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Abstract
Background: Chronic toxoplasmosis has been strongly implicated in the development of psychosis and schizophrenia. 
Additionally, the understanding of schizophrenia has been significantly reshaped by insights into N-methyl-D-aspartate 
receptor (NMDAR) hypofunction.
Aim: This study aimed to compare the behavioral, antioxidant, and NMDAR changes in mice subjected to Toxoplasma 
gondii infection and those treated with ketamine to induce schizophrenia-like symptoms.
Methods: Sixty male BALB/c mice were divided into six groups: toxoplasmosis (TOXO) (infected), ketamine-
induced schizophrenia (KET), TOXO+KET, TOXO+sulfadiazine-trimethoprim treatment (SDT), TOXO+KET+SDT, 
and control (CON) (uninfected). After 10 weeks post-infection, behavioral tests were conducted, brain antioxidant 
status and lipid peroxidation were analyzed, and NMDA-NR1/NR2A expressions were assessed. TOXO and KET 
induced distinct behaviors: hyperlocomotion, anxiety, and memory impairment. 
Results: Antioxidant enzyme levels decreased, and lipid peroxidation increased in TOXO and schizophrenic mice 
brains. NMDAR downregulation, especially NR-1 and NR2A, was evident due to T. gondii and ketamine. Sulfadiazine-
trimethoprim ameliorated NMDAR downregulation, but not all of the behavioral alterations. 
Conclusion: Further studies are needed to elucidate specific NMDAR subunit roles in toxoplasmosis-induced 
pathophysiology, offering potential therapeutic insights. This investigation highlights the intricate relationship between 
chronic toxoplasmosis, NMDAR dysfunction, and schizophrenia-like behaviors. Insights gained could pave the way 
for innovative interventions targeting both cognitive and neurological impairments associated with these conditions.
Keywords: Antioxidant status, Behavioral alterations, Ketamine, Toxoplasma gondii. 

Introduction
Toxoplasma gondii, a protozoan parasite belonging 
to the Apicomplexa phylum, stands as a remarkable 
example of parasitic success, adept at infecting a 
wide array of warm-blooded animals. Although its 
intermediate hosts vary extensively, cats uniquely 
serve as the definitive hosts, supporting the sexual 
stage of the parasite’s lifecycle and acting as the source 
of infective oocysts (Mendez and Koshy, 2017). In 
humans, T. gondii is primarily acquired through the 
ingestion of oocyst-contaminated soil and water, 
consumption of undercooked meat harboring tissue 
cysts, or congenitally from mother to fetus. Once 
within a host, the parasite’s rapid replicative tachyzoite 
stage gives way to a chronic phase featuring slowly 
replicating bradyzoites, encysted within host tissues 
(Youssefi et al., 2007; Youssefi et al., 2009; Elmore et 
al., 2010). These cysts, housing bradyzoites, establish 
lifelong infections in various tissues, with a notable 
predilection for the central nervous system (CNS) 
(Matta et al., 2021).

Chronic T. gondii infection in rodents has been 
linked to CNS dysfunction, encompassing alterations 
in neurotransmitter levels, protein expression, and 
behavioral shifts such as hyperactivity, cognitive 
impairments, and aversion to predatory urine odor 
(Parlog et al., 2015; Alsaady et al., 2019). Furthermore, 
in humans, chronic toxoplasmosis has exhibited 
correlations with bipolar disorder, epilepsy, psychosis, 
and schizophrenia (Elsheikha et al., 2016). Perturbations 
in diverse neurotransmitters and signaling pathways, 
including dopamine and γ-aminobutyric acid (GABA), 
have been observed in T. gondii-infected mice (Mendez 
and Koshy, 2017). However, incongruent findings 
from certain studies probing the dopaminergic and 
GABAergic pathways have introduced controversy 
regarding the precise role of these neurotransmitters.
In recent decades, the emergence of N-methyl-
D-aspartate receptor (NMDAR) hypofunction 
has profoundly influenced our comprehension of 
schizophrenia’s pathophysiology and treatment 
(Coyle, 2012). It has been demonstrated that NMDAR 
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antagonists, such as ketamine, can replicate the 
complete spectrum of psychotic, negative symptom, 
cognitive, and physiological features of schizophrenia 
in individuals without the condition. The NMDAR is 
composed of subunits from two gene families, NR1 
(comprising eight distinct spliced forms) and NR2 (A, 
B, C, and D). Functional NMDARs consist of both 
NR1 and NR2 subunits, with different combinations of 
NR2 subunits resulting in NMDARs possessing distinct 
pharmacological and physiological characteristics. 
Research involving postmortem brain studies of 
individuals with schizophrenia has indicated alterations 
in the expression of various NMDAR subtypes 
(Weickert et al., 2013). Additionally, it has been 
proposed that the disruption of normal developmental 
changes in NMDARs may contribute to the onset of 
schizophrenia (Snyder and Gao, 2013). 
Interestingly, studies have reported that T. gondii 
infection in mice is associated with elevated 
NMDAR autoantibodies, which play a pivotal role 
in the development of NMDAR hypofunction (Li 
et al., 2018). Given the central role of NMDARs 
in the behavioral alterations and neuropathological 
features of CNS dysfunction, this study aims to 
comprehensively compare the behavioral effects, 
brain antioxidant status, lipid peroxidation levels, and 
the expressions of NMDA-NR1 and NMDA-NR2A 
receptors in experimental T. gondii infection with those 
induced by ketamine, a model of schizophrenia, in 
mice. Through this investigation, we seek to enhance 
our understanding of the intricate interplay between 
parasitic infections, neurotransmitter systems, and 
neuropsychiatric conditions.

Materials and Methods
Chemicals
Ketamine was purchased from (Trittau-Rotexmedica) 
Germany. Sulfadiazine and trimethoprim were obtained 
from Aras Bazar Pharmaceutical Company (Amol, 
Iran). Phosphate-buffered saline (PBS) was acquired 
from Art-med (Tehran, Iran). All other chemicals used 
were of analytical grade and commercially available.
Parasites
The Type II Prugniad strain of T. gondii parasite (Pru) 
was graciously provided by Professor Ahmad Daryani 
from the Toxoplasmosis Research Center, Mazandaran 
University of Medical Sciences, Iran. This strain was 
collected from the brain cysts of chronically infected 
BALB/c mice.
Animals
A total of 60 male BALB/c mice weighing between 
25 and 30 g were sourced from the Pasteur Institute 
of Iran, North Research Center, Amol, Iran. Following 
a week of acclimatization, the mice were randomly 
divided into six groups (10 mice each) as follows. 
TOXO: Mice were infected with T. gondii through 
intraperitoneal injection of 103 tachyzoites suspended 
in 0.1 ml sterile (PBS) (Martynowicz et al., 2020). 

KET: Schizophrenia was induced by intraperitoneal 
injection of ketamine at a dosage of 20 mg/kg starting 
8 weeks post-infection for 14 days (Monte et al., 
2013). TOXO+KET: T. gondii-infected mice received 
schizophrenia induction using ketamine at a dosage of 
20 mg/kg starting 8 weeks post-infection for 14 days. 
TOXO+SDT: T. gondii-infected mice received oral 
sulfadiazine and trimethoprim at dosages of 100 and 20 
mg/kg, respectively, starting 8 weeks post-infection for 
14 days (Mehlhorn et al., 1995). TOXO+KET+SDT: 
T. gondii-infected mice received intraperitoneal 
ketamine, oral sulfadiazine, and trimethoprim, at the 
aforementioned doses, starting 8 weeks post-infection 
for 14 days. CON: Mice received normal saline instead 
of any administration and served as the control group 
(uninfected group).
Eight weeks after T. gondii infection, blood was 
collected from the tails of TOX, TOXO+KET, and 
TOX+KET+SDT mice to confirm parasite infection 
through serological analysis of collected serum 
samples by latex aglutanision kit manufactured by 
Zist Faravaran Pars (ZFP). At the end of the study, 
10th week post-infection, following behavioral tests, 
the mice were euthanized by cervical dislocation, 
and their brains were extracted for antioxidant status 
analysis, as well as the assessment of NMDA-NR1 and 
NR2A expressions. The schematic study protocol and 
injections are illustrated in Figure S1.
Behavioral Tests
Open-field test (OFT)
The OFT was conducted to evaluate anxiety behavior 
and exploratory activity in rodents. The OFT apparatus 
consisted of an acrylic glass area (30 × 30 × 15 cm), 
divided into nine squares. Parameters such as the total 
number of squares crossed with all paws, crossings and 
time spent in the border and center of the apparatus, 
grooming frequency, stretching, flat back approaches, 
and rearing were recorded for each mouse over a 
5-minutes period (Hajizadeh Moghaddam et al., 2023). 
Elevated plus maze (EPM)
The EPM is a reliable behavioral test to assess anxiety-
like behavior in mice. The EPM includes two open 
arms (30 × 5 cm) and two closed arms (30 × 5 × 25 
cm) connected by a central platform (5 × 5 cm) raised 
30 cm above the floor. Based on innate fear and anxiety 
tendencies, mice avoid open arms and prefer enclosed 
ones. Anxiety-related behavior is quantified over a 
5-minutes interval by recording the total number of arm 
entries and the percentage of time spent in open and 
closed arms (Xie et al., 2020). 
Y-maze
The Y-maze is composed of three arms set at a 
120° angle, constructed from black plexiglass with 
dimensions of 39.5 × 8.5 × 13 cm (Prieur and Jadavji, 
2019). This maze evaluates short-term spatial working 
memory in mice by leveraging their natural curiosity 
to explore unvisited areas. After an introduction to 
the maze’s center, the mouse is free to explore all 
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three arms. The number of arm entries and returns to 
each arm is recorded to calculate parameters such as 
spontaneous alternation performance, which includes 
visiting three different arms consecutively (alternate 
arm return) or repeatedly visiting the same arm (same 
arm return). 
Brain antioxidant status and lipid peroxidation
Antioxidant enzyme activities catalase (CAT), 
superoxide dismutase (SOD), glutathione peroxidase 
(GPx), and malondialdehyde (MDA) content (a marker 
of lipid peroxidation) were spectrophotometrically 
measured in brain homogenates from five mice in 
each experimental group using commercial kits 
(Navandsalamat, Iran).

NMDA-NR1 and NR2A expression
Real-time reverse transcription PCR was performed as 
previously described (Sun et al., 2021). Brain samples 
were homogenized in RNAiso (Takara) using a sonicator. 
Total RNA was isolated using RNAiso following the 
manufacturer’s instructions. The isolated 1 μg of RNA 
was reverse-transcribed using the QuantiTect Reverse 
Transcription Kit (Qiagen). PCR was carried out using 
the Thermal Cycler Dice Real-Time System TP800 
(Takara) with SYBR Premix Ex Taq II (Takara). The 
primer sequences are listed (Table 1). Quantitation was 
done using the crossing point method and normalized to 
18S rRNA. The effect of gravity changes on 18S rRNA 
expression was verified and found to be insignificant.

Fig. S1. Schematic diagram of the experimental protocol and injections.

Table 1. Measurement and determination of NMDA-NR1 and NMDA-NR2 gene expression levels using specific primers.

SequenceGene

AGCGTGAGTCCAAGGCAGAGAAG
NMDA-NR1

F

GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATA 
CGACAGCCGTCACATTC

NMDA-NR1

R

CACCTCAGCATTGTCACCTTGG
NMDA-NR2

F

GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATA 
CGACATCCCTTCGTTGG

NMDA-NR2

R
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Statistical analysis
Behavioral data underwent one-way analysis of 
variance (ANOVA) followed by Student-Newman-
Keuls post hoc testing for multiple comparisons 
between experimental groups. The mRNA expression 
differences among the groups were analyzed using 
Tukey’s test. A p-value below 0.05 was considered 
statistically significant, and all statistical analyses were 
conducted using SPSS version 26.
Ethical approval
The study was approved by the institutional Research 
Ethics Committees of Islamic Azad University-Karaj 
Branch (IR.IAU.K.REC.1401.137).

Results
Effect of treatments on the OFT
To investigate the potential impacts of toxoplasmosis 
and schizophrenia on the exploratory behavior of mice, 
we evaluated parameters including the total number 
of crossings, center crossings, and border crossings in 
the OFT. As depicted in Figure 1A, the total number of 
crossings was significantly higher in the TOXO+KET 
and TOXO + KET + SDT groups compared to CON 
and TOXO groups (F (5, 54) = 36.66, p < 0.001). 
Notably, the number of border crossings was lower 
in the TOXO and TOXO+SDT groups relative to 
the CON (F (5, 54) = 19.60, p < 0.001) (Fig. 1B). 

Moreover, center crossings were elevated in all treated 
groups compared to CON, with KET, TOXO+KET, 
and TOXO+KET+SDT displaying significantly higher 
values than TOXO mice (F (5, 54) = 16.48, p < 0.001) 
(Fig. 1C). However, the time spent in the center was 
generally higher in all treated groups compared to 
CON (F (5, 54) = 38.77, p < 0.001). Notably, in the 
TOXO+SDT group, this time was lower than TOXO (F 
(5, 54) = 38.77, p < 0.05) (Fig. 1D).
Experimental induction of toxoplasmosis and 
schizophrenia did not significantly affect the immobility 
count (F (5, 54) = 4.17, p > 0.05) (Fig. 2A), grooming 
behavior (F (5, 54) = 8.74, p > 0.05) (Fig. 2B), rearing 
activity (F (5, 54) = 5.70, p > 0.05) (Fig. 2C), or the 
number of stretched attend postures (F (5, 54) = 2.43, 
p > 0.05) (Fig. 2D) among the treated mice.
Effects of treatments on the EPM
To explore possible anxiolytic-like effects of T. gondii 
and ketamine in mice, we examined the number of 
entries into open and closed arms, as well as the time 
spent in these arms in the EPM. The treated groups, 
except TOXO, exhibited higher entries into open arms 
compared to the CON (F (5, 54) = 8.40, p < 0.001). 
Notably, entries into open arms in the TOXO+KET and 
TOXO+KET+SDT groups were significantly higher 
than in the TOXO group (F (5, 54) = 22.59, p < 0.01) 
(Fig. 3A). Moreover, the percentage of time spent in 

Fig. 1. Effects of experimental toxoplasmosis (TOXO), ketamine-induced schizophrenia (KET), simultaneous toxoplasmosis + 
Ketamine-induced schizophrenia (TOXO + KET). (TOXO+KET), and sulfadiazine-trimethoprim as the treatment for toxoplasmosis 
(TOXO+SDT) and toxoplasmosis + ketamine-induced schizophrenia (TOXO+SDT+KET) on the number of total squares crossed 
(A), border (B), center crossing (C), and time in the center (D) relative to control (CON) in the open field test (OFT). Values are 
presented as mean ± SEM for the number of 10 mice per group. *p < 0.05 versus CON, **p < 0.01 versus CON, ***p < 0.001 versus 
CON, #p < 0.05 versus TOXO, ###p < 0.05 versus TOXO (ANOVA followed by Student–Neuman–Keuls test).
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open arms was elevated in all treated groups relative 
to the CON (F (5, 54) = 10.17, p < 0.001) (Fig. 3B), 
while the percentage of time spent in closed arms was 
reduced in all treated groups compared to CON (F (5, 
54) = 19.69, p < 0.001) (Fig. 3B). Importantly, the 
TOXO+KET group displayed the lowest time spent 
in closed arms, significantly differing from the TOXO 
group (F (5, 54) = 19.69, p < 0.01) (Fig. 3D).
Effect of treatments on the Y-maze
To assess potential aberrations in exploratory behavior 
induced by T. gondii and ketamine, we utilized the 
Y-maze to calculate measures such as spontaneous 
alternation performance, alternate arm returns, and 
same arm returns. Spontaneous alternation performance 
values were decreased in all treated groups compared 
to the CON (F (5, 54) = 13.07, p < 0.001) (Fig. 4A). 
However, both alternate arm returns (F (5, 54) = 5.55, 
p < 0.001) (Fig. 4B) and same arm returns (F (5, 54) = 
4.35, p < 0.01) (Fig. 4C) were elevated in the KET and 
TOXO+KET groups relative to the CON.
Effect of treatments on the brain antioxidant enzymes 
and lipid peroxidation
Experimental toxoplasmosis and schizophrenia led 
to detrimental effects on brain antioxidant defenses. 
CAT activity was reduced in all treated groups 
compared to the CON (F (5, 24) = 33.67, p < 0.001) 
(Fig. 5A). Additionally, CAT levels were lower in 

the KET and TOXO+KET groups relative to TOXO. 
SOD activity was lower in the KET, TOXO+KET, 
and TOXO+KET+SDT groups compared to CON 
and TOXO (F (5, 24) = 18.78, p < 0.001) (Fig. 5B). 
Similarly, GPx activity was diminished in all treated 
groups compared to the CON (F (5, 24) = 21.61, p < 
0.001) (Fig. 5C). Conversely, MDA levels, indicative 
of lipid peroxidation, were elevated in all treated groups 
(except TOXO+SDT) compared to the CON (F (5, 24) 
= 14.63, p < 0.001) (Fig. 5D).
Effect of treatments on the brain NMDAR-NR1 and 
NR2A mRNA expression
To probe the roles of T. gondii and ketamine in 
NMDAR modulation, we analyzed NR1 and NR2A 
mRNA expressions in mouse brains. Experimental 
toxoplasmosis and schizophrenia downregulated 
NR1 mRNA expression in the whole brain samples 
of TOXO, KET, TOXO+KET, TOXO+SDT, and 
TOXO+KET+SDT groups compared to CON (F (5, 
24) = 12.53, p < 0.001) (Fig. 6A). Similarly, NR2A 
expression was diminished in all treated groups, except 
TOXO+KET+SDT, relative to the CON (F (5, 24) = 
18.48, p < 0.001) (Fig. 6B).

Discussion
A growing body of evidence has uncovered intriguing 
links between toxoplasmosis and schizophrenia. 

Fig. 2. Effects of experimental toxoplasmosis (TOXO), ketamine-induced schizophrenia (KET), simultaneous toxoplasmosis + 
Ketamine-induced schizophrenia (TOXO + KET), and sulfadiazine-trimethoprim as the treatment for toxoplasmosis (TOXO+SDT) 
and toxoplasmosis + ketamine-induced schizophrenia (TOXO+SDT+KET) on the number of immobility (A), grooming (B), rearing 
(C), and stretched attend posture (D) relative to the control (CON) in the open field test (OFT). Values are presented as mean ± SEM 
for the number of 10 mice per group (ANOVA followed by Student–Neuman–Keuls test).
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Numerous research endeavors, including large-scale 
meta-analyses, have proposed T. gondii as a potential 
causative agent behind a range of neurological and 
psychiatric symptoms. The consensus from these 
studies underscores the undeniable connection 
between toxoplasmosis and a considerable number of 
schizophrenia cases in humans (Schwarcz and Hunter, 
2007; Elsheikha et al., 2016; Fuglewicz et al., 2017). 
Insights from animal models have further revealed that 
T. gondii has the capacity to manipulate the natural 
behaviors of its host, a strategic adaptation aimed at 
enhancing its distribution (Afonso et al., 2012). 
In the study by Gatkowska et al. (2012), T. gondii 
infection was found to curtail exploratory activity in 
mice, dampening their climbing and rearing tendencies 
during the OFT. Infected mice exhibited a diminished 
preference for the central zone, displaying increased 
time spent in the border areas of the OFT. Additionally, 
grooming behavior was reduced compared to 
uninfected counterparts (Gatkowska et al., 2012). In 
our investigation, the induction of toxoplasmosis did 
not impact total crossings, yet a significant elevation in 
center crossings and time spent in the central zone of the 
OFT was observed in TOXO mice. However, grooming, 
immobility, and rearing behaviors remained unaffected 
by toxoplasmosis. Conversely, the administration of 

ketamine resulted in heightened exploratory activity, 
evidenced by increased total crossings, center crossings, 
and time spent in the central area among KET mice. This 
aligns with previous studies highlighting ketamine-
induced hyperlocomotion (Onaolapo et al., 2017; 
Kokkinou et al., 2021; Moghaddam et al., 2021). When 
schizophrenia and toxoplasmosis were simultaneously 
induced in TOXO+KET and TOXO+KET+SDT mice, 
a notable increase in total, border, and center crossings 
was observed within these groups.
The neurotropic protozoan parasite, T. gondii, has been 
shown to induce specific behavioral shifts in rodents, 
including a reduction in predator aversion and a decrease 
in general anxiety (Boillat et al., 2020). Notably, 
however, a study by Evans et al. did not yield significant 
findings regarding T. gondii’s impact on anxiety-related 
parameters in rats subjected to the EPM test (Evans et 
al., 2014). In our investigation, although TOXO mice did 
not exhibit a heightened number of entries into open or 
closed arms compared to CON mice, they displayed an 
elevated percentage of time in open arms and a reduced 
percentage of time in closed arms relative to CON mice. 
These findings suggest that TOXO reduces anxiety and 
fear behavior in infected mice.
In contrast, KET mice exhibited a greater number 
of entries into open arms and a higher percentage 

Fig. 3. Effects of experimental toxoplasmosis (TOXO), ketamine-induced schizophrenia (KET), simultaneous toxoplasmosis + 
Ketamine-induced schizophrenia (TOXO + KET), and sulfadiazine-trimethoprim as the treatment for toxoplasmosis (TOXO+SDT) 
and toxoplasmosis + ketamine-induced schizophrenia (TOXO+SDT+KET) on the number of entries in open arm (NEOA) (A), 
entries in closed arms (NECA) (B), time spent in open arms (TSOA%) (C), and time spent in closed arms (TSCA%) (D) relative to 
the control (CON) in the EPM. Values are presented as mean ± SEM for the number of 10 mice per group. *p < 0.05 versus CON, 
***p < 0.001 versus CON, #p < 0.05 versus TOXO, ##p < 0.01 versus TOXO (ANOVA followed by Student–Neuman–Keuls test).
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of time spent in open arms compared to CON mice. 
This phenomenon aligns with the emerging evidence 
highlighting the pivotal role of glutamatergic 
neurotransmission in the underlying biological 
mechanisms of stress responses and anxiety-related 
disorders (Bermudo-Soriano et al., 2012). Consequently, 
drugs targeting glutamatergic neurotransmission, 
including NMDAR antagonists, show promise as 
future candidates for pharmacological interventions in 
anxiety-related behaviors. In our study, the simultaneous 
induction of schizophrenia and toxoplasmosis in 
TOXO+KET mice remarkably exhibited anxiolytic-

like effects in the behavioral tests. The glutamatergic 
system’s involvement in fear-conditioning acquisition 
and extinction is well documented (Walker and Davis, 
2002). Furthermore, it has been reported that T. gondii-
infected mice struggle with consolidating fear, which 
resonates with our findings of lower anxiety-related 
behaviors in TOXO+KET and TOXO+KET+SDT 
mice. This suggests that ketamine might potentiate the 
neurological impact of T. gondii on anxiety, and the 
sulfadiazine-trimethoprim treatment for toxoplasmosis 
did not effectively counter these effects (Ihara et al., 
2016). The same has been observed in our study, in 
mice of TOXO+KET and TOXO+KET+SDT which 
showed lower anxiety-related behaviors. Probably, 
ketamine exacerbates neurological effects of T. 
gondii on anxiety, and treatment of toxoplasmosis by 
sulfadiazine-trimethoprim was not able to hamper its 
effects. 
Our results from the Y-maze test underscore the 
disruption of short-term memory and cognitive 
performance, particularly in KET and TOXO+KET 
mice. This observation mirrors previous reports 
highlighting spatial and recognition memory deficits 
induced by NMDAR antagonists (Sun et al., 2021). T. 
gondii infection has been demonstrated to significantly 
downregulate genes linked to synaptic transmission 
and cognitive behavior in the prefrontal cortex of mice 
(Wu et al., 2023). While the cognitive impairment 
resulting from parasitic infection is well recognized in 
animals and humans, there currently exists no effective 
therapy for the cognitive deficits associated with T. 
gondii infection. However, in our study, treatment with 
sulfadiazine-trimethoprim showed some promise in 
ameliorating memory deficits in treated mice.
The brain antioxidant defense mechanisms play a 
pivotal role in safeguarding against neuronal damage. 
The neurodegeneration induced by the protozoan 
parasite T. gondii has been attributed to oxidative 
damage in the brains of infected mice (Bottari et al., 
2016). Ketamine administration in mice disrupted 
brain antioxidant status and triggered increased 
lipid peroxidation, a finding corroborated by our 
observations of decreased levels of CAT, SOD, and 
GPx, coupled with elevated (MDA levels in TOXO, 
KET, and especially TOXO+KET mice). This indicates 
that the compounded adverse effects of combined 
toxoplasmosis infection and ketamine administration 
exacerbate the negative impact on brain antioxidant 
status.
While the dopamine theory of schizophrenia has 
long been a cornerstone in understanding its etiology, 
recent attention has shifted towards the significant 
role of NMDARs. In contrast to the dopaminergic 
model, the complex array of symptoms and 
neuropsychological dysfunctions in schizophrenia 
can be more cogently explained through a glutamate/
NMDA framework (Kantrowitz & Javitt, 2010). 
Recent research has unveiled a connection between 

Fig. 4. Effects of experimental toxoplasmosis (TOXO), 
ketamine-induced schizophrenia (KET), simultaneous 
toxoplasmosis + Ketamine-induced schizophrenia (TOXO 
+ KET), and sulfadiazine-trimethoprim as the treatment for 
toxoplasmosis (TOXO+SDT) and toxoplasmosis + ketamine-
induced schizophrenia (TOXO+SDT+KET) on the number of 
spontaneous alteration performance (SAP) (A), alternate arm 
return (AAR) (B), and same arm return (SAR) (C) relative to 
the control (CON) in Y-maze. Values are presented as mean 
± SEM for the number of 10 mice per group. *p < 0.05 versus 
CON, **p < 0.01 versus CON, ***p < 0.001 versus CON, #p 
< 0.05 versus TOXO, ###p < 0.001 versus TOXO (ANOVA 
followed by Student–Neuman–Keuls test).
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T. gondii and schizophrenia through cross-reactive 
mechanisms in the host’s immune responses, which 
impact NMDAR dysfunction. It’s been suggested that 
anti-T. gondii immune responses developed during 
active protozoan infection may cross-react with host 
NMDARs, ultimately disrupting neural circuits and 
leading to cognitive deficits (Lucchese, 2017). In our 

study, a downregulation of NMDAR-NR1 and NR2A 
was evident in mice subjected to schizophrenia and 
toxoplasmosis, except for TOXO+KET+SDT mice. 
This raises the possibility that NR1 and NR2A subunits 
might play a role in some of the neurological effects 
induced by T. gondii and ketamine. Nevertheless, 
despite significant behavioral alterations, no significant 

Fig. 5. Effects of experimental toxoplasmosis (TOXO), ketamine-induced schizophrenia (KET), simultaneous toxoplasmosis + 
Ketamine-induced schizophrenia (TOXO + KET), and sulfadiazine-trimethoprim as the treatment for toxoplasmosis (TOXO+SDT) 
and toxoplasmosis + ketamine-induced schizophrenia (TOXO+SDT+KET) on the brain activities of CAT (A), SOD (B), GPx (C), 
and MDA content (D) relative to the control (CON). Values are presented as mean ± SEM for the number of 5 mice per group. *p < 
0.05 versus CON, **p < 0.01 versus CON, ***p < 0.001 versus CON, #p < 0.05 versus TOXO, ##p < 0.05 versus TOXO, ###p < 0.001 
versus TOXO (ANOVA followed by Tukey’s test).

Fig. 6. Effects of experimental toxoplasmosis (TOXO), ketamine-induced schizophrenia (KET), simultaneous toxoplasmosis + 
Ketamine-induced schizophrenia (TOXO + KET), and sulfadiazine-trimethoprim as the treatment for toxoplasmosis (TOXO+SDT) 
and toxoplasmosis + ketamine-induced schizophrenia (TOXO+SDT+KET) on the brain mRNA expression of N-methyl-D-
aspartate-NR1 (A) and NR2A (B) relative to the control (CON). Values are presented as mean ± SEM for the number of 5 mice per 
group. ***p < 0.001 versus CON (ANOVA followed by Tukey’s test).
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shift was noted in NR1 and NR2A expressions among 
TOXO+KET+SDT mice.

Conclusion
In summary, our study demonstrates significant 
behavioral changes, including hyperlocomotion, 
anxiety-related behaviors, and memory deficits, induced 
by both T. gondii infection and ketamine administration 
in mice. Additionally, a marked decrease in antioxidant 
enzyme levels and increased lipid peroxidation were 
observed in the brain samples of mice experiencing 
toxoplasmosis and schizophrenia-like symptoms. The 
downregulation of NMDAR subunits, specifically 
NR-1 and NR2A, likely contributes to the neurological 
effects observed with T. gondii and ketamine. Treatment 
with sulfadiazine-trimethoprim showed a mitigating 
effect on these changes.
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