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It is increasingly evident that the brain is not truly an 
immune privileged site and that cells of the central nerv-
ous system are sensitive to the inflammation generated 
when the brain is fighting off infection. Among the many 
microorganisms that have access to the brain, the apicom-
plexan protozoan Toxoplasma gondii has been one of the 
most studied. This parasite has been associated with many 
neuropsychiatric disorders including schizophrenia. This 
article provides a comprehensive review of the status of 
Toxoplasma research in schizophrenia. Areas of interest 
include (1) the limitations and improvements of immune-
based assays to detect these infections in humans, (2) recent 
discoveries concerning the schizophrenia–Toxoplasma 
association, (3) findings of Toxoplasma neuropathology in 
animal models related to schizophrenia pathogenesis, (4) 
interactions of Toxoplasma with the host genome, (5) gas-
trointestinal effects of Toxoplasma infections, and (6) ther-
apeutic intervention of Toxoplasma infections.
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Introduction

Converging evidence points to a central role of the 
immune system in the etiopathogenesis of schizophre-
nia and related psychiatric disorders. Involvement of the 
immune system is supported by genetic, neuropatholog-
ical, neuroimaging, and metabolic analyses of multiple 
populations.1,2 The brain has been generally considered 
an immune-privileged environment due to the perceived 
exclusion of immune components and the blood–brain 
barrier. However, recent discoveries indicate that the 
brain is not truly immune privileged, and inflammatory 
events will occur when the brain is fighting off  infection, 
potentially leading to profound structural and functional 

changes. The inflammatory response is recognized as 
a causal factor in the pathology and chronic course of 
many central nervous system (CNS) diseases.3 Causes 
of inflammation have been related to a variety of cues, 
including infection, traumatic brain injury, toxic metabo-
lites, or autoimmunity.4

Biological and Epidemiological Characteristics of 
Microbial Agents Likely to Be Associated With 
Schizophrenia

Schizophrenia is a persistent brain disease that is usu-
ally first evident in late adolescence or early adulthood 
and proceeds along a lifelong course. If  a microbial agent 
contributes to schizophrenia pathogenesis, there are a 
number of biological and epidemiological requirements 
that the agent must fulfill to be a plausible candidate 
organism. For example, it might be expected that the can-
didate infectious agent or group of agents demonstrate 
a worldwide distribution as is similar for schizophrenia. 
Furthermore, given the schizophrenia is likely a disorder 
of neurodevelopment, the timing of exposure to a puta-
tive infectious agent is likely to occur during time peri-
ods important for neurodevelopment.5,6 The candidate 
agent must likewise persist in the brain, as numerous 
studies indicate some degree of immune dysregulation 
and inflammation in the brains of many individuals 
with schizophrenia.7 Since neurological destruction may 
not be present early in the course of schizophrenia, it is 
also likely that such organisms can persist in a nonrepli-
cating (latent) or very slowly replicating (inactive) state 
for extended periods of time. Thus, the reactivation of 
a latent or slowly replicating infection would be consist-
ent with early exposure and development of symptoms 
later in life. Causes of such reactivation might include 
normal endocrine and other developmental processes 
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associated with adolescence as well as exposure to infec-
tious agents more commonly infecting individuals in this 
time period. In addition, although there are seasonal 
variations, the rates of occurrence of schizophrenia are 
relatively constant from year to year and do not differ 
greatly across geographic areas.8,9 With respect to schiz-
ophrenia, 2 models for endemic infections may be rele-
vant. One scenario involves infectious agents with high 
prevalence that are spread person to person with inap-
parent symptoms on exposure. Another potential source 
of endemic agents would be ones transmitted through the 
environment by common sources such as food, water, or 
soil. In both cases the exposures are relatively constant 
and would show low rates of epidemic variation. Finally, 
family studies indicate a strong association of shared risk 
of schizophrenia within families10 and genes modulating 
the immune response are identified as significant compo-
nents of the genetic risk for schizophrenia. It is thus likely 
that infectious agents associated with schizophrenia are 
ones that interact with host genetic factors. The interac-
tion with genetic factors would also serve to explain how 
endemic infectious agents with relatively high prevalence 
might be associated with disorders that are less preva-
lent, because clinically apparent disease would be most 
likely to result from exposure to the infectious agent by 
genetically susceptible individuals. It is of note that these 
familial factors need not be limited to Mendelian inher-
ited genes but would also include epigenetic modifica-
tions and microbial genes carried by a host as part of the 
inherited microbiome.

Seroepidemiological Studies of Toxoplasma and 
Psychiatric Disorders

Although there are several pathogenic agents that meet 
these criteria, the one which has been best studied in the 
context of schizophrenia is the apicomplexan protozoan 
Toxoplasma gondii. Toxoplasma is one of the most perva-
sive pathogens that infects approximately a billion people 
worldwide. Although initial infection with Toxoplasma 
is associated with few symptoms in immune-competent 
individuals, the host is often left with lifelong persistence 
of tissue cysts in the brain, retina, and muscles. When the 
immune response wanes, tissue cysts can become reacti-
vated and invade any nucleated cell, as noted in immu-
nocompromised patients. The parasite has a complex life 
cycle involving sexual replication in members of the cat 
family (Felidae) and asexual propagation in a wide variety 
of warm-blooded hosts.11 There are 3 infectious stages in 
the life cycle of Toxoplasma: tachyzoites, which facilitate 
expansion during acute infection; bradyzoites (in tissue 
cysts), which maintain chronic infection; and sporozoites 
(in oocysts), which are disseminated in the environment.12 
For the purposes of this article, we will provide a com-
prehensive review of the status of Toxoplasma research 
in schizophrenia.

Multiple epidemiological studies and meta-analyses 
have documented that individuals with psychiatric dis-
orders have increased odds of Toxoplasma exposure.13 
However, there have also been studies that have not found 
this association. Many of the negative studies were per-
formed in individuals with established schizophrenia liv-
ing in populations with relatively low prevalence rates 
of Toxoplasma infection. This discrepancy was largely 
resolved by a recent study indicating that, in a low prev-
alence population, Toxoplasma exposure was associated 
with an increased risk in individuals with the recent onset 
of psychosis but not in individuals with established schiz-
ophrenia (figure 1).14 The difference is likely related to the 
timing of Toxoplasma exposure relative to the onset of 
symptoms. It is also possible that the antiparasitic effects 
of some of the medications commonly used to treat 
schizophrenia affect the levels of antibodies.15 Consistent 
with this possibility is the recent report of increased levels 
of Toxoplasma antibodies in individuals with treatment 
resistant forms of schizophrenia.16

Although most studies of Toxoplasma have exam-
ined associations with schizophrenia, increased rates 
of exposure to Toxoplasma have been found in a range 
of other psychiatric disorders including psychotic-like 
symptoms,17 bipolar disorder,18,19 self-directed violence20 
and suicide attempts,21 general anxiety disorders,22 mixed 
anxiety and depressive disorder,23 obsessive-compulsive 
disorder,24 Autism,25 and depression during pregnancy.26 

Fig. 1.  Odds ratios associated with Toxoplasma exposure 
by clinical diagnosis. Bars represent odds ratios (Mean-95% 
confidence interval) associated with the indicated clinical 
diagnosis calculated by logistic regression as described in the 
text with age, gender, race, maternal education, and place of 
birth as covariates. The abbreviations used are as follows: 
Scz = nonrecent schizophrenia; Bp = nonrecent bipolar disorder; 
Maj Depr = major depressive disorder without recent onset 
psychosis; ROP-All = recent onset psychosis, all cases; ROP-
Non-aff = recent onset psychosis, individuals with nonaffective 
psychosis; ROP-Aff = recent onset psychosis, individuals with 
affective psychosis. *** P < .003, **P < .03. Not recent onset 
refers to individuals who did not have recent onset of psychosis. 
Reprinted from PLoS Negl Trop Dis. 2017 Nov; 11(11): e0006040.
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It is worth mentioning that there are some controver-
sies about the role of Toxoplasma in major depression.27 
Toxoplasma seropositivity has also been associated with 
alterations in cognitive functioning and overall cogni-
tive decline in the elderly.28,29 At the other end of the age 
spectrum, exposure to Toxoplasma has been associated 
with decreased reading skills and memory capacity in 
school-aged children.30 In some cases, psychiatric disor-
ders such as suicide attempts were associated with specific 
levels of antibodies rather than just seroprevalence as in 
the case of suicide attempts31 and personality disorders.32 
Moreover, studies have shown that latent Toxoplasma 
infections could have serious impacts on human health.33 
These findings suggest that exposure to Toxoplasma is 
not only a risk factor for schizophrenia but for a range of 
other disorders as well. These findings are consistent with 
a recently increased understanding of the shared genetic 
susceptibilities among psychiatric disorders and the over-
lapping of clinical phenotypes.

Limitations and Improvements of Immune-Based 
Assays for Characterization of Toxoplasma Infection

Because Toxoplasma persists largely in the form of tis-
sue cysts in the brain, it is often not possible to directly 
detect organisms in infected individuals. Most studies of 
human infection rely almost entirely on the measurement 
of anti-Toxoplasma antibodies. The IgG class antibod-
ies to Toxoplasma provide a marker of past exposure to 
the organism. However, with an increased understand-
ing the biology of the parasite, information related to 
the timing, the strain type, the infectious stage, the exist-
ence, or persistence of infection have become increasingly 
important.34–36

Recent studies have revealed that Toxoplasma popula-
tions are geographically structured and have genetic com-
positions that vary among strains.34 However, currently 
available solid phase immunoassays were developed in 
the 1970s to detect strains that were circulating at that 
time.37 This raises concern whether these immunoassays 
have sufficient sensitivity to detect contemporary strains 
in all populations. We have found that many individuals 
who are “seronegative” using standard enzyme-linked 
immunosorbent assay (ELISA) nevertheless have evi-
dence of reactivity to Toxoplasma proteins visualized by 
Western blotting techniques. For example, in a pilot study 
of 34 individuals, 25 of whom had psychiatric disorders 
(bipolar disorder, schizophrenia, recent onset psycho-
sis) only 3 individuals (8.2 %) were IgG seropositive to 
Toxoplasma as defined by a commercially available assay 
(obtained from IBL America). On the other hand, 12 
individuals (35.3%) showed clear reactivity to different 
Toxoplasma proteins by Western blot (figure  2). These 
findings indicate that standard assays may substantially 
underestimate the prevalence of Toxoplasma infection in 
a population and its effect on health and disease. These 

findings are also of interest in light of studies purport-
ing decreasing levels of antibodies to Toxoplasma in indi-
viduals living in the United States38 and Europe39 because 
such studies might be reflective of antigenic variation 
rather than truly decreased prevalence. Recently, much 
progress has been made in immune-based assays to char-
acterize Toxoplasma infection.

Serological Determination of Cyst Burden

Because, as noted earlier, tissue cysts are predominantly 
located in the brain, measurement of parasite burden is 
difficult to achieve in living humans and animals. To over-
come this limitation, we have developed a noninvasive, 
highly sensitive, and specific method for detecting tissue 
cysts in any disease state. This assay measures humoral 
immune response against a Toxoplasma matrix anti-
gen called MAG1 using synthetic peptides.40,41 MAG1 is 
abundantly expressed within the cyst and in the cyst wall 

Fig. 2.  Underestimates of Toxoplasma seropositivity revealed by 
immunoblotting. We performed a pilot study of 34 individuals, 
25 of whom had psychiatric disorders. Cellular lysate from 
Toxoplasma gondii strain RH were homogenized and subjected to 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) and Western blotting using the human sera characterized 
in ELISAs. A total protein stain of the cellular lysate is shown 
in the first lane. Standards listed in the far left of the diagram 
refer to kilodaltons. ELISA mod negative refers to an absorbance 
value that was slightly elevated from a true negative value. ELISA 
positive refers to an absorbance value that was slightly below the 
positivity cutoff  value. Twelve of 34 individuals were positive for 
IgG via immunoblotting compared to 3 who were positive based 
on ELISAs.
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surrounding the bradyzoites.42 Tissue cysts of Toxoplasma 
were found in brains of all MAG1-seropositive mice, 
whereas no cysts were detected in MAG1-seronegative 
mice. We have shown that MAG1 antibody level is 
strongly correlated with the number of brain cysts in 
the infected host (r  =  0.82, P  =  0.0021). For mice that 
remained MAG1 seronegative after exposure, we per-
formed a bioassay to examine the possibility of latent 
infection below the detection limit. One month after the 
feeding of brains of MAG1 seronegative mice, sera from 
recipient mice were tested for the presence of Toxoplasma 
antibodies. None of mice (n = 5) generated the specific 
antibody confirming that MAG1 seronegative mice did 
not become latently infected and that they were free from 
brain cysts. These data suggest that MAG1 antibody can 
serve as a serologic marker for evidence of chronic infec-
tion and for cyst burden.

Serological Detection of Infecting Serotype and Form

Given Toxoplasma strains vary in their pathogenic poten-
tial, we and others have developed peptide-based assays 
to distinguish infection with the 3 main recognized types 
of Toxoplasma.43,44 These assays are capable of distin-
guishing the type of Toxoplasma infections in many 
individuals. We used this assay to identify serotypes of 
Toxoplasma in 219 pregnant women whose children 
developed schizophrenia and psychotic illnesses in adult 
life and 618 matched unaffected control mothers. We 
found that the offspring of mothers with virulent strain 
of Toxoplasma infection were at significantly increased 
risk for the development of psychoses as compared with 
the matched unaffected control mothers.44 However, 
there were also a substantial number of cases who were 
cross-reactive or indeterminate, probably as a result of 
infection with more than one type or from a type variant 
from one of the recognized strains. The development and 
widespread application of assays capable of accurately 
identifying infecting type, as well as ones capable of dis-
tinguish infections caused by oocysts as opposed to tis-
sue cysts, would represent major tools for an improved 
understanding of Toxoplasma biology and epidemiology.

Heterogeneity in Infection State and Behavioral Effect

There is marked variation in the human response to 
Toxoplasma infection. Apart from a human genetic com-
ponent, heterogeneity of host response is likely to arise 
through differences in parasite genotype/serotype,45 the 
infection state,41 the infectious form at exposure,46 and 
the timing of first exposure. The present review focuses 
on the necessity to distinguish infection states between 
persistent infection with brain-dwelling tissue cysts and 
resolved infection with specific anti-Toxoplasma anti-
bodies (failed to progress to chronic stage). In a study 
reported from the Sapolsky laboratory,47 changes in 

behavior were found to be associated with cyst presence. 
In their study, all Toxoplasma-exposed rats tested pos-
itive for serum anti-Toxoplasma IgG, but only a subset 
of Toxoplasma-exposed rats developed chronic infection 
with cysts in the forebrain. The presence of behavioral 
changes including predator odor aversion and anxiety-
related behavior were all linked with cyst presence. In 
another study, Afonso et al.48 demonstrated that cysts, as 
well as manifestations of infection, were only evident in a 
subpopulation of infected C57BL/6J mice. The mice with 
brain cysts, versus those without cysts, displayed a pleth-
ora of behavioral alterations.

Toxoplasma type I strains do not readily develop tissue 
cysts or latent infection in laboratory mice. Recent studies 
from our group, which utilized a chronic model of type 
I infection, further addresses why abnormalities occur in 
some mice, but not in others. In our study,40 we found 
that outbred mice following exposure to the virulent type 
I strain (GT1) displayed variable outcomes ranging from 
aborted to severe infections, characterized by antibody 
profiles, alterations in cytokine and gene expression, 
and behavior changes. The extent of most changes was 
directly correlated with levels of cyst burden determined 
by MAG1 antibody. We found that mice with high lev-
els of MAG1 antibody (MAG1 > 0.5) exhibited reduced 
locomotor and exploratory activity, impaired object rec-
ognition memory, and lack of response to amphetamine 
induced activity. These changes were not found in mice 
with a lower level of cyst burden (MAG1 < 0.5) or mice 
that were acutely but not chronically infected (lack of 
MAG1 antibodies).

These variable phenotypes displayed in the rodent mod-
els may be analogous to the diversity of human responses. 
Previously, we measured MAG1 antibody responses in 
serum samples from 22 patients with clinical toxoplasmo-
sis and from 26 patients with serological evidence of past 
exposure to Toxoplasma (more than 1year infection).41 
We found that not all Toxoplasma seropositive individu-
als develop MAG1 antibodies, and MAG1 antibody level 
can differentiate active from inactive human toxoplasmo-
sis. The finding of tissue cysts and altered behavior in only 
a subset of infected mice is consistent with several human 
studies. For example, Luft and Remington49 reported that 
50% of Toxoplasma-seropositive HIV/AIDS patients 
showed no symptoms of toxoplasmic encephalitis despite 
being highly immune compromised.

Neuropathogenesis Is Crucial to Explain the Behavioral 
Changes

Most studies on rodents have shown that Toxoplasma cysts 
have a widespread distribution within the brain.50 In vivo 
studies have revealed that these cysts are located within 
neurons but not other cell types of the CNS.51,52 To ana-
lyze which parts of neurons are infected by cysts, Haroon 
et  al.53 performed a detailed immunohistochemical 
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investigation. They found that parasitic antigens are 
not sequestered in cysts but reside in all major parts of 
neurons including the neuronal soma, dendrites, and 
axons. Moreover, recent analysis of cyst biology reveals 
a dynamic and replicating bradyzoite population.54 This 
is in contrast to the usual view that bradyzoites are dor-
mant, poorly replicating, or nonreplicating entities. These 
findings implicate that tissue cysts have extraordinary 
potential to alter the structure of neurons and their con-
nections, thereby affecting behavior.

Persistence of tissue cysts requires a continuous 
immune response provided by resident CNS and/or infil-
trating peripheral immune cells to prevent parasite reac-
tivation and encephalitis. Previous data demonstrate that 
a low-grade inflammation is often triggered throughout 
the brain. For example, activated microglia and astro-
cytes often physically encircle parasitic cysts, complement 
factor C1q locates in the vicinity of tissue cysts, and brain 
magnetic resonance imaging showed mild to moderate 
ventricular dilatation.47,55–57 This inflammatory milieu 
may influence the function and morphology of neurons, 
leading to brain activity and connectivity changes.

The Morphology of Neurons is Altered by Tissue Cysts

In a study focused on the position of Toxoplasma-induced 
lesions, Parlog et al.58 reveal impaired local connectivity 
evidenced by altered fiber density, loss of fiber continu-
ity, and reduced levels of synaptic proteins PSD95 and 
synaptophysin. In a study to characterize CNS pathol-
ogy with chronic infection, David et al.59 reported altera-
tions in neuronal morphology (a reduction in dendritic 
spines) and network activity. To address the effect of 
latent Toxoplasma infection in schizophrenia, Horacek 
et al.60 studied whole-brain voxel-based morphometry of 
gray and white matter. They found a significant reduction 
of gray matter volume in Toxoplasma positive compared 
with Toxoplasma-negative patients.

Toxoplasma Infection and Neurotransmission

Alterations in brain connectivity can have potential 
downstream effects in the pathways of neurotransmitters. 
Previous studies have reported several disrupted neuro-
transmitter pathways including dopamine, gamma-ami-
nobutyric acid (GABA), and glutamate.59,61

Glutamate is arguably the most important neurotrans-
mitter in the brain and implicated in the pathogenesis of 
schizophrenia. Converging evidence support a significant 
disruption in the glutamate signaling following infection. 
First, David et al.59 found a significant reduction in astro-
cyte glutamate transporter (GLT-1). One of the major 
roles of astrocytes is to remove extracellular glutamate 
to prevent neuroexcitotoxicity. As expected, downregu-
lation of GLT-1 is linked to an increase in extracellular 
glutamate in infected animals. Second, Toxoplasma is a 

tryptophan auxotroph. Interferon gamma (IFNγ) sup-
presses the growth of the parasite through acceleration 
of tryptophan degradation.62 IFNγ has the ability to 
regulate the critical step of the kynurenine pathway, the 
major pathway of tryptophan metabolism.62 Metabolism 
further along this pathway produces kynurenic acid 
(KYNA), an antagonist of the N-methyl-d-aspartate 
receptor (NMDAR). Elevated levels of KYNA can 
block the glutamate recognition site of the NMDAR. 
As rodents infected with Toxoplasma and patients with 
schizophrenia have increased KYNA levels in brain,63 
KYNA has been hypothesized to be a pathogenic link 
between Toxoplasma infection and schizophrenia. Third, 
glutamate signaling could potentially be disrupted by 
GABAergic signaling. The distribution of glutamic acid 
decarboxylase 67 (GAD67), the enzyme responsible for 
converting glutamate to GABA, exhibited profound 
changes in Toxoplasma infected animals.61 Finally, recent 
studies from our group reported that NMDAR auto-
antibodies are elevated in chronic murine toxoplasmo-
sis.56,64 NMDARs are heteromers of GluN1 subunits that 
bind glycine and GluN2 subunits that bind glutamate. 
NMDAR autoantibodies are reported to decrease the 
availability of NMDAR binding sites through the proc-
ess of internalization,65 potentially leading to increase in 
glutamate levels, as noted by David et al.59

In the context of schizophrenia, there has been the 
most interest in the effects of infection on levels of dopa-
mine. The Toxoplasma genome contains 2 aromatic 
amino acid hydroxylase genes (AAH1 and AAH2) that 
encode proteins that can produce l-DOPA, the direct pre-
cursor of dopamine.66 Therefore, an intriguing hypothe-
sis has been put forth that Toxoplasma might influence 
dopamine production and hence dopamine synaptic 
transmission. As has been reviewed recently in detail,67 
many studies report changes in the dopamine path-
way in both acute and chronic infection. For example, 
McConkey’s group reported increased levels of dopa-
mine in vitro and in vivo.68 In human studies, the role of 
dopamine was suggested by decreased novelty seeking 
in Toxoplasma-infected patients and by a high level of 
positive symptoms in Toxoplasma-seropositive patients 
with schizophrenia.69 Here, we focus on recent studies 
that evaluate the impact of AAH gene deficiency on bio-
chemical and behavior changes. A study from the Sibley 
group reported that neither overexpression nor deletion 
of AAH2 from parasites altered dopamine levels in vitro 
or in vivo.70 We and others found no effects of AAH2 
deletion on the host’s exploratory behaviors as well as 
dopamine-dependent behavioral alterations.71,72 Recently, 
studies found that the AAH genes appear to be critically 
involved in the sexual cycle of the parasite in the gut of 
the definitive feline host where they likely play a role in 
oocyst wall formation.73 Although studies with Δaah2 
parasites suggest that AAH2 is not required for biochem-
ical and behavioral abnormalities observed in chronically 
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infected mice, dopamine remains an important question 
relating to Toxoplasma pathogenesis.

Interaction of Toxoplasma With the Host Genome

There is an increasing realization that susceptibility to 
common infectious agents can be heritable and that a 
significant portion of this heritability is based on genetic 
polymorphisms. In the case of Toxoplasma, studies of 
congenital infection have implicated a number of toll-
like receptors and other immune response genes relating 
to increased risk.74,75 In regards to infection in later life, 
a population study of 1227 individuals from a Mexican 
American community in Texas found that seropositiv-
ity to Toxoplasma was heritable with a heritability fac-
tor (H2) of 0.21  ±  0.05 (P < .001). However, specific 
polymorphisms significantly associated with Toxoplasma 
seropositivity were not identified. A population study of 
Ashkenazi Jews found that the Toxoplasma seropositiv-
ity in individuals with schizophrenia was associated with 
polymorphisms located near genes encoding glucocorti-
coid-inducible kinase 1 (SGK1) and solute carrier fam-
ily 2 member 12 (SLC2A12), although these associations 
did not achieve statistical significance on a genome-wide 
level.76

CD8+ T cells and IFNγ are significant effectors mediat-
ing resistance to chronic Toxoplasma infection. However, 
recent studies found that chronic Toxoplasma infection 
results in CD8± T cell exhaustion,77 a state in which these 
cells lose their functional ability defined by their capacity 
to proliferate and secrete effector cytokines. As patients 
with schizophrenia have decreased levels of CD8 immu-
nity,78–80 attenuated CD8 T cells have been proposed to 
play a role in mediating schizophrenia in Toxoplasma-
seropositive patients.81 This hypothesis posits that the 
decreased CD8 functionality might result in reactivation 
of some of the quiescent Toxoplasma parasites, leading 
to focal necrosis and localized inflammation.

Nurr1 is an orphan nuclear receptor that is essential 
for the development and continued survival of  mesen-
cephalic dopamine neurons. Because rare mutations in 
Nurr1 have been reported in schizophrenia patients82,83 
and were associated with attention deficits in patients 
with schizophrenia,84 this receptor is implicated as a 
potential contributor to the development of  schizo-
phrenia. Eells et al.85 tested how Toxoplasma infection 
interacts with the heterozygous deletion of  the Nurr1 
gene. Their results suggest that reduced Nurr1 function, 
as found in the Nurr1 +/− genotype, makes mice more 
susceptible to Toxoplasma-induced alterations in the 
dopamine-related behaviors (elevated open field activ-
ity and a trend toward disrupted sensorimotor gating). 
The data suggest that combination of  the genetic muta-
tions that predispose individuals to schizophrenia and 
Toxoplasma infection are capable of  causing neurolog-
ical effects.

Gastrointestinal Effects of Toxoplasma Infections

Although the main effects of Toxoplasma relating to 
schizophrenia are thought to be due to the development 
of an immune response and pathology within the brain, 
it is important to note that Toxoplasma generally infects 
humans through the gastrointestinal tract and, in doing 
so, can alter gastrointestinal structure and functioning.86 
On ingestion of the parasite by the host, Toxoplasma 
organisms migrate to the surface epithelium and lamina 
propria of the small intestine.87 From here, organisms 
penetrate the blood–gut endothelial barrier and gain 
access to the circulatory system and host organs. Recent 
studies indicate that alterations in gastrointestinal func-
tioning are common in schizophrenia and other serious 
psychiatric disorders and that some of the manifestations 
of these disorders may be related intestinal abnormali-
ties through aberrations in the gut–brain axis.88 In partic-
ular, primary studies have shown measures of intestinal 
inflammation correlate with exposure indices to the par-
asite in individuals with psychiatric disorders compared 
with controls.89 Another way in which the gut–brain axis 
is affected is through changes in the composition of the 
intestinal microbiome because the intestinal microbiome 
has been found to be altered in individuals with recent 
onset psychosis.90 It is thus of interest that acute infection 
with Toxoplasma has been shown to alter the intestinal 
microbiome in mice.91 We have also found that chronic 
Toxoplasma infection alters the composition of the intes-
tinal microbiome in mice as long as 5 months following 
infection (figure 3). Changes in the host bacterial micro-
flora in the upper intestinal tract may potentially contrib-
ute to behavior changes during chronic infection.

Therapeutic Intervention of Toxoplasma Infections 
Relevant to Psychiatric Disorders

Although there is a great deal of information pointing 
to a role for Toxoplasma infections in the etiopathogen-
esis of schizophrenia, the ultimate documentation of this 
association would be the demonstration that anti-Toxo-
plasma medications alter the clinical symptoms or course 
of psychiatric disorders in infected individuals. This goal 
is hampered by the lack of effective anti-Toxoplasma 
therapy particularly for the tissue cyst form of the organ-
ism. Barriers to effective therapy of tissue cysts include 
a low level of replication and metabolism, making these 
forms relatively resistant to medications directed at folate 
metabolism and other pathways employed by rapidly 
replicating organisms. The need for a therapeutic medica-
tion to cross the blood–brain barrier constitutes another 
potential barrier. There have been 4 studies evaluating the 
therapeutic efficacy of adjunctive antiparasitics agents 
in patients with schizophrenia, as recently reviewed by 
Chorlton.92 No trials have demonstrated a change in 
psychopathology with adjunctive treatment. However, 
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as noted earlier, possible reasons for treatment failure 
include selected drugs without evidence against chronic 
infection or used them at doses too low to reduce brain 
cyst burden. Our recent study showed, using a mouse 
model of chronic Toxoplasma infection, that abrogation 
of the inhibitory PD-1 signaling pathway that maintains 
T cells in an exhausted state significantly diminished brain 
cyst burden (77% lower).93 The effect is likely mediated by 
brain leukocyte infiltration (CD3+ T cells, CD8+ T cells, 
and CD11b+ cells) through pathways connected to the 
cerebrospinal fluid-filled compartments such as ventricles 
and subarachnoid space. Our study provides proof of 
concept for blockade of immune checkpoint inhibitors as 
a therapy for chronic toxoplasmosis. Clinical trials will be 
necessary to document efficacy in humans and the poten-
tial role of this immunological approach in the treatment 
of psychiatric disorders.

Evolutionary Implications of Toxoplasma Infection

An etiological role for a zoonotic agent such as 
Toxoplasma can also provide an explanation for the 
persistence of  psychiatric disorders such as schizophre-
nia within a human population. In the mouse model of 
Toxoplasma infection, the alterations in cognitive func-
tioning and fear response result in behavioral changes 
associated with the likelihood of  increased predation by 
felines, presumably, to facilitate the spread of  the para-
site to its definitive host. Although such behavior is det-
rimental to the host, it is beneficial to the organism in 
terms of  sexual reproduction and the completion of  the 
life cycle. Although vestigial in humans, who are unlikely 

to be consumed by felines, the biological properties of  the 
organism relating to altered cognition and fear response 
would be expected to be functioning regardless of  the 
host. In fact, studies in humans have reported increased 
rates of  risk assessment94 (manifested as decreased levels 
of  accident avoidance) and cognitive control95 in some 
populations.

Conclusion

Numerous studies link exposure to Toxoplasma as a risk 
factor for schizophrenia and a range of other psychiatric 
disorders. The multifaceted effects of Toxoplasma infec-
tion on the gastrointestinal tract, neuroinflammation, 
neurodegeneration, and behavior are just starting to be 
understood. As a gastrointestinal pathogen, Toxoplasma 
might affect the brain through local and systemic inflam-
mation or through changes in the intestinal microbiome. 
As a neurotropic pathogen, Toxoplasma might affect 
information processing within a wide variety of brain 
functional systems. Findings from epidemiology and 
psychiatric genetics have suggested a significant role of 
gene × Toxoplasma interaction in psychiatric disorders. 
Experimental Toxoplasma infection provides a relevant 
model by which we can understand the complexity of 
human neurological diseases. Recent advances using 
human neurons derived from cellular reprogramming 
methods offer the opportunity to develop better models 
to study Toxoplasma in human neurons.96 These studies 
may point the way to novel methods for the prevention 
and treatment of schizophrenia and other devastating 
psychiatric disorders.

Fig. 3.  Individual differences at the species level in chronic Toxoplasma infected and uninfected mice. Female CD-1 mice were infected 
intraperitoneally with 500 GT1 tachyzoite, whereas uninfected controls received PBS only (5 per group). To establish a chronic infection, 
both control and infected mice were treated with sulfadiazine sodium (400 mg/L) from day 5 to 30. Mice were killed at 5 months 
postinfection. 16S rDNA libraries were sequenced using the MiSeq Illumina sequencing platform. Sequences were analyzed utilizing 
QIIME 1 focusing on v3–v4 region. The graph shows the relative bacterial composition of the intestinal microflora in each mouse. 
Species that has higher than 100 average counts are depicted individually, lower counts are combined in the “Other” taxa.
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