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Summary

Toxoplasma gondii (T. gondii) is a protozoan parasitizing all warm-blooded mammals, including humans. The
main source of infection is contact with the feces of infected animals, particularly housecats — the definitive hosts,
in which T. gondii completes its life cycle. Alternative sources of infection are contact with and consumption of
contaminated meat (particularly pork), transmission from mother to fetus, and infection by oocytes present
in the soil or in polluted water. T. gondii is geographically ubiquitous; its level of seroprevalence is estimated
to range from about 3% in South Korea to 76% in Costa Rica.

Despite great efforts and considerable progress, toxoplasmosis remains a serious health threat worldwide.
There is currently no available vaccine, and anti-toxoplasmosis drugs have substantial side effects and are not
very effective. Furthermore, studies show that the parasite is able to develop resistance to them.

Many recent studies have focused on how T. gondii is linked to psychiatric diseases and neurocognitive
processes. Research has shown a correlation between T. gondii infection and schizophrenia.
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There are three infectious stages in the life cycle of
T’ gondii: tachyzoites, which facilitate the spread of the
infection during acute infections, bradyzoites, which
maintain chronic infection, and sporozoites, which are
spread through the host’s environment in the form of
oocysts. Although infection induces a strong innate and
acquired immune response controlling multiplication
of the parasite, the infection is not eliminated. The host
retains a lifelong latent infection characterized by the
presence of cysts in the tissues. Tissue cysts become
established in various cells, particularly in long-lived
differentiated cells, such as neurons and muscle cells,
thereby ensuring long-term infection. In humans,
1. gondii has tropism for the brain, which may influence
the occurrence of certain mental disorders, including
schizophrenia, personality disorders, dementia, and
suicidal tendencies (25).

Latent infection with 7. gondii involves the presence
of the parasite without clinical symptoms in immu-
nocompetent patients. However, recent studies have

shown a continual inflammatory state in the central
nervous system following chronic 7. gondii infection
in rodents. Subtle neuromodulatory properties of the
parasite in humans and mice have been the subject of
recent research. Significant changes in the brain fol-
lowing 7. gondii infection in animal models include
activation of the glia and recruitment of peripheral
immune cells to the central nervous system (14).

For this reason, studies have focused on how
T. gondii is linked to psychiatric diseases and neuro-
cognitive processes. Research has shown a correla-
tion between 7. gondii infection and schizophrenia.
Interestingly, hallucinations, which are a key charac-
teristic of schizophrenia, have occurred in some acute
cases of 7. gondii infection. Moreover, data from as
early as 1950 showed that most hospitalized psychiatric
patients tested positive for the presence of 7. gondii.
The culmination of these findings was a recent meta-
analysis of 38 studies suggesting that 7. gondii infec-
tion increases the risk of schizophrenia 2.7 times (19).
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The role of genetic factors and infectious agents
in the occurrence of symptoms of schizophrenia

Schizophrenia is a severe mental disorder having
an adverse effect on the life of patients, their families,
and society. It is a neuropsychiatric disease diagnosed
on the basis of positive symptoms, such as delusions
and hallucinations, and negative symptoms, which are
associated with a significant deterioration of the quality
of life. The incidence of schizophrenia is estimated at
1% of the adult population. The onset of the disease
is usually observed in late adolescence or early adult-
hood (11).

Studies show that genetic factors play a role in the
development of schizophrenia, which is confirmed
by the fact that the disease occurs in families. The
latest genetic research has identified variants of genes
having only a slight correlation with increased risk of
the disease. Copy number variants in certain genes are
associated with a greater risk, but these are very rare
(5). Therefore, it has been suggested that schizophrenia
may be related to non-genetic factors, such as infection
by Toxoplasma gondii, which may increase the risk
of the illness. According to one hypothesis, genetic
susceptibility and the effect of environmental stress-
ors increase the risk of schizophrenia, which suggests
that non-genetic predisposing factors may enter into
interactions with genes (5, 22).

Avramopoulos et al. (1) point out that many infec-
tious agents are associated with the risk of schizo-
phrenia, including Toxoplasma gondii (Toxo), herpes
simplex virus 1 (HSV1), cytomegalovirus (CMV),
and human herpes virus 6 (HHV 6). The diverse list of
infectious agents suggests that these relationships may
result from a reaction to the infection and the activa-
tion of the immune system, rather than from specific
infectious agents. The involvement of infection and
immune activation in the pathogenesis of schizophrenia
indicates that genetic variants influencing the suscep-
tibility or immune response to certain infections may
determine whether or not an individual exposed to the
infectious agent has an increased risk of illness (1).

Relationship between T. gondii and modulation
of neurotransmitters in the brain

In vitro observations have shown that some anti-
psychotic drugs commonly used to treat schizophrenia
may inhibit replication of 7. gondii. There are several
possible mechanisms by which 7. gondii may cause
symptoms of schizophrenia. First, 7. gondii is capable
of producing dopamine, and elevated levels of dopa-
mine and its metabolites have been observed both
in vitro and in vivo. Secondly, 7. gondii may affect
the production of GABA, glutamate, and serotonin,
with effects depending on the strain of the parasite.
Thirdly, the host immune response to 7. gondii may
affect expression of cytokines and the kynurenic acid
pathway, both of which are implicated in the patho-
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genesis of schizophrenia. Finally, 7. gondii does not
induce symptoms directly, but through interactions
with other factors, such as genetic susceptibility and/
or environmental factors (25).

Omar et al. (17) point out that histopathological
changes in the brain in schizophrenia patients constitute
evidence of infection as a cause of the disease. Their
study documented that astrocytes and neurons in the
brain may be infected by Toxoplasma gondii (Tg).
The infection then stimulates microglia, astrocytes,
and neurons to produce numerous cytokines, which
in turn initiate inflammatory reactions. The parasites
form cysts in the brain and produce the enzyme tyrosine
hydroxylase, which is essential for dopamine produc-
tion. The role of dopamine in treating schizophrenia
is well documented. Tyrosine hydroxylase converts
L-DOPA to dopamine. A surplus of dopamine in the
pathological basis of schizophrenia is confirmed by
the fact that antipsychotic drugs reduce the amount of
dopamine in the brain, thereby mitigating the symp-
toms of schizophrenia.

Khademvatan et al. (11) show that in infected
individuals the parasite influences the synthesis of
neurotransmitters, particularly dopamine, which can
lead to personality changes, psychotic symptoms, and
in some cases neurological and psychiatric disorders.
Behavioral changes and cognitive disorders have been
observed in infected rodents.

In a study on rats by Fond et al. (8), the most
T. gondii cysts in the brain were observed in the amyg-
dalae. The infection did not affect locomotion, anxiety,
hippocampus-dependent learning, fear conditioning (or
its absence), or neophobia in rats. A natural predator
of rats is the cat, which is also a carrier of 7. gondii.
Under normal conditions, rats have an aversion to
cat urine, but the parasite suppresses this aversion,
thereby influencing the infection cycle. Tachyzoites
can penetrate different types of nerve cells, such as
neurons, astrocytes, and microglial cells in the brain
and Purkinje cells in the cerebellum. Intracellular
tachyzoites manipulate several factors for mechanisms
involved in transduction of apoptosis, antibacterial
effector functions, and maturation of immune cells.
Dopamine levels are 14% higher in mice with chronic
infections. These neurochemical changes may be fac-
tors contributing to mental and motor disorders that
accompany or are a consequence of toxoplasmosis
in rodents and possibly in humans. The antipsychotic
agent haloperidol and the mood stabilizer valproic
acid most effectively inhibit the growth of Toxoplasma
gondii in vitro with synergistic activity (8).

T. gondii and the immune response

Tomasik et al. (21) used a mouse model of chronic
T. gondii infection and identified protein biomarkers
that undergo modification in serum and brain samples
at two points in time during chronic infection. In addi-
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tion, the biomarkers identified were compared with
differing postmortem brain samples from 35 schizo-
phrenia patients and 33 healthy individuals. The data
obtained show that 7. gondii caused significant immune
activation, as indicated by nerve tissue damage in the
animal model, which partially overlapped with the
changes observed in the brains of the schizophrenia
patients. The overlapping changes included increases
in C-reactive protein (CRP), interleukin 1 beta (IL-1p),
interferon gamma (IFN-y), plasminogen activator
inhibitor-1 (PAI-1), tissue inhibitor of metalloprotein-
ase-1 (TIMP-1), and vascular cell adhesion protein 1
(VCAM-1).

According to Halonen et al. (9), the immune
response to 7. gondii infection takes place through
the cellular immune response, mainly by Th-1 cells,
which depends on production of interleukin-12 (IL-12)
and interferon gamma (IFN-y). Synthesis of IL-12 is
stimulated by dendritic cells (DC), neutrophils, and
macrophages that are infected by the parasite at the
onset of the infection and induce synthesis of IFN-y
by T and NK lymphocytes. IFN-y is the main cyto-
kine controlling both the acute and chronic stages
of infection. IFN-y activates an anti-parasitic effec-
tor mechanism in both hematopoietic cells, such as
macrophages, and non-hematopoietic cells, such as
endothelial cells, fibroblasts, and astrocytes; both cell
populations are regarded as necessary for fighting
parasites. In immune-deficient hosts, such as AIDS
patients, where there is a decrease in CD4" T cells and
a corresponding decrease in the level of [IFN-y, chronic
infection is reactivated in the brain. In most healthy
(immunocompetent) hosts, the immune response con-
trols the replication of acute infection, and, depending
on the immune response, tachyzoites differentiate into
bradyzoites to form cysts, mainly in the brain and
muscles. This condition is maintained throughout the
lifetime of the host.

A study by Celik et al. (4) investigated the relation-
ship between different clinical aspects of schizophrenia
and a positive test for Toxoplasma gondii. The subjects
of the study were 94 schizophrenia patients in whom
the presence of anti-7. gondii IgG antibodies was tested
by an ELISA assay. The clinical parameters studied in
the patients were the type of disease, clinical condition,
and awareness of the disease, which were compared
with their serological status. Anti-7. gondii 1gG anti-
bodies were detected in 43 (46%) patients with schizo-
phrenia. A positive result was observed in 34 patients
(72%) with chronic schizophrenia and in 9 of those
with partial remission (22%). The incidence of latent
toxoplasmosis was significantly higher in patients who
were unaware of their disease (36 patients, 72%) than
in those who knew of their illness (7 patients, 16%).
The results indicate that latent toxoplasmosis may have
anegative effect on the course and treatment of schizo-
phrenia and on patients’ awareness of the disease (4).
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The kynurenine pathway and T. gondii

Toxoplasma gondii, a protozoan and internal para-
site, has a strong predilection for infecting the central
nervous system and is associated with increased preva-
lence of numerous psychiatric diseases (18). Several
in vitro and in vivo studies have shown that infection
with 7. gondii can affect the structure, bioenergetics,
and function of brain cells and modifies numerous
cellular processes in the host, including dopaminergic,
tryptophan-kynurenine, GABAergic, AKT1, Jak/STAT,
and vasopressinergic pathways. These mechanisms,
underlying neuropathology in latent toxoplasmosis,
also seem to be active in schizophrenia, and therefore
it is important to investigate connections between these
two disorders (6).

In a study on mice, Notarangelo et al. (15) found
that 7' gondii infection leads to degradation of tryp-
tophan along the kynurenine pathway (KP), which
contains several neuroactive metabolites, includ-
ing 3-hydroxykinurenine (3-HK), quinolinic acid
(QUINN), and kynurenic acid (KYNA). Because
these endogenous compounds may be a link between
1" gondii and the occurrence of schizophrenia symp-
toms, KP metabolites were measured in mice 8 and 28
days after infection with 7. gondii. The infected mice
initially exhibited a reduced level of tryptophan in the
brain and blood serum, but not in the liver. These results
were associated with elevated levels of kynurenine,
KYNA, 3-HK, and quinolinic acid in the brain. The
most significant increases in these KP metabolites
were observed in the brain 28 days after infection. It
is worth noting that the antiparasitic drugs pyrimeth-
amine and sulfadiazine, the standard treatment for
toxoplasmosis, substantially lower 3-HK and KYNA
levels in the brains of infected mice when applied from
28 to 56 days after infection. The results of the study
indicate that 7" gondii infection, probably through the
activation of the microglia and astrocytes, increases
the production of KP metabolites in the brain, which
may be linked to the occurrence of symptoms typical
of schizophrenia (15).

A recent study by Okusaga et al. (16) shows that
chronic Toxoplasma gondii infection and an elevated
level of kynurenine (K'YN) are correlated with the inci-
dence of suicidal behavior in schizophrenia patients.
The researchers studied 950 schizophrenia patients to
investigate the possibility of a link between a positive
T. gondii result, a history of suicide attempts, and the
plasma level of kynurenine in patients with schizo-
phrenia. The results suggest that 7. gondii and KYN
may affect the risk of suicidal behavior in individuals
with schizophrenia.

Patients infected with 7. gondii have a chronic
infection that lasts for their entire lives. The infection
is usually asymptomatic and is characterized by the
formation of inactive cysts with bradyzoites located
in the tissues. However, in individuals with reduced
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immunity or congenital infection, toxoplasmosis may
develop into a very severe form (24).

An increasing number of studies indicate that the
neurotrophic parasite Toxoplasma gondii is involved
in the development of psychiatric disorders (2, 13, 20).

In the last 10 years many independent studies have
shown that this parasitic disease may be indirectly
responsible for hundreds of thousands of deaths due
to its effect on the incidence of traffic and workplace
accidents and of suicides. Furthermore, latent toxoplas-
mosis may be one of the most important risk factors
for schizophrenia. These effects may be due to active
manipulation of important dopamine neurotransmitters
or tryptophan metabolites by the parasite Toxoplasma
gondii (7).

Analysis of the studies described above suggests that
T. gondii is a likely cause of certain aspects of mental
disorders, including schizophrenia. Hence it is likely
that schizophrenia may also be caused by pathogens
and vectors originating in domestic animals. This
knowledge may prove extremely useful in discover-
ing the pathogenesis of this enigmatic illness. It may
also contribute to a framework for the development of
new methods for treating and preventing the disease
(10). Although the removal of the pathogen cannot be
expected to eliminate or inhibit the development of
schizophrenia, prevention of toxoplasmosis may affect
the prevalence of the disease. It may also be concluded
that if toxoplasmosis were to be included on the list of
diseases for which the law requires registration of all
cases in cats and other domestic animals, the preva-
lence of this disease might decline in humans (3).

Further research to confirm this hypothesis is essen-
tial.
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