplasma and risk of schizophrenia (Sugden 

et al, 2016; Avramopoulos et al, 2015). Reasons for this variation are not known with 

certainty but might include differences in the clinical status of the participants (recent onset 

vs chronic), methodological differences in the antibody measurement systems, differences in 
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the prevalence of Toxoplasma infection, the timing of infection, the form of the infecting 

organism (tissue cysts from infected meat vs. oocysts from cat feces) and the genetic 

background of the host. It is also possible that differences in the strain of Toxoplasma 

contribute to differences in psychiatric manifestations of infection (Xiao and Yolken 2015). 

In animal models, behavioral abnormalities are associated with increased levels of 

antibodies to the Toxoplasma cyst protein MAG1, which is a serological marker of parasite 

burden (Xiao et al, 2016). It will be of great interest to determine if the measurement of 

specific antibodies to cyst proteins will correlate better with psychiatric outcomes than the 

measurement of antibodies to whole organisms or tachyzoite proteins as provided by 

currently available assay systems.

The mechanisms by which Toxoplasma exposure might be related to the risk of 

schizophrenia in humans are not known with certainty. However, the facts that Toxoplasma 

infection alters dopamine levels in the brain of some experimentally infected animals and the 

levels of dopamine are abnormal in schizophrenia suggest that alterations in this 

neurotransmitter may be a common link between Toxoplasma infection and schizophrenia 

(Flegr 2015). A possible association between Toxoplasma infection, dopamine metabolism 

and schizophrenia is also suggested by the finding that a number of pharmacological 

inhibitors of dopamine receptor binding, which are used for the treatment of schizophrenia, 

are also inhibitors of Toxoplasma replication in cell culture and animals (Dittmar et al, 

2016). It is of interest that valproic acid, a medication used for the treatment of 

schizophrenia, the mechanisms of action of which are unknown, can also inhibit the in vitro 

replication of Toxoplasma (Jones-Brando et al, 2003). The source of increased dopamine is 

not known with certainty but may be related to both the generation of dopamine by the 

Toxoplasma organisms or by the host immune response (Martin et al, 2015). It is of note, 

however, that not all investigators have found increased levels of dopamine in Toxoplasma 

infected mice (Wang et al, 2015) suggesting that other neurophysiological mechanisms may 

be involved as well. Additional mechanisms which might be operant in Toxoplasma and 

which might be relevant to human psychiatric disorders include the generation of 

microRNAS (Li et al, 2015) and alterations in the metabolism of kynurenine. It is also of 

note that Toxoplasma encodes a protein which is annotated as an NMDA receptor 

(Toxoplasma gondii GT1 protein coding gene on TGGT1_chrXI), since the NMDA receptor 

is also an important component of human psychiatric disorders (Balu 2016). In particular, 

experimental infection of mice with Toxoplasma results in the generation of antibodies to 

the NMDA receptor (Kannan et al, 2016). Antibodies to the NMDA receptor have been 

noted to be associated with a number of human brain diseases including schizophrenia, 

mania (Dickerson et al, 2013) and other forms of acute psychosis.

Exposure to Toxoplasma has also been associated with other psychiatric conditions, albeit 

less consistently than with schizophrenia. Psychiatric conditions which have been associated 

either with increased prevalence of Toxoplasma infection or increased levels of antibodies 

include bipolar disorder (Pearce et al, 2012), general anxiety disorder (Markovitz et al, 

2015), mixed anxiety and depressive disorder (Alvarado-Esquivel et al, 2016), aggressive 

behavior (Cook et al, 2015), and acute convulsive epilepsy (Ae-Ngibise et al, 2015). 

Exposure to Toxoplasma has also been associated with increased rates of suicidality as 

measured by the number of actual suicide attempts (Alvarado-Esquivel et al, 2013) or 
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episodes of self-directed violence (Zhang et al, 2012). The association with suicide attempts 

is of interest in light of experimental models in which infected rodents lose their natural fear 

of feline predators, a process which has been termed “fatal attraction” (Berdoy et al, 2000). 

This alteration in behavior is believed to be evolutionarily favorable to the Toxoplasma 

organism by facilitating its transmission from intermediate hosts to the complete feline host 

where it can undergo sexual reproduction and complete its life cycle. Some studies indicate 

that the Toxoplasma organism achieves the manipulation of host behavior through alterations 

in brain dopamine levels as described above. Suicidality and Toxoplasma infection have also 

been postulated to be linked by other pathways such as ones which metabolize kynurenine 

(Okusaga et al, 2016). Regardless of mechanism, it remains an intriguing possibility that 

suicidal behavior in humans represents a vestigial effect of this behavior, despite the fact that 

humans have not been common prey for carnivorous felines for many thousands of years. 

Consistent with this hypothesis are studies indicating an association between the exposure to 

Toxoplasma and other risk taking behaviors such as automobile accidents (Alvarado-

Esquivel et al, 2012) and impulsivity (Cook et al, 2015). Additional studies are needed to 

confirm the extent of these associations and mechanisms by which Toxoplasma infection 

might elicit these behavioral changes. In addition, it will be of interest to determine if the 

effects of Toxoplasma infection require the continued presence of organisms or if it can 

persist following organism clearance, as has been documented in animal models (Ingram et 

al, 2013).

In addition to being associated with altered behavior, Toxoplasma infections have shown 

consistent effects on cognitive functioning in experimental animals, particularly in the 

domains measuring memory (Wang et al, 2013). Similar alterations have also been noted in 

in some populations of humans. For examples, exposure to Toxoplasma has been associated 

with lower levels of cognitive functioning in children 12–16 years of age (Mendy et al, 

2015). Exposure to Toxoplasma has also been associated with decreased memory 

functioning in individuals who are more than 64 years (Gajewski et al, 2014) of age as well 

as a decline in memory and other cognitive functioning after that age (Nimgaonkar et al, 

2015 ). On the other hand, exposure to Toxoplasma was not associated with altered levels of 

memory in unselected adults of unknown age (Gale et al, 2015) or adults with schizophrenia 

of unknown age (Yolken et al, 2011). Results of studies examining the possible association 

between exposure to Toxoplasma and Alzheimer’s disease have shown mixed results (Perry 

et al, 2016. It is of note that Toxoplasma infection of cells can actually decrease the 

formation of beta-amyloid plaques (Möhle et al, 2016), suggesting that Toxoplasma may be 

involved in other forms of cognitive impairment and dementia in the elderly through an 

alternative mechanism.

Toxoplasma and Intestinal Inflammation

While most of the interest in mechanisms relating Toxoplasma infection and altered 

cognition or behavior has focused on the brain, the fact that Toxoplasma enters most hosts 

through the intestinal tract has also led to investigation of the possibility that Toxoplasma 

might also affect behavior through its effects on the intestinal tract. Numerous studies have 

documented alterations in intestinal functioning and inflammation in individuals with 

psychiatric disorders (reviewed in Severance et al 2014; Severance et al, 2015a). In addition, 
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antibodies to Toxoplasma have been associated with markers of intestinal inflammation in 

individuals with psychiatric disorders (Severance et al, 2012; Severance et al, 2014). Recent 

studies linking changes in the intestinal microbiome to altered behavior in humans and 

experimental animals (Borre et al, 2014) suggest that some of the effect of Toxoplasma on 

behavior and cognition may be related to changes at the level of the gastrointestinal tract.

Following oral infection of experimental animals, T. gondii parasites can be found within 

hours in the surface epithelium and lamina propria of the small intestine, and particularly in 

the ileum (Dubey 1997). Within days of entry to the intestinal tract, parasites can migrate 

into systemic circulation from the lamina propria where they then have access to host organs 

(Liesenfeld 2002). Presumably this translocation of T. gondii into the blood stream is a 

consequence of localized intestinal inflammation and enteropathy generated by the parasite 

that collectively results in impaired integrity of the intestinal mucosa and gut-blood barrier. 

Indeed, the gut targeted inflammatory state elicited by T. gondii has been adapted for 

experimental animal models of inflammatory bowel diseases and of ileitis in particular, 

although evidence in support of cellular pathologies in the duodenum and jejunum is 

surfacing as well (Araujo et al, 2015; Trevizan et al, 2016). The intra- and para-cellular 

mechanisms for parasite invasion of gut epithelial or Peyer’s patch-associated cells are not 

known with certainty but are actively investigated topics (Briceno et al, 2016; Gregg et al, 

2013).

Loss of cellular barrier integrity at the gut-vasculature interface has implications for the 

blood brain barrier in psychiatric disorders. In light of the similarities of the of gut-blood 

and brain-blood barriers, this cellular permeability offers a route by which products of gut-

based processes may impact the brain. A permeabilized gut blood barrier in psychiatric 

disorders has been inferred from studies of microbial translocation and microbiome 

sequencing which indicate an actively dysbiotic environment in subsets of individuals with 

psychiatric disorders (Severance et al 2013; Severance, et al, 2016; Yolken et al, 2015; 

Castro-Nallar et al, 2015). A functional pathological outcome of barrier permeability is the 

translocation of gut-dwelling microbes including bacteria and yeast into systemic circulation 

and these translocation rates are increased in people with psychiatric disorders (Severance et 

al, 2013). Studies of gut-derived markers in the CNS also point toward barrier permeability 

issues of the CSF-blood interface including the choroid plexus in individuals with 

psychiatric disorders (Severance et al, 2015b). In the context of the present review, microbial 

dysbiosis is an effective perpetrator of intestinal inflammation and subsequent permeability 

of the gut barrier and importantly has distal consequences on the blood brain barrier 

(Braniste et al, 2014). Thus, a parasite-mediated endothelial barrier compromise in 

psychiatric disorders could be a function of intestinal inflammation produced directly by 

invasion or indirectly by the parasite effects on the gut microbiome. Oral infection has been 

demonstrated to perpetrate changes in the dynamics of the gut microbiome that are 

sometimes immunopathogenic and sometimes immunoprotective (Bereswill et al, 2014; 

Craven et al, 2012; Haag et al, 2012; Egan et al, 2012).

Thus the immune system and its response to T. gondii both systemically and locally in the 

gut mediate the degree of eventual neuropathy of the parasite. The gut derived immune 

response which even when operating functionally is complicated and dependent on a stable 
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and homeostatically balanced gut microbiome. Toxoplasma infection in experimental 

animals has been shown to alter several aspects of intestinal immunity (Cohen and Denkers 

2015a,b). Conversely, the intestinal microflora may be one factor controlling the immune 

response to Toxoplasma in the intestinal tract and hence host resistance to Toxoplasma 

infection (Ribeiro et al, 2016). Acute Toxoplasma infection has also been shown to change 

the microbiome of experimentally infected mice. In these studies, the relative abundance of 

Gram negative bacteria such as Enterobacteria and Prevotella increases while relative 

abundances of Gram positive bacteria such as Clostridia and other Firmicutes are decreased. 

Despite the increase in total eubacteria load, acute T. gondii infection was accompanied by 

loss of microbial diversity (Craven et al, 2012; Molloy et al, 2013). Initial studies also 

indicate that chronic Toxoplasma infection of mice is also associated with changes in the 

intestinal microbiome, suggesting that alterations in the microbiome may play a role in the 

altered behavior noted in such animals (Prandovszky et al, unpublished). Studies of the 

effect of Toxoplasma infection on the microbiome of humans are currently lacking.

Current Status of Anti-Toxoplasma Medications

One limitation in terms of the study and management of Toxoplasma infections relates to the 

paucity of effective medications. The ideal treatment against Toxoplasma would be effective 

at inhibiting the different life stages of the parasite. However, current treatments are only 

capable of suppressing the rapidly dividing tachyzoyte stage of the organism. The folate 

synthesis pathway is the best-known therapeutic target against Toxoplasma. Compared to 

mammalian cells that make extensive use of exogenous folate transport pathways to obtain 

folate, Toxoplasma mainly relies on folate synthesis pathways and produces most of the 

folate it metabolize (Allegra et al, 1987; Kovacs et al, 1989; Massimine et al, 2005). The 

main enzymes targeted by pharmaceuticals in the folate synthesis pathway are the 

dihydropteroate synthase and dihydrofolate reductase. Since the dihydropteroate enzyme is 

not found in mammalian cells, it provides a specific target against Toxoplasma. 

Prymethamine and trimethoprim are the most widely used dihydrofolate reductase 

inhibitors. Prymethamine is a known tetratogen but is more effective then trimethophrim, 

which is usually administered in conjunction with a dihydropteroate synthase inhibitor 

(sulfamethoxzale). The sulfonamide compounds sulfadiazine and sulfamethoxazole, which 

inhibit the dihydropteroate synthase, are highly effective against Toxoplasma. However, the 

cessation of the use of these compounds is frequently accompanied by relapse. It is also 

worth noting that congenital Toxoplasma infections in the first trimeseter of pregnancy are 

commonly treated with spiramycin, a macrolide antibiotic that has low toxicity but limited 

potency against the parasite.

In immune competent individuals the most widely accepted regimen involves the use of the 

folic acid antagonist pyrimethamine with or without added sulfadizine with the main 

application being the treatment of Toxoplasma associated eye disease (Pradhan et al 2016). 

In addition to having toxicities related to its mechanism of action as noted above, this 

mechanism is generally ineffective against the bradyzoite form of the organism and thus 

cannot be used to treat tissue cysts, the form of the organism resident in the central nervous 

system of immune competent individuals. Additional medications, largely antibacterials and 

anti-parasitics, have been employed to treat Toxoplasma infections in immune compromised 
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individuals who do not respond to, or cannot tolerate, treatment with folate antagonists (Wei 

et al, 2015). However the efficacy of these regimens are difficult to evaluate and, as in the 

case of the folate antagonists, these medications are not effective against tissue cysts. 

Recently a number of pharmacological approaches have been developed for the treatment of 

Toxoplasma tissue cysts in the brains of experimentally infected mice (Doggett et al, 2012). 

The development of these compounds as human medications would represent an important 

step in the ability to control Toxoplasma infections and to evaluate the role of Toxoplasma 

brain cysts in human diseases. Similarly, the application to feline and human populations of 

immunization regimens for the prevention of Toxoplasma infections, which are currently in 

the experimental stage (Opsteegh et al, 2015) would represent another important tool both 

the prevention of human Toxoplasma infections and the study of the role of these infections 

in human pathobiology.

Ongoing Research Needs

During the past decade a great deal has been learned regarding the biology of chronic 

Toxoplasma infection in experimental animals, particularly in rodents. However, an 

understanding of the role of Toxoplasma in human biology and pathology has proceeded 

more slowly. The main limitation of human studies is that, due to the encysted nature of the 

organism, it is very difficult to obtain Toxoplasma organisms or DNA from accessible body 

fluids such as blood or urine. Hence most studies have relied on serological methods to 

define exposure and the immune response to infection. While accurate and reproducible in 

terms of differentiating exposed from unexposed populations, currently available serological 

methods have a number of limitations. Of particular importance, assays which are currently 

in widespread usage cannot easily determine the timing of infection earlier in life, the source 

of infection (tissue cysts vs oocysts) and the biotype of the infecting organism. The more 

widespread development of assays which have been reported to accomplish some of these 

goals would represent a major step forward in terms of the ability to study Toxoplasma 

infection in humans. Similarly, infection and inflammation within the body organs infected 

with Toxoplasma, such as the brain and the gastrointestinal tract, can be difficult to study in 

a non-invasive manner. The further development of diffusion-weighted imaging (Maschke et 

al, 2014) and other modalities capable of measuring infection and within these and other 

body organs would also represent an important step in terms of identifying individuals with 

clinically significant Toxoplasma infections and guiding therapeutic interventions. Finally, 

the role of Toxoplasma in cognition and behavior suggests that population with higher rates 

of Toxoplasma infections based on differential exposures may suffer societal consequences 

based on this exposure. The study of Toxoplasma exposure as a health disparity which can 

potentially be corrected through preventative measures such as improved water purification 

remains an important goal of Public Health research.

Conclusions

Toxoplasma gondii is an organism associated with infection of the gastrointestinal tract, 

local and systemic inflammation, and alterations in brain functioning. The study of the 

pathways relating to the gastrointestinal biology and immunology of Toxoplasma infection 

may provide novel insights into the pathogenesis of a range of human neuropsychiatric 

Severance et al. Page 9

Int Rev Neurobiol. Author manuscript; available in PMC 2017 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disorders. The development of effective means for the prevention of Toxoplasma infections 

and for the control of immune activation may lead to new methods for the prevention and 

treatment of these devastating disorders as well as an overall improvement in the physical 

and mental health of exposed individuals.
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Figure 1. Life Cycle of Toxoplasma gondii
The only known definitive hosts for Toxoplasma gondii are members of family Felidae 

(domestic cats and their relatives). Unsporulated oocysts are shed in the cat’s feces . 

Although oocysts are usually only shed for 1–2 weeks, large numbers may be shed 

especially in kittens of your cats undergoing their first infection. Oocysts take 1–5 days to 

sporulate in the environment and become infective. Intermediate hosts in nature (including 

birds, rodents, and farm animals) become infected after ingesting soil, water or plant 

material contaminated with oocysts . Oocysts transform into tachyzoites shortly after 

ingestion. These tachyzoites localize in neural and muscle tissue and develop into tissue cyst 

bradyzoites . Cats become infected after consuming intermediate hosts harboring tissue 

cysts . Cats may also become infected directly by ingestion of sporulated oocysts although 

this is a less common form of infection. Animals bred for human consumption and wild 

game may also become infected with tissue cysts after ingestion of sporulated oocysts in the 

environment . Humans can become infected by any of several routes:eating undercooked 

meat of animals harboring tissue cysts  consuming food or water contaminated with cat 

feces or by contaminated environmental samples such as fecal-contaminated soil or 

changing the litter box of a pet cat . More rarely humans can become infected through 

blood transfusion or organ transplantation transplacentally from mother to fetus .
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In the human host, the parasites form tissue cysts, most commonly in skeletal muscle, 

myocardium, brain, and eyes; these cysts may remain throughout the life of the host. 

Diagnosis is usually achieved by serology, although tissue cysts may be observed in stained 

biopsy specimens, particularly in immune compromised individuals . Diagnosis of 

congenital infections can be achieved by detecting T. gondii DNA in amniotic fluid using 

molecular methods such as PCR 

(Adapted From http://www.cdc.gov/parasites/toxoplasmosis/biology.html)
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Figure 2. 
Immunofluorescent visualization of intracellular tachyzoites of T.gondii strain RH shown 26 

hours after infection of human fibroblasts. The tachyzoites are reacted with rabbit antibody 

to the Toxoplasma p30 (SAG1) protein and then with anti-rabbit antibodies labelled with 

Alexa Fluor 594. Host cell nuclei are visualized using 4',6-diamidino-2-phenylindole 

(DAPI). The tachyzoites thus are stained red and the fibroblast nucleus (N) is stained blue. 

Tachyzoites typically replicate by endodyogeny. Thus a cluster of 2 tachyzoites( )is 

indicative of one cycle of replication, 4 tachyzoites of two cycles (4) and cluster of 8 
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tachyzoites (8) representing 3 cycles of replication. A single tachyzoite (1) represents one 

that has not yet undergone a cycle of replication (Figure courtesy of Claudia Bordón. Johns 

Hopkins School of Medicine)
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Figure 3. 
A section of brain from chronically infected mice showing two T. gondii bradyzoite tissue 

cysts (green), at 400x magnification. Note that the tissue cyst on the left is younger than the 

one on the right because of the difference in cyst size.
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Figure 4. 
Meta-Analysis of published studies describing associations between Toxoplasma exposure 

and Schizophrenia or Related Disorders. Red boxes indicate studies published before 2007 

and summarized in Torrey et al, 2007. Blue boxes indicate studies published between 2007 

and 2012 and summarized in Torrey et al, 2012. Yellow diamonds indicate pooled odds 

ratios. (Reprinted from Torrey et al (2012))
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