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A B S T R A C T   

Toxoplasma gondii chronic infection is characterized by the establishment of tissue cysts in the brain and 
increased levels of IFN-γ, which can lead to brain circuitry interference and consequently abnormal behaviour in 
mice. In this sense, the study presented here sought to investigate the impact of chronic infection by two T. gondii 
strains in the brain of infection-resistant mice, as a model for studying the involvement of chronic neuro
inflammation with the development of behavioural alterations. For that, male BALB/c mice were divided into 
three groups: non-infected (Ni), infected with T. gondii ME49 clonal strain (ME49), and infected with TgCkBrRN2 
atypical strain (CK2). Mice were monitored for 60 days to establish the chronic infection and then submitted to 
behavioural assessment. The enzyme-linked immunosorbent assay was used for measurement of specific IgG in 
the blood and levels of inflammatory cytokines and neurotrophic factors in the brain, and the cell’s immuno
phenotype was determined by multiparametric flow cytometry. Mice infected with ME49 clonal strain displayed 
hyperlocomotor activity and memory deficit, although no signs of depressive- and/or anxiety-like behaviour 
were detected; on the other hand, chronic infection with CK2 atypical strain induced anxiety- and depressive-like 
behaviour. During chronic infection by CK2 atypical strain, mice displayed a higher number of T. gondii brain 
tissue cysts and inflammatory infiltrate, composed mainly of CD3+ T lymphocytes and Ly6Chi inflammatory 
monocytes, compared to mice infected with the ME49 clonal strain. Infected mice presented a marked decrease 
of microglia population compared to non-infected group. Chronic infection with CK2 strain produced elevated 
levels of IFN-γ and TNF-ɑ in the brain, decreased NGF levels in the prefrontal cortex and striatum, and altered 
levels of fractalkine (CX3CL1) in the prefrontal cortex and hippocampus. The persistent inflammation and the 
disturbance in the cerebral homeostasis may contribute to altered behaviour in mice, as the levels of IFN-γ were 
shown to be correlated with the behavioural parameters assessed here. Considering the high incidence and life- 
long persistence of T. gondii infection, this approach can be considered a suitable model for studying the impact 
of chronic infections in the brain and how it impacts in behavioural responses.   
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1. Introduction 

Toxoplasma gondii is an intracellular protozoan, with worldwide 
distribution and prevalence of human infection varying according to 
different regions (Dubey et al., 2012; Flegr et al., 2014). Following the 
parasite distribution, toxoplasmosis outbreaks are reported in many 
countries, especially in South America (Dubey et al., 2021). The infec
tion is considered a major health problem concerning specific risk 
groups including pregnant women, fetuses and newborns, and immu
nocompromised patients (Rostami et al., 2020; Dubey et al., 2021; 
Graham et al., 2021). In addition, the occurrence of atypical strains, 
mainly in South America countries (Amouei et al., 2020), represents a 
major source of infection to humans and act as responsible for the dis
ease outbreak, most of times leading to cases of toxoplasmosis with 
unusual manifestations (Salvador-Guillouët et al., 2006; Demar et al., 
2007; Pardini et al., 2019; Blaizot et al., 2019; Pérez-Grisales et al., 
2021). High rates of polymorphisms within the main proteins secreted 
by T. gondii atypical strains remains as key points in the understanding of 
the virulence profile and the deleterious impact caused by infection with 
these strains (Chen et al., 2012; Behnke et al., 2015). 

In the past years, studies have been suggesting a possible connection 
between chronic T. gondii infection identified by positive serology with 
development of neuropsychiatric conditions (Flegr and Horácek 2020; 
Pastolache et al., 2021), such as suicidal attempts (Bak et al., 2018; 
Alvarado-Esquivel et al., 2021a), anxiety (Bay-Richter et al., 2019), 
depression (Shiadeh et al., 2016; Nasirpour et al., 2020; Alvar
ado-Esquivel et al., 2021b) and schizophrenia (Al-Hussainy et al., 2015; 
Esshili et al., 2016; Contopoulos-Ioannidis et al., 2022). However, con
flicting studies highlight the absence of significant connections between 
chronic infection and the occurrence of these behavioural and/or 
neurological disorders (Gale et al., 2014; Sugden et al., 2016; Chegeni 
et al., 2019; Bles et al., 2021; Ademe et al., 2022). 

In experimental murine models for T. gondii chronic infection, tissue 
cysts are formed mainly within neurons, which persist throughout the 
life of the host (Cabral et al., 2016). Chronic infection contributes to the 
establishment of a constant neuroinflammation, impairing the central 
nervous system (CNS) homeostasis and functioning, by triggering 
altered synaptic signals, dysregulation of neurotransmitters, and 
impairment of perineuronal nets (Torres et al., 2018; Brito et al., 2020; 
Meurer et al., 2020). The distinct inflammatory patterns and host ce
rebral modifications in response to the parasite’s presence can be 
explained by the high genetic variability among the T. gondii strains 
(Robben et al., 2004; Khan et al., 2009; Zhang et al., 2019). 

In the establishment of acute and chronic infection by T. gondii, in
flammatory monocytes can infiltrate the brain, displaying high expres
sion of NF-kB and promote the activation of signalling pathways 
responsible for the release of inflammatory cytokines. In addition, 
microglia can control parasite replication by TNF-ɑ and IFN-γ-depen
dent production of nitric oxide (Chao et al., 1993, 1994), and act as a key 
source of the alarmin IL-1ɑ, which stimulates local inflammation and 
helps control the parasite (Batista et al., 2020). Besides its capacity to 
control microbial infection, when infected by T. gondii, microglia reac
tivity is modulated by the release of TGF-β which inhibits the inflam
matory pathway and allows parasite dissemination through the tissue 
(Rozenfeld et al., 2005). Furthermore, the infection can interfere with 
the balance between microglia and neurons, as the somata of inhibitory 
neurons was found to be ensheathed by activated microglia and/or 
myeloid-derived cells and this event may be related to the loss of peri
somatic inhibitory synapses found during T. gondii chronic infection 
(Carrillo et al., 2020). 

Disturbances in microglial functioning, combined with persistent 
neuroinflammation, can play major roles in the development of neuro
psychiatric disorders, such as depression and anxiety (Li et al., 2022). 
Recently, depressive-like behaviour induced by LPS intracerebral in
jection in C57BL/6 mice was found to be associated with increased 
microglial activation and enhanced hippocampal inflammation via 

NLRP3 inflammasome activation and high IL-1β expression (Qiu et al., 
2022). 

In this sense, considering the parasite’s high prevalence rates and the 
conflicting data regarding the influence of this infection in the estab
lishment of neurological disorders, the understanding of how T. gondii 
can interfere with and affect the CNS functioning is of great importance 
to elucidate possible links that may place chronic toxoplasmosis as a risk 
factor for neuropsychiatric disorders. It is important to highlight that 
distinct behavioural profile displayed by mice infected with T. gondii 
reported in the literature reflects the importance of considering not only 
the parasite strain, but also the mice model applied including their ge
netic background and even sex. It is already known that BALB/c mice are 
considered genetically resistant to T. gondii infection, when compared to 
C57BL/6 mice (Suzuki et al., 1991; Brown et al., 1995; Liesenfeld, 2002; 
Bergersen et al., 2021); and male mice can also be found to represent a 
resistant model for the infection (Xiao et al., 2012; Gatkowska et al., 
2013; Hegazy et al., 2019). 

In this context, the study presented here aimed to investigate the 
impact of a chronic infection with two strains of T. gondii, focusing on 
the impact of an atypical strain, as a suitable model for infection-derived 
brain impairment with microglia depletion and as a trigger for neuro
inflammation with repercussions in infection-resistant mice behaviour. 

2. Materials and methods 

2.1. Maintenance of parasites 

Two strains of T. gondii were used to perform this study: a type II 
clonal strain (ME49) and an atypical strain (TgCkBrRN2, here referred to 
as CK2). The atypical CK2 strain was first isolated by Clementino-An
drade et al. (2013) from the heart of a chicken obtained from a farm in 
the state of Rio Grande do Norte, Brazil; being identified as belonging to 
the #163 genotype registered in ToxoDB. 

All parasites were kept frozen in its tachyzoite form in liquid nitro
gen. Prior to the experimental infections, the parasites were thawed and 
inoculated intraperitoneally in Swiss mice. Infected mice were kept for 
60 days to establish the chronic stage of infection. After this period, 
brains were removed, and the cyst load was quantified by light micro
scopy for further infection of experimental mice as described below. 

2.2. Mice and experimental design 

This work followed the norms issued by the National Council for the 
Control of Animal Experimentation (CONCEA) and was approved by the 
Committee on Ethics in the Use of Animals (CEUA) of the UFMG, under 
protocol #193/2020. 

For the experiments, 8–9 weeks old male BALB/c mice were kept in 
the animal facility of the Department of Parasitology, ICB/UFMG, under 
optimal temperature and 12h light/dark cycle and with free access to 
dry food and water. 

For the experimental protocol, mice were organized in three groups, 
being: 1. Non-infected (Ni); 2. Infected with the clonal strain (ME49); 
and 3. Infected with the atypical strain (CK2). In the infected groups, 
mice received 10 brain cysts of each strain via gavage and accompanied 
for 60 days to establish the chronic infection. For the behavioural 
assessment, analyses of Ni (N = 10), ME49 (N = 13) and CK2 (N = 10) 
groups were made during early chronic stage (approximately four weeks 
post-infection) and chronic stage (eight weeks post-infection). All 
behavioural evaluations started 14 days before completion of the 4- and 
8-weeks post-infection. 

2.3. Behavioural assessments 

Sixty days after infection, the behavioural tests performed in this 
study aimed to analyze locomotor activity, memory integrity and exis
tence of anxiety- and depressive-like behaviours in mice chronically 
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infected with T. gondii. For this, the behavioural assessment was per
formed following the order: the open field test (Horita et al., 2020), 
object recognition task (Bellozi et al., 2019), elevated plus maze test 
(Camargos et al., 2020), and forced swim test (Horita et al., 2020). 

Each procedure was conducted in a way to minimize the mice’s 
stress, therefore each test happened with a 1–2 days interval to avoid 
animal exhaustion, in this sense, the behavioural assessments were 
performed approximately 14 days before the euthanasia date. Mice 
observation was blindly and randomly performed, recorded by video 
camera and results were processed using the ANY-MAZE™ software 
(Soelting Co., IL, USA). 

2.3.1. Open field test 
For locomotor activity evaluation, mice were individually placed in 

the center of an open field apparatus for 10 min, and the total distance 
travelled was measured. For anxiety-like behaviour assessment, the time 
spent in the center and in the periphery of the apparatus was also 
analyzed. Tests were recorded and videos were analyzed using ANY- 
maze software. 

2.3.2. Object recognition task 
To assess possible cognitive impairment induced by the infections, 

mice were submitted to the object recognition task (ORT). On day 1, 
mice were habituated in a box covered with shavings for 5 min. The 
following 2 days, two identical objects were placed in the apparatus and 
animals were allowed to freely explore them for 10 and 5 min, respec
tively. On the test day, one of the familiar objects was replaced by a 
novel object, and mice were allowed to freely explore it for 5 min. The 
records were analyzed through ANY-maze software and recognition 
percentage (RP) was calculated as follow: 

RP=(T novel) / (T novel+T familiar) ∗ 100  

T novel= time spent exploring the novel object  

T familiar= time spent exploring the familiar object 

For statistical analysis, a one-sample T test was used to compare the 
group RP to the hypothetical mean of 0.5 (different from random). Mice 
that did not explore the object were not included in the analysis. 

2.3.3. Elevated plus maze 
To evaluate anxiety-like behaviour, mice were subjected to the 

elevated plus maze (EPM) test. The EPM apparatus consists of a plus- 
shaped maze with two open arms and two closed arms. Each animal 
was placed in the center of the platform and allowed to freely explore for 
5 min. The records were analyzed through ANY-maze software, and the 
time spent in each arm as well as the number of entries was evaluated. 

2.3.4. Forced swim test 
To evaluate depressive-like behaviour, mice were subjected to the 

forced swim test (FST), consisting of an apparatus with 200 mm height 
and 180 mm diameter, filled with water (25 ◦C) until 150 mm height. 
The test lasted 6 min and immobility time was analyzed by EthoVision 
XT (Noldus, Technology, Leesburg, VA, USA) in the last 4 min. After 
each session mice were dried and placed in a cage surrounded by a 
heating pad. 

2.4. Euthanasia and organ harvesting 

Sixty days post-infection, mice were euthanized, and the blood and 
brain were collected. Blood was obtained by cardiac puncture, kept for 
30 min at room temperature for clot retraction, serum was separated by 
centrifuging at 600 g for 10 min at 4 ◦C and stored at − 20 ◦C until use. 

After euthanasia and blood collection, all mice received a trans
cardiac perfusion with 20 mL of phosphate-buffered saline (PBS) at 4 ◦C 
to remove any residual blood from the brain tissue. After brain 

collection, they were transferred to a glass tube containing 1 mL of RPMI 
and homogenized manually. Forty microliters of the homogenate were 
used for T. gondii tissue cyst quantification and the supernatant were 
stored for further cytokine and neurotrophic factors evaluation. 

The collection of the brain leukocytes was performed as previously 
described (Korin et al., 2018) with minor modifications. Briefly, the 
volume of the brain homogenate was adjusted to 7 mL with RPMI, fol
lowed by the addition of 3 mL of stock isotonic percoll (SIP) solution (1:9 
PBS and Percoll). The brain homogenate and SIP solution mixture were 
then carefully transferred to 15 mL falcon tubes containing 2 mL of 30% 
SIP and centrifuged at 500×g for 30 min at 18 ◦C without brake for 
gradient separation. About 4–5 mL of the leukocyte interface was 
collected, transferred to a new 15 mL tube, and washed three times with 
PBS 1x at 500×g for 7 min at 4 ◦C. The pellet was resuspended to 200 μL 
with wash buffer (NaN3 2 mM, 0.5% BSA and 1x PBS). Cells were 
counted in the Neubauer chamber and proceeded to 
immunophenotyping. 

2.5. Phenotypic analysis by flow cytometry 

Cell staining started by adding the viability dye (LiveDead, AF700, 
BD Bioscience) followed by an incubation period of 10 min at 4 ◦C. After 
incubation, cells were washed twice by centrifugation at 300×g for 8 
min at 4 ◦C with PBS 1x and incubated with a 50 μL mix of surface 
antibodies (Supplementary Table 1) containing 10% control mice serum 
for 15 min at 4 ◦C. Cells were then submitted to two additional rounds of 
wash with PBS 1x as mentioned above and fixed with 2% para
formaldehyde (PFA) for 20 min at room temperature. After fixation, 
cells were washed twice with PBS 1x and transferred to FACS tubes. 
Acquisition was performed in LSR Fortessa (BD Biosciences, USA) and 
analyzed with the FlowJo software (Tree Star, Ashlan, OR). Data anal
ysis was followed by dimensionality reduction and visualization by t- 
Distributed Stochastic Neighbor Embedding (tSNE), diffusion map and 
heatmap using Cytofikit 2 (Chen et al., 2016). Clustering was performed 
by guided FlowSom. Each experimental group in tSNE analysis repre
sents seven mice with the input of the same number of cells. 

2.6. Quantification of systemic anti-Toxoplasma gondii IgG antibodies 

The level of systemic anti-T. gondii IgG was detected by an in-house 
ELISA. Briefly, 96-well plate was incubated with purified T. gondii sol
uble tachyzoite antigen (STAg) of the RH strain (1μg/100μL/well) for 2 
h at 37 ◦C. The plate was then washed in 0.05% PBS-Tween 20. Three 
percent of bovine serum albumin in PBS (PBS-BSA) was used to block 
nonspecific sites for 1 h, at 37 ◦C, and protected from light. After this 
step, 50 μL/well of the mice serum (1:100), and negative controls, were 
added and incubated for 1 h in the same conditions mentioned above, 
followed by washing as described. Next, it was added 100 μL/well of the 
peroxidase-conjugated anti-mouse IgG secondary antibody (diluted 
1:2000) and incubated for 1 h, at 37 ◦C and protected from light. After 
washing, 50 μL/well of O-phenylenediamine dihydrochloride (OPD) 
were added, followed by 20 min of incubation at 37 ◦C and protected 
from light. The reaction was stopped by adding 30 μL/well of stop so
lution (H2SO4 2 mol/L). The absorbance was measured at 490 nm 
wavelength and the IgG levels were expressed as optical density (OD). 

2.7. Quantification of IFN-γ, CX3CL1, NGF and GDNF in the prefrontal 
cortex, striatum, and hippocampus 

The brains were dissected to isolate the prefrontal cortex, striatum, 
and hippocampus. In these areas, the levels of IFN-γ, fractalkine 
(CX3CL1), nerve growth factor (NGF) and glial derived neurotrophic 
factor (GDNF) were measured by sandwich ELISA (DuoSet® ELISA, R&D 
Systems) according to the manufacturer’s instructions. The levels were 
quantified based on a standard curve, following the protocol provided 
by each kit. 
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2.8. Quantification of nitrite levels in the prefrontal cortex, striatum, and 
hippocampus 

The presence of nitric oxide in the three brain areas was indirectly 
determined by levels of nitrite measured by the colorimetric method of 
Griess (Guevara et al., 1998; Sun et al., 2003). Briefly, 100 μL/well of the 
brain area supernatant were added in a 96-well plate, followed by 100 
μL/well of Griess reagent (1% Sulfanilamide in 5% H2PO4 and 0.1% 
N-1-Naphthyl-ethylenediamine). The plate was incubated for 10 min, at 
room temperature and protected from light. The absorbance was 
measured at 540 nm wavelength and the nitrite concentration was 
determined based on a standard curve. 

2.9. Cytokines quantification by Cytometric Beads Array (CBA) 

The brain supernatant saved from the flow cytometry was used to 
determine the levels of local cytokines during T. gondii chronic infection. 
Levels of IFN-γ, TNF-α, IL-10, IL-2 and IL-6 were measured by CBA, 
according to the manufacturer’s instruction (BD Bioscience, USA). 
Samples were acquired in BD FACS Callibur flow cytometer (BD 
Bioscience, USA), and the data processing was performed in the software 
FlowJo (Tree Star, Ashlan, OR). 

2.10. Statistical analysis 

The analysis was performed using GraphPad Prism software, version 
8.0 (GraphPad, San Diego, CA, USA). The data had their normality 
analyzed by the Shapiro-Wilk test. Outlier values were identified and 
excluded based on the ROUT method for outlier identification. To 

compare data among parametric data groups was performed t-student 
test or ANOVA test of variance, followed by Tukey post-test. The analysis 
of non-parametric data was performed by Mann-Whitney or Kruskall- 
Wallis test, followed by Dunn’s post-test. Correlation analysis was 
made by Pearson’s correlation coefficient. The results were considered 
statistically significant when p < 0.05. The data presented here is 
representative of two independent experiments. 

3. Results 

3.1. Chronic infection by atypical strain of Toxoplasma gondii induces 
anxiety- and depressive-like behaviours in mice 

During the experimental protocol, all mice from both infected groups 
successfully survived. In the acute infection phase, both infected groups 
displayed similar sickness behaviour, characterized by piloerection and 
weight loss as the most evident signals. However, mice infected with the 
CK2 atypical strain exhibited higher and more prolonged weight loss 
compared to the ME49-infected mice. Additionally, the atypical strain- 
infected group showed a delay in weight recovery during the estab
lishment of chronic infection, in contrast to the ME49-infected group 
(data not shown). 

Aiming to investigate the impact of brain infection in the develop
ment of abnormal behaviours in mice, we evaluated here the locomotor 
activity, anxiety- and depressive-like behaviour and memory integrity 
during the establishment of chronic infection by distinct T. gondii strains. 

First, to evaluate if the infection could alter mice locomotor activity, 
mice were submitted to the open field test during the early chronic (4 
weeks) and well established chronic (8 weeks) infection. During the 

Fig. 1. Behavioural assessment of mice chronically infected by distinct T. gondii strains. The data represented here is from behavioural analysis for 8 weeks 
post-infection. (A) data analysis from the open field test, showing the total distance travelled (in meters) by non-infected (blue) and ME49- (orange) and CK2-infected 
(dark red) mice (left); and time spent in the periphery of the apparatus (right). (B) Data analysis from the elevated plus maze test, showing the number of entries (left) 
and the time spent (right) in the open arms by non-infected (blue) and ME49- (orange) and CK2-infected (dark red) mice. (C) Data analysis from the forced swim test, 
showing the time (in seconds) of immobility. (D) Memory analysis performed by the object recognition task. The statistical analysis for the recognition index with 
50% cut-off was performed by one sample t-test. * Indicates the statistical difference between non-infected and infected mice groups; # indicates the statistical 
difference between the infected mice groups. Statistical analysis to find difference among the studied groups was performed using ANOVA test of variance followed 
by Tukey post-test. Outlier values were removed after ROUT test for outlier identification. Data presented here are expressed as mean ± standard deviation (SD). 
Non-infected group (n = 10); ME49-infected group (n = 13) and CK2-infected group (n = 10). */#p < 0.05; **/##p < 0.01; ***/###p < 0.001; ****/####p <
0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

R.M.M. Brito et al.                                                                                                                                                                                                                             



Brain, Behavior, & Immunity - Health 30 (2023) 100652

5

early chronic infection, do differences were found in the locomotor ac
tivity of both infected groups (Supplementary Fig. 1A). However, in the 
8 weeks assessment, we found that chronic infection induced by the 
ME49 strain, but not by CK2 atypical strain, increased mice’s locomotor 
activity (Fig. 1A, left). In addition, since an open field test can also be 
used to evaluate anxiety-like behaviour (La-Vu et al., 2020), we also 
evaluated the time spent in the center and in the periphery of the 
apparatus. We found that CK2 atypical strain, but not ME49 strain, 
induced an anxiety-like behaviour in mice, once CK2-infected mice 
spent significantly more time in the periphery of the apparatus (Fig. 1A, 
right). 

After that, we also evaluated anxiety-like behaviour in the EPM test. 
Although no differences were found in the assessment during the 4 
weeks post-infection (Supplementary Fig. 1 B), in analysis performed 
during the course of 8 weeks post-infection CK2-infected mice spent less 
time in the open arm in comparison to control and ME49-infected mice, 
corroborating the previous data. Moreover, CK2-infected mice had 
decreased number of entries in the open arm (Fig. 1B). 

To evaluate depressive-like behaviour, mice were submitted to FST, 
which is the most commonly used assay (Petit-Demouliere et al., 2005). 
We found that CK2 atypical strain induced the development of 
depressive-like behaviour, which is shown by the increase in immobility 
time in comparison to the control and ME49 strain. This result was found 
during both 4 weeks and 8 weeks post-infection behavioural assessment 
(Supplementary Fig. 1C and 1C). 

Finally, to evaluate possible alterations in mice cognition, we used 
the object recognition task to assess the memory. We found, for both 4- 
and 8-weeks evaluation, that ME49 strain induced memory impairment 
once ME49-infected mice couldn’t differentiate the familiar object from 
the novel object (Supplementary Fig. 1D and 1D). However, it is note
worthy to mention that 4 out of 10 CK2-infected mice showed no interest 
in exploring the objects. 

3.2. Chronic infection by atypical strain of Toxoplasma gondii induces 
higher cerebral inflammation and marked reduction of microglia 
population 

During the experimental procedure, all mice remained infected for 8 
weeks to reach chronic infection. After this period, the quantification of 
the parasite’s cyst load in the brain revealed that infection with the 
atypical strain (CK2) was able to induce a higher number of cysts when 
compared to mice infected with the clonal strain (ME49) (Fig. 2A). 
Regarding the levels of specific anti-T. gondii antibodies, both strains 

were able to induce similar levels of systemic IgG (Fig. 2B). 
The analysis of the immune cell population in the brain was based on 

the expression level of the surface markers CD45, CD11b, CD3, CX3CR1, 
CD44, Ly6C and P2RY12, as evidenced in the analysis strategy used 
(Supplementary Fig. 2). As expected, non-infected (Ni) mice exhibited 
mainly the microglia population (Fig. 3A, right), identified based on the 
P2RY12 expression level. T. gondii-infected mice displayed increased 
inflammatory infiltrate (Fig. 3A, left), composed mainly by CD3+ T 
lymphocytes (Fig. 3A, middle-left); however, the atypical strain CK2 
induced higher lymphocytic infiltrate when compared to ME49-infected 
mice. 

Based on the expression level of surface markers, we separated the 
inflammatory monocytes infiltrated from the periphery (Live
CD45hiCD11bhiCX3CR1+CD44hiSiglecH− Ly6ChiP2RY12-) from the resi
dent microglia population (LiveCD45lowCD11b +

CX3CR1hiCD44− SiglecH+Ly6C–P2RY12+). T. gondii chronic infection 
induced a marked infiltration of inflammatory Ly6Chi monocytes in the 
brain, which display high expression of CD44 characteristic of 
periphery-derived infiltrating cells, regardless of the infecting strain 
(Fig. 3A, middle-right). Concomitantly to the high cell infiltration in the 
brain, we found a marked reduction of microglia population during the 
chronic infection, in a strain-independent fashion (Fig. 3A, right). 

Dimensionality reduction analysis by tSNE identified the three main 
cell populations, evidencing the CD3+ lymphocytes (red), Ly6Chi 

monocytes (purple) and P2RY12hi microglia (blue) (Fig. 3B). Analysing 
each experimental group separately, tSNE analysis revealed the pre
dominance of lymphocytes and inflammatory monocytes in the brain of 
mice infected with ME49 (Fig. 3B, middle-right) and CK2 (Fig. 3B, right) 
strains of T. gondii, followed by a significant decrease in the microglia 
population, when compared to the non-infected mice group (Fig. 3B, 
middle-left). The differentiation between infiltrated inflammatory 
monocytes and microglia population was achieved by the differences in 
the expression level of the surface markers P2RY12, Ly6C, SiglecH, 
CX3CR1, CD45 and CD44; microglia exhibit high expression levels of 
P2RY12 and do not express Ly6C, while inflammatory monocytes that 
infiltrate in the niche do not express P2RY12 and express high levels of 
Ly6C, CD44 and CD45 (Fig. 3C; Supplementary Fig. 3A). 

In addition to the inflammatory cells infiltrating, we measured the 
levels of cytokines in the brain. We found that during chronic infection, 
besides the marked inflammatory cells infiltrate, mice infected by CK2 
strain displayed higher levels of IFN-γ and TNF-α, when compared to 
ME49-infected and non-infected mice groups (Fig. 4; Supplementary 
Fig. 3B). No significant differences were observed in the levels of IL-10, 

Fig. 2. Quantification of the tissue cysts number 
and systemic anti-T. gondii IgG levels. (A) Tissue 
cyst burden in the brain homogenate of male BALB/c 
mice, infected by T. gondii ME49 clonal strain or CK2 
atypical strain eight weeks post-infection. (B) Quan
tification of systemic IgG levels, eight weeks post- 
infection compared to non-infected group. The sta
tistical analysis was performed by t student test. In 
“B”, the asterisks represent the statistical difference 
among infected and non-infected groups. Data pre
sented here are expressed as mean ± standard devi
ation (SD). OD: optical density. *p < 0.05; ****p <
0.0001.   
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IL-6 and IL-2 among the non-infected and infected groups (Supple
mentary Fig. 3C). In addition, it was found that the T. gondii cyst load in 
the brain positively correlated to the lymphocyte’s infiltration and to the 
high levels of IFN-γ found during chronic infection; on the other hand, 
the same cyst load was shown to inversely correlated to the microglia 
population; thus, as higher is the cyst load in the brain, the lower is the 
microglia population (Fig. 5A). Furthermore, the levels of IFN-γ were 
shown to be directly correlated to the number of lymphocytes infiltrated 
in the brain of infected mice (Fig. 5B), however no correlation was found 
among the levels of this cytokine and the microglia population or in
flammatory monocytes infiltrate (Fig. 5B). 

In the search for a possible answer on how T. gondii chronic infection 
could trigger behavioural changes, the levels of IFN-γ detected in the 
brain of infected mice were submitted to correlation analysis with the 

behavioural parameters obtained. Here, we found that, in the open field 
test, the locomotor activity displayed by the infected mice was inversely 
correlated with the levels of IFN-γ in the brain (Fig. 6A, left); in addition, 
the time spent in the periphery was directly correlated with this cytokine 
concentration in the brain of infected mice (Fig. 6A, right). Correlations 
between IFN-γ levels and the anxiety-like behaviour identified by the 
EPM test were also observed (Fig. 6B). Furthermore, the IFN-γ levels 
were also shown to be directly correlated with the time of immobility of 
infected mice during chronic infection (Fig. 6C). 

3.3. Cerebral inflammation and altered levels of neurotrophic factors are 
present in distinct brain areas during chronic Toxoplasma gondii infection 

Next, we sought to analyze the chronic T. gondii infection impact 

Fig. 3. Analysis of the immune cell populations identified in the brain of mice chronically infected with T. gondii. (A) quantification of the total cell number 
in the brain, followed by the number of CD3+ T lymphocytes, Ly6Chi inflammatory monocytes and P2RY12hi microglia among non-infected mice (N = 6; blue) and 
mice infected with T. gondii ME49 (N = 6; orange) clonal strain or CK2 atypical strain (N = 6; dark red). (B) tSNE of combined data (upper left side) from non-infected 
mice and mice after 8 weeks of infection by T. gondii ME49 clonal strain and CK2 atypical strain. This analysis was reached using the group of cells identified as 
LiveCD45+. The distribution of T lymphocytes (red), microglia (blue) and inflammatory monocytes (purple) were subsequently stratified according to each mice 
group (Non-infected, Ni; ME49-infected and CK2-infected mice). (C) Heatmap highlighting the expression level of each surface marker, according to the population of 
microglia and inflammatory monocytes. Data presented here are representative of two independent experiments and expressed as mean ± standard deviation (SD). * 
Indicates the statistical difference between non-infected and infected mice groups; # indicates the statistical difference between the infected mice groups. Statistical 
analysis was performed using ANOVA test of variance followed by Tukey post-test. Outlier values were removed after ROUT test for outlier identification. */#p <
0.05; **/##p < 0.01; ***/###p < 0.001; ****/####p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 4. Quantification of I IFN-γ and TNF-α levels 
in the brain of mice eight weeks after T. gondii 
infection. Chronic infection by atypical strain CK2 
(N = 7) lead to significantly higher levels of IFN-γ (A) 
and TNF-α (B) in the brain of mice, when compared to 
ME49-infected (N = 7) and non-infected mice (N =
7). Data presented here are expressed as mean ±
standard deviation (SD). * Indicates the statistical 
difference between non-infected and infected mice 
groups; # indicates the statistical difference between 
the infected mice groups. Statistical analysis was 
performed using ANOVA test of variance followed by 
Tukey post-test. Outlier values were removed after 
ROUT test for outlier identification. */#p < 0.05; 
**/##p < 0.01; ***/###p < 0.001; ****/####p <
0.0001.   
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Fig. 5. Toxoplasma gondii tissue cyst burden is correlated to the microglia population and to the production of IFN-γ in the brain of infected mice. (A) 
Correlation analysis between the cell populations of T lymphocytes, inflammatory monocytes, microglia and IFN-γ levels with the T. gondii tissue cyst burden in the 
brain of infected mice. (B) Correlation analysis of the IFN-γ levels in the brain with the cell populations of microglia, inflammatory monocytes and T lymphocytes in 
the brain of infected mice. The correlation analysis was performed by the Pearson’s coefficient of correlation, followed by linear regression with 95% confidence 
interval. Orange dots represent mice infected with ME49 clonal strain (N = 6), and purple dots represent mice infected with CK2 atypical strain (N = 6). Outlier 
values were removed after ROUT test for outlier identification. The results were considered statistically significant when p < 0.05. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Total brain levels of IFN-γ are correlated with the behavioural profile displayed by mice chronically infected with T. gondii. The levels of IFN-γ in the 
brain of infected mice were inversely correlated with the distance travelled, while directly correlated with the time spent in the periphery of the open field apparatus 
(A). The number of entries and the time spent in the open arms of the elevated plus maze were inversely correlated with the levels of IFN-γ in the brain of infected 
mice. (C) With the data obtained from the forced swim test, it was found that the time of immobility was directly correlated with the brain levels of IFN-γ in mice 
chronically infected with T. gondii. The correlation analysis was performed by the Pearson’s coefficient of correlation, followed by linear regression with 95% 
confidence interval. Orange dots represent mice infected with ME49 clonal strain (N = 7), and purple dots represent mice infected with CK2 atypical strain (N = 7). 
Outlier values were removed after ROUT test for outlier identification. The results were considered statistically significant when p < 0.05. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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over the levels of neurotrophic factors in three different areas of the mice 
brain: prefrontal cortex, striatum, and hippocampus. The analysis 
revealed that the infection with T. gondii CK2 atypical strain was capable 
to interfere in the levels of NGF, leading to the decrease of this factor in 
the prefrontal cortex (Fig. 7A, left) and striatum (Fig. 7A, middle) when 
compared to non-infected and ME49-infected mice groups; furthermore, 
the levels of GDNF in the brain of mice infected with both ME49 and CK2 
strains were shown to be significantly higher in the prefrontal cortex 
(Fig. 7B, left) when compared to naive counterparts. 

After detecting the changes in the neurotrophic factors, we analyzed 
the levels of inflammatory mediators in the same three brain areas. 
T. gondii-infected mice displayed high levels of IFN-γ in the three 
analyzed areas (Fig. 7C); however, no differences on this cytokine levels 
were found between both infecting strains. The levels of nitrite in the 
brain, representative of nitric oxide presence due to inflammatory 
response, were shown to be elevated in all infected mice (Fig. 7D), in a 
strain-independent fashion. In addition to the inflammatory mediators, 
we also analyzed the concentration of CX3CL1, which is a chemokine 
important for the communication between neurons and microglia. 
During chronic infection by the atypical strain CK2, CX3CL1 levels were 
significantly higher in the prefrontal cortex (Fig. 7E, left), while reduced 
levels were found in the hippocampus (Fig. 7E, right); no differences 
were found in the striatum (Fig. 7E, middle), when compared to non- 
infected mice. 

In summary, our data demonstrated that Toxoplasma chronic infec
tion can lead to behavioural alterations in a strain-dependent fashion 
and correlated with the IFN-γ levels in the brain. While the ME49 strain 
induced alterations in mice’s locomotor activity and memory, the 
atypical strain CK2 induced anxiety and depressive-like behaviours. The 
altered behaviours observed, mainly among mice infected with the 
atypical strain, were shown to be correlated to the brain IFN-γ levels, 
supporting the hypothesis that chronic brain infections that lead to 
persistent neuroinflammation can interfere in the adequate cerebral 
functioning, which is reflected by abnormal mice behaviour. 

4. Discussion 

During T. gondii brain infection, neurons are the main target of the 
parasite, representing 85% of the infected cells (Cabral et al., 2016). It 
was shown that the chronic infection can induce the retraction of the 
dendritic tree of neurons in the basolateral amygdala (Mitra et al., 
2013), as well as contributing to the degeneration of glutamatergic and 
GABAergic neurons in different portions of the prefrontal cortex. These 
neurons under degeneration were found to express high levels of frac
talkine (CX3CL1) and to be surrounded by reactive microglia (Li et al., 
2019). Fractalkine production by neurons plays a crucial role in 
modulating the reactive phenotype of microglia, which expresses the 
CX3CR1 receptor (Harrison et al., 1998) and the CX3CL1-CX3CR1 sig
nalling axis can influence brain homeostasis through the regulation of 
inflammatory mediators by reactive microglia (Cardona et al., 2006; 
Limatola and Ransohoff, 2014). Alterations in this pathway can interfere 
with cerebral functioning, as reduced levels of CX3CL1 were shown to 
lead to cognitive impairment and long-term memory deficits in mice 
(Winter et al., 2020). During the chronic infection by the atypical 
T. gondii strain (CK2), the levels of CX3CL1 were found to be increased 
and decreased in the prefrontal cortex and hippocampus, respectively. 
However, only mice infected with the ME49 clonal strain showed 
memory deficit, despite no changes in CX3CL1 levels. These alterations 
highlight the impact of chronic infection in the communication path
ways between neurons and microglia, as a result of cellular impairment 
and inflammation generated in the brain due to the presence of T. gondii 
cysts. 

The production and release of neurotrophic factors are crucial for the 
cerebral function, as they are involved in mechanisms of maintenance, 
plasticity, and survival of neuronal cells; in addition to being closely 
involved in the maintenance of cognitive functions (Berry et al., 2012; 

Budni et al., 2015). In experimental models of brain ischemia, mice 
harbouring lesions displayed anxiety- and depressive-like behaviours 
along with high levels of NGF (Fernandes et al., 2020). Conversely, 
experimental models using rodents were able to induce anxiety- and 
depressive-like behaviours and displayed reduced levels of NGF in 
different brain areas (Song et al., 2009; Filho et al., 2015; Hashikawa 
et al., 2015). Another study found reduced levels of NGF and GDNF in 
the prefrontal cortex, striatum and hippocampus of rats using an 
experimental model of bipolar disorder profile and anxiety- and 
depressive-like behaviours induced by amphetamine (Valvassori et al., 
2019). Variations in neurotrophic factors levels and their association 
with abnormal behaviours might reflect the impact of distinct insults in 
the CNS, leading to disturbance of brain homeostasis, with the severity 
being related to the experimental model applied. In our work, during the 
chronic infection by T. gondii atypical CK2 strain, the availability of NGF 
was impacted, leading to reduced levels in the prefrontal cortex and 
striatum when compared to mice infected with ME49 strain and with the 
non-infected group. The infection led to increased GDNF levels only in 
the prefrontal cortex. In a previous study, high levels of GDNF were 
linked to increased locomotor activity in mice (Littrell et al., 2013), 
however, in our study, such alterations were not observed among mice 
infected with the atypical strain. In the case of T. gondii infection, factors 
such as parasite genotype and virulence, widespread tissue cyst load and 
the cytotoxic stimuli triggered by the neuroinflammation and oxidative 
environment can contribute to the development of behavioural abnor
malities, such as anxiety- and depressive-like behaviours (Kim et al., 
2016; Xia et al., 2018; Han et al., 2020). 

Herein, the behavioural alterations found in mice infected with 
T. gondii were shown to be correlated with IFN-γ levels in the brain, 
offering valuable insights into how chronic neuroinflammation can 
contribute to behavioural disturbances in mice models. In the context of 
long-term brain infections, such as T. gondii infection analyzed in this 
work, behavioural alterations may result from multifactorial parame
ters, including parasite virulence and burden, the induced neuro
inflammation, and unbalanced levels of neurotrophic factors in the 
brain. In addition, previous studies have shown that T. gondii infection 
can interfere with the GABAergic and glutamatergic signalling path
ways. During infection of C57BL/6 mice with T. gondii ME49 strain, an 
increased expression of the enzyme GAD67 was observed, while a 
decrease in the expression of NMDAR was reported (Torres et al., 2018). 
Another study has reported the production of anti-NMDAR autoanti
bodies during T. gondii chronic infection in CD-1 mice, being influenced 
by the tissue cyst load in the brain, and it was also found to be involved 
in the establishment of behavioural alterations, such as reduction of 
locomotor and exploratory activities during the chronic infection (Li 
et al., 2018). These findings can be used to explain the onset of behav
ioural abnormalities in mice chronically infected by T. gondii. 

In a recent study, C57BL/6 mice infected with T. gondii ME49 strain 
and treated with sulfadiazine and pyrimethamine during the establish
ment of chronic infection presented an improvement in the behaviour 
parameters analyzed, with reduced anxiety- and depressive-like be
haviours, in addition to the decrease of hyperlocomotor profile. After 
treatment, which induces the chronic infection, the resolution of 
behavioural abnormalities was accompanied by reduced tissue cyst load 
in the brain, with lower levels of neuroinflammation visualized by his
tological analysis displaying less intense meningitis and reduced 
mononuclear inflammatory cells infiltrating into the CNS (Castaño et al., 
2022). In Castaño et al. (2022) study, the levels of inflammatory cyto
kines in the serum of treated and untreated mice were measured and a 
marked reduction in IFN-γ and TNF-ɑ levels was found after treatment. 
However, measuring cytokine levels directly from the brain tissue could 
provide a more accurate representation of the neuroinflammatory 
levels. In our study, higher levels of IFN-γ were found in the brain tissue 
of mice infected with either strain, indicating that the inflammation 
induced locally could be involved with the establishment of the 
abnormal behaviours found. Our experimental model highlights the 
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Fig. 7. Toxoplasma gondii chronic 
infection impacts the levels of neuro
trophic factors and inflammatory me
diators in different brain regions. 
Quantification of (A) nerve growth factor 
(NGF) and (B) glia derived neurotrophic 
factor (GDNF) levels in the prefrontal 
cortex, striatum, and hippocampus of 
non-infected (N = 7; blue) and ME49- (N 
= 7; orange) and CK2-infected (N = 7; 
dark red) mice. Quantification of IFN-γ 
(C), nitric oxide (D) and fractalkine – 
CX3CL1 (E) in the prefrontal cortex, 
striatum, and hippocampus of non- 
infected (blue) and ME49- (orange) and 
CK2-infected (dark red) mice. Data pre
sented here are expressed as mean ±
standard deviation (SD). Outlier values 
were removed after ROUT test for outlier 
identification. * Indicates the statistical 
difference between non-infected and 
infected mice groups; # indicates the 
statistical difference between the infected 
mice groups. Statistical analysis was per
formed using ANOVA test of variance 
followed by Tukey post-test. NO: nitric 
oxide. */#p < 0.05; **/##p < 0.01; 
***/###p < 0.001; ****/####p <

0.0001. (For interpretation of the refer
ences to color in this figure legend, the 
reader is referred to the Web version of 
this article.)   
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impact induced by chronic infection even in a resistant host model, 
leading to an inflamed environment that disrupts cerebral homeostasis. 
Although, treatment during chronic infection can reduce cerebral 
damage triggered by the parasite’s presence in the brain and its asso
ciated neuroinflammation, leading to the remission of behavioural ab
normalities as shown by Castaño and colleagues, it is still necessary to 
evaluate whether treating chronic infection in different hosts, infected 
with distinct T. gondii strains, can re-establish homeostasis in the brain. 

Central nervous system infections have been identified as major 
players in the disruption of cerebral integrity and impairment of ho
meostatic brain functioning. Viral infections that reach the CNS are 
responsible for establishing marked inflammation, leading to encepha
litis and triggering damage to brain tissue (Filgueira et al., 2021). 
Microglia play a key role in regulating brain homeostasis and act as 
scavenger cells (Tsai et al., 2016) and reduction of 50–60% of microglia 
population in mice or humans is associated with the loss of myelin 
integrity (McNamara et al., 2022). The pharmacological depletion of 
microglia in mice has shown the impact of this cell population disap
pearance in the control of viral infections, such as West Nile Virus 
(WNV), Japanese Encephalitis Virus (JEV) and Zika Virus (ZIKV) in
fections, leading to increased viral load and mice susceptibility with 
higher mortality rates during these infections (Seitz et al., 2018; Enlow 
et al., 2021). 

In our study of T. gondii chronic infection, it was found a dramatic 
impact on microglia population in mice infected with either ME49 or 
CK2 strains, when compared to non-infected mice. A recent study 
highlighted the ability of T. gondii infection to induce the increase of 
microglia on the eyes of BALB/c mice after instillation of tachyzoites in 
the conjunctival sac (Soares et al., 2022). However, the increased 
microglia population was identified based only in the immunohisto
chemical staining for Iba-1, which does not allow a real differentiation 
among microglia and infiltrated inflammatory monocytes (Amici et al., 
2017; Jurga et al., 2020). A more accurate differentiation of microglia 
and inflammatory monocytes can be reached by targeting the receptors 
Tmem119 and/or P2RY12 (Butovsky et al., 2014; Bennet et al., 2016). 
Furthermore, the route of infection and virulence profile of the parasite 
strain must also be considered, as they contribute to the severity of the 
infection and tissue damage in the host. In this sense, the chronic 
infection by T. gondii stimulates marked alterations in the resident 
macrophages, either by leading to cell disappearance or changes in the 
cell phenotype, and at the same time induces a strong inflammatory 
infiltrate in the brain. However, we acknowledge that lineage tracing 
experiments are necessary to definitively determine the cellular origin 
and dynamics within the neuroinflammatory environment following 
T. gondii infection. However, the analysis of marker expression con
ducted in our study provides valuable insights into the profile of the 
neuroinflammatory response. These markers offer a glimpse into the 
potential changes occurring in microglia. Nevertheless, to ascertain 
whether the observed changes are due to microglial disappearance or a 
drastic shift in their phenotype, lineage tracing experiments would be 
essential. These experiments would provide a more comprehensive un
derstanding of the cellular changes and clarify the precise contributions 
of microglia and other immune cells in the context of T. gondii infection. 

It is noteworthy to highlight the importance of the host-parasite 
dynamics displayed by distinct strains of T. gondii isolated from a wide 
range of intermediate hosts, which directly affect the incidence of 
human infection in many regions of the world. The identification of 
T. gondii virulence profile and its ability to induce different levels of 
neuroinflammation is crucial for understanding the impact on neuro
cognitive function related to the pathology triggered. The results pre
sented here place T. gondii chronic infection as a suitable model for 
studying the impact of CNS infections and its relationship with disrupted 
brain connectivity caused by persistent neuroinflammation, and 
behavioural disturbances. 
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Dubey, J.P., Murata, F.H.A., Cerqueira-Cézar, C.K., Kwok, O.C.H., Villena, I., 2021. 
Congenital toxoplasmosis in humans: an update of worldwide rate of congenital 
infections. Parasitology 148, 1406–1416. https://doi.org/10.1017/ 
S0031182021001013. 
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Flegr, J., Horácek, J., 2020. Negative effects of latente toxoplasmosis on mental health. 
Front. Psychiatr. 10, 1012. https://doi.org/10.3389/fpsyt.2019.01012. 

Flegr, J., Prandota, J., Sovickova, M., Israili, Z.H., 2014. Toxoplasmosis – a global threat. 
Correlation of latent toxoplasmosis with specific disease burden in a set of 88 
countries. PLoS One 24, e90203 journal.pone.0090203.  

Gale, S.D., Brown, B.L., Berrett, A., Erickson, L.D., Hedges, D.W., 2014. Association 
between latent toxoplasmosis and major depression, generalised anxiety disorder 
and panic disorder in human adults. Folia Parasitol. 61, 285–292. https://doi.org/ 
10.14411/fp.2014.038. 

Gatkowska, J., Wieczorek, M., Dziadek, B., Dzitko, K., Dlugonska, H., 2013. Sex- 
dependent neurotransmitter level changes in brain of Toxoplasma gondii infected 
mice. Exp. Parasitol. 133 (1), 1–7. https://doi.org/10.1016/j.exppara.2012.10.005. 

Graham, A.K., Fong, C., Naqvi, A., Lu, J.Q., 2021. Toxoplasmosis of the central nervous 
system: manifestations vary with imune responses. J. Neurol. Sci. 420, 117223 j. 
jns.2020.117223.  

Guevara, I., Iwanejko, J., Dembinska-Kiec, A., Pankiewicz, J., Wanat, A., Anna, P., 
Golabek, I., Bartus, S., Malczewska-Male, c M., Szczudlik, A., 1998. Determination of 
nitrite/nitrate in human biological material by the simple Griess Method. Clin. Chim. 
Acta 274, 177–188. https://doi.org/10.1016/s0009-8981(98)00060-6. 

Han, Y.Y., Jin, K., Pan, Q.S., Li, B., Wu, Z.Q., Gan, L., et al., 2020. Microglial activation in 
the dorsal striatum participates in anxiety-like behavior in Cyld knockout mice. Brain 
Behav. Immun. 89, 326–338. https://doi.org/10.1016/j.bbi.2020.07.011. 

Harrison, J.K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R.K., et al., 1998. 
Role for neuronally derived fractalkine in mediating interactions between neurons 
and CX3CR1-expressing microglia. Proc. Natl. Acad. Sci. USA 95, 10896–10901. 
https://doi.org/10.1073/pnas.95.18.10896. 

Hashikawa, N., Ogawa, T., Sakamoto, Y., Ogawa, M., Matsuo, Y., Zamami, Y., 
Hashikawa-Hobara, N., 2015. Time course of behavioral alteration and mRNA levels 
of neurotrophic factor following stress exposure in mouse. Cell. Mol. Neurobiol. 35, 
807–817. https://doi.org/10.1007/s10571-015-0174-x. 

Hegazy, M.M., Elmehankar, M.S., Azab, M.S., El-Tantawy, N.L., Abdel-Aziz, A., 2019. Sex 
dichotomy in the course of experimental latente toxoplasmosis. Exp. Parasitol. 202, 
15–21. https://doi.org/10.1016/j.exppara.2019.05.003. 

Horita, J.K.H.A., Silva, M.C.M., Ferrari, C.Z., Vieira, E.L.M., Moreira, F.A., Oliveira, A.C. 
P., Reis, H.J., 2020. Evaluation of brain cytokines and the level of brain-derived 
neurotrophic factor in an inflammatory model of depression. 
Neuroimmunomodulation 27, 87–96. https://doi.org/10.1159/000511181. 

Jurga, A.M., Paleczna, M., Kuter, K., 2020. Overview of general and discriminating 
markers of differential microglia phenotypes. Front. Cell. Neurosci. 14, 198. https:// 
doi.org/10.3389/fncel.2020.00198. 

Khan, A., Taylor, S., Ajioka, J.W., Rosenthal, B.M., Sibley, L.D., 2009. Selection at a 
single locus leads to widespread expansion of Toxoplasma gondii lineages that are 
virulent in mice. PLoS Genet. 5, e10000404 https://doi.org/10.1371/journal. 
pgen.1000404. 

Kim, Y.K., Na, K.S., Myint, A.M., Leonard, B.E., 2016. The role of pro-inflammatory 
cytokines in neuroinflammation, neurogenesis and the neuroendocrine system in 
major depression. Prog. Neuro Psychopharmacol. Biol. Psychiatr. 64, 277–284. 
https://doi.org/10.1016/j.pnpbp.2015.06.008. 

Korin, B., Dubovik, T., Rolls, A., 2018. Mass cytometry analysis of immune cells in the 
brain. Nat. Protoc. 13, 377–391. https://doi.org/10.1038/nprot.2017.155. 

La-Vu, M., Tobias, B.C., Schuette, P.J., Adhikari, A., 2020. To approach or avoid: an 
introductory overview of the study of anxiety using rodent assays. Front. Behav. 
Neurosci. 14, 145. https://doi.org/10.3389/fnbeh.2020.00145. 

Li, B., Yang, W., Ge, T., Wang, Y., Cui, R., 2022. Stress induced microglial activation 
contributes to depression. Pharmacol. Res. 179, 106145 https://doi.org/10.1016/j. 
phrs.2022.106145. 

R.M.M. Brito et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.jpsychires.2018.12.016
https://doi.org/10.1016/j.jpsychires.2018.12.016
https://doi.org/10.1371/journal.pgen.1005434
https://doi.org/10.1371/journal.pgen.1005434
https://doi.org/10.1016/j.neuropharm.2019.107785
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.3389/fcimb.2021.645778
https://doi.org/10.1155/2012/784040
https://doi.org/10.1097/INF.0000000000002130
https://doi.org/10.1016/j.bbih.2020.100197
https://doi.org/10.1007/s00436-020-06674-8
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref18
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref18
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref18
https://doi.org/10.14336/AD.2015.0825
https://doi.org/10.1038/nn.3599
https://doi.org/10.1038/nn.3599
https://doi.org/10.1371/journal.ppat.1005447
https://doi.org/10.1371/journal.ppat.1005447
https://doi.org/10.1016/j.brainbull.2019.11.009
https://doi.org/10.1038/nn1715
https://doi.org/10.1002/glia.23816
https://doi.org/10.3389/fimmu.2022.822567
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref26
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref26
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref26
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref27
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref27
https://doi.org/10.1371/journal.pone.0218524
https://doi.org/10.1371/journal.pone.0218524
https://doi.org/10.1371/journal.pcbi.1005112
https://doi.org/10.1186/1756-3305-5-279
https://doi.org/10.1186/1756-3305-5-279
https://doi.org/10.1016/j.rvsc.2013.01.006
https://doi.org/10.1016/j.rvsc.2013.01.006
https://doi.org/10.1176/appi.prcp.20210041
https://doi.org/10.1086/521246
https://doi.org/10.1017/S0031182012000765
https://doi.org/10.1017/S0031182021001013
https://doi.org/10.1017/S0031182021001013
https://doi.org/10.1186/s12974-021-02221-z
https://doi.org/10.1016/j.psychres.2016.08.056
https://doi.org/10.1016/j.npbr.2020.10.002
https://doi.org/10.3390/cells10071836
https://doi.org/10.3390/cells10071836
https://doi.org/10.1016/j.neuroscience.2014.12.048
https://doi.org/10.1016/j.neuroscience.2014.12.048
https://doi.org/10.3389/fpsyt.2019.01012
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref42
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref42
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref42
https://doi.org/10.14411/fp.2014.038
https://doi.org/10.14411/fp.2014.038
https://doi.org/10.1016/j.exppara.2012.10.005
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref45
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref45
http://refhub.elsevier.com/S2666-3546(23)00066-2/sref45
https://doi.org/10.1016/s0009-8981(98)00060-6
https://doi.org/10.1016/j.bbi.2020.07.011
https://doi.org/10.1073/pnas.95.18.10896
https://doi.org/10.1007/s10571-015-0174-x
https://doi.org/10.1016/j.exppara.2019.05.003
https://doi.org/10.1159/000511181
https://doi.org/10.3389/fncel.2020.00198
https://doi.org/10.3389/fncel.2020.00198
https://doi.org/10.1371/journal.pgen.1000404
https://doi.org/10.1371/journal.pgen.1000404
https://doi.org/10.1016/j.pnpbp.2015.06.008
https://doi.org/10.1038/nprot.2017.155
https://doi.org/10.3389/fnbeh.2020.00145
https://doi.org/10.1016/j.phrs.2022.106145
https://doi.org/10.1016/j.phrs.2022.106145


Brain, Behavior, & Immunity - Health 30 (2023) 100652

12

Li, Y., Liu, Y., Xiu, F., Wang, J., Cong, H., He, S., et al., 2018. Characterization of 
exosomes derived from Toxoplasma gondii and their functions in modulating immune 
responses. Int. J. Nanomed. 13, 467–477. https://doi.org/10.2147/IJN.S151110. 

Li, Y., Severance, E.G., Viscidi, R.P., Yolken, R.H., Xiao, J., 2019. Persistent Toxoplasma 
infection of the brain induced neurodegeneration associated with activation of 
complement and microglia. Infect. Immun. 87 https://doi.org/10.1128/IAI.00139- 
19, 00139-19.  

Liesenfeld, O., 2002. Oral infection of C57BL/6 mice with Toxoplasma gondii: a new 
model of inflammatory bowel disease? JID (J. Infect. Dis.) 185, 96–101. https://doi. 
org/10.1086/338006. 

Limatola, C., Ransohoff, R.M., 2014. Modulating neurotoxicity through CX3CL1/CX3CR1 
signalling. Front. Cell. Neurosci. 8, 229. https://doi.org/10.3389/fncel.2014.00229. 

Littrell, O.M., Granholm, A.C., Gerhardt, G.A., Boger, H.A., 2013. Glial cell-line derived 
neurotrophic factor (GDNF) replacement attenuates motor impairments and 
nigrostriatal dopamine deficits in 12-month-old mice with a partial deletion of 
GDNF. Pharmacol. Biochem. Behav. 104, 10–19. https://doi.org/10.1016/j. 
pbb.2012.12.022. 

McNamara, N.B., Munro, D.A.D., Bestard-Cuche, N., Uyeda, A., Bogie, J.F.J., 
Hoffman, A., et al., 2022. Microglia regulate central nervous system myelin growth 
and integrity. Nature 17, 1–10. https://doi.org/10.1038/s41586-022-05534-y. 

Meurer, Y.S.R., Brito, R.M.M., Silva, V.P., Andrade, J.M.A., Linhares, S.S.G., Pereira- 
Junior, A., et al., 2020. Toxoplasma gondii infection damages the perineuronal nets in 
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