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Laboratory of Experimental Neuropathology, University of Oxford, Oxford, England, United Kingdom

Ocular infection with Toxoplasma gondii causes toxoplasmosis in mice. However,
following ocular infection with tachyzoites, the cause of the accompanying progressive
changes in hippocampal-dependent tasks, and their relationship with the morphology and
number of microglia, is less well understood. Here, in 6-month-old, female BALB/c mice,
5 ml of a suspension containing 48.5 × 106 tachyzoites/ml was introduced into the
conjunctival sac; control received an equal volume of saline. Before and after instillation,
all mice were subject to an olfactory discrimination (OD) test, using predator (cat) feces,
and to an open-field (OF) task. After the behavioral tests, the animals were culled at either
22 or 44 days post-instillation (dpi), and the brains and retinas were dissected and
processed for immunohistochemistry. The total number of Iba-1-immunolabeled microglia
in the molecular layer of the dentate gyrus was estimated, and three-dimensional
reconstructions of the cells were evaluated. Immobility was increased in the infected
group at 12, 22, and 43 dpi, but the greatest immobility was observed at 22 dpi and was
associated with reduced line crossing in the OF and distance traveled. In the OD test,
infected animals spent more time in the compartment with feline fecal material at 14 and at
43 dpi. No OD changes were observed in the control group. The number of microglia was
increased at 22 dpi but returned to control levels by 44 dpi. These changes were
associated with the differentiation of T. gondii tachyzoites into bradyzoite-enclosed
cysts within the brain and retina. Thus, infection of mice with T. gondii alters exploratory
behavior, gives rise to a loss in predator’s odor avoidance from 2 weeks after infection,
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increased microglia number, and altered their morphology in the molecular layer of the
dentate gyrus.
Keywords: Toxoplasma gondii, ocular conjunctival instillation, neuroinfection, hippocampus, behavioral tests,
microglia response
INTRODUCTION

Toxoplasma gondii is an intracellular parasite that can infect
most warm-blooded animals, where it may invade the central
nervous system and provoke neuroinflammation and behavioral
changes (for recent reviews, see Mendez and Koshy, 2017;
Martinez et al., 2018; Chen et al., 2019; de Haan et al., 2021;
Nasuhidehnavi and Yap, 2021; Nayeri et al., 2021; Postolache
et al., 2021). It is estimated that approximately 30% of the world’s
population is infected with this protozoan, but there is much
greater prevalence in African and South American countries
(Agordzo et al., 2019; Karshima and Karshima, 2020; Rahmanian
et al., 2020; de Lima Bessa et al., 2021). For example, in Brazil
seroprevalence is 92%, but in the USA, it is only 22.5% (Jones
et al., 2001; Jones and Dubey, 2014).

Acute T. gondii infection is associated with the rapid replication
of tachyzoites followed by their conversion to bradyzoites, which
can form infectious cysts within the brain, muscle, and other tissues,
which establishes a life-long, latent infection (Sullivan and Jeffers,
2012; Rougier et al., 2017) that can give rise to neuroinflammation,
vascular injury, and damage to the blood–brain barrier (Castaño
Barrios et al., 2021; Egorov et al., 2021).

It has been suggested that the ability of T. gondii to alter the
behavior of its intermediate hosts may enhance its transmission
rate through the food chain. In rodents, for example, motor
impairments, longer reaction times, and a reduction in the
avoidance of feline predators, as well as spatial learning and
memory impairments, have all been reported to be features of a
T. gondii infection (Webster, 2001; Hodkova et al., 2007; Webster,
2007; Flegr, 2010; Berenreiterová et al., 2011; Flegr et al., 2011;
Afonso et al., 2012; Flegr and Markos,̌ 2014; Mahmoudvand et al.,
2015; Torres et al., 2018). However, the effect of T. gondii infection
on the behavior of mice in the open field is not straightforward.
Some report no changes in the locomotor activity (Evangelista
et al., 2021), others describe reduced activity (Mahmoudvand
et al., 2015; Bezerra et al., 2019), and others report hyperactivity
(Meurer et al., 2020) in infected mice. Similarly, it has been
reported that infection can either increase or decrease anxiety-
like behaviors (Mahmoudvand et al., 2015; Torres et al., 2018;
Boillat et al., 2020), and the selective loss of innate specific feline-
evoked avoidance in T. gondii-infected mice also remains a
controversial issue (Worth et al., 2013; Worth et al., 2014;
Boillat et al., 2020). However, consistent losses in the aversion of
felid urine or feces have been described in infected rats and mice
(Berdoy et al., 2000; Vyas et al., 2007; Lamberton et al., 2008;
Kannan et al., 2010; Ingram et al., 2013; Vyas, 2015; Hammoudi
and Soldati-Favre, 2017). Boillat and colleagues demonstrated that
T. gondii lowers general anxiety in infected mice and that the lack
of aversion of mice infected with T. gondii extends to predators
gy | www.frontiersin.org 2
other than felids (Boillat et al., 2020). They have also shown that
cyst load in the host is associated with transcriptional changes in
markers of inflammation (Boillat et al., 2020). Other studies
suggest that the behavioral changes might be associated with
impaired long-term fear memory consolidation through
dysfunctional cortical and amygdaloid circuits of infected mice
(Ihara et al., 2016). Indeed, following T. gondii infections, the
molecular layer of the dentate gyrus (MolDG) may be a specific
target (van Groen et al., 2003) leading to memory dysfunction
(Berenreiterová et al., 2011).

Studies in humans infected with T. gondii have shown an
olfactory preference for the odor of domestic cat urine compared
to larger cats (Flegr et al., 2011). By analyzing the response to the
urine of different animals, they found an increase in the
attractiveness of cat urine odor in human males but not in
females. They suggested that an important factor in the species’
territorial demarcation process, the amino acid felinine
(Hendriks et al., 1995), which is secreted in the urine of small
cats (feline subfamily), might be involved in the altered attraction
in humans.

Previous findings in BALB/c and C57BL/6 mouse models,
using transcriptomic analysis in chronic T. gondii infection, have
revealed that there are significant changes in host and parasite
gene expression as the disease progresses (Bergersen et al., 2021)
and in the host metabolome. For example, studies in BALB/c mice
have shown that T. gondii induces significant metabolic
disturbances in the hippocampus and cerebellum at 7, 14, and
21 days postinfection, many of which were described as potential
biomarkers for T. gondii infection (Ma et al., 2020; Ma et al., 2021).
Another study has also revealed changes in the cortex, where there
is a progressive increase in unsaturated fatty acid biosynthesis to
promote growth and survival of the protozoan (Ma et al., 2019).
Finally, it has been highlighted that there is an important role for
the vomeronasal organ, the Grueneberg ganglion, and the
chemosensory neurons within the main olfactory epithelium, in
which nerve endings are exposed to kairomones, which are
predator-derived chemostimuli (Pérez-Gómez et al., 2015).
These authors described a highly organized parallel subsystems
from the periphery converging to specific subregions of the ventral
amygdala and the ventromedial hypothalamus that process the
signatures of volatile and non-volatile kairomones through the
activation of multiple olfactory subsystems.

While controversial, it has been suggested that T. gondii
exhibits significant tropism for immune-privileged tissues such
as the eyes, brain, and testes (Schlüter and Barragan, 2019).
Indeed, T. gondii can infect virtually any nucleated cell within
and outside the CNS and the host’s immune response is critical
for limiting the acute phase of infection, but also for promoting
encystment during repeated cycles of clinical exacerbation,
March 2022 | Volume 12 | Article 812152
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which is essential for keeping individuals chronically infected
(Tong et al., 2021). Microglial cells represent the most important
component of the primary innate immune response of the central
nervous system (Perry, 2016; Garaschuk and Verkhratsky, 2019;
Sierra et al., 2019), and our preliminary data in BALB/c mice
following the instillation of T. gondii tachyzoites into the ocular
conjunctival sac suggest a possible association between
behavioral abnormalities and microglial behavior (Normando
et al., 2017).

UsingT.gondiias the conjunctival sacmodel inBALB/cmice the
present study examined tachyzoite differentiation bewteen
bradyzoites in different CNS compartments and the microglial
changes in theMolDGusing a stereological approach (West, 2002).
METHODS

Female BALB/c mice were maintained in animal housing in
accordance with the guidelines published by the National
Institutes of Health (Guide for the Care and Use of Laboratory
Animals). The experimental protocol was submitted and approved
prior to study initiation by the Ethics Committee on Experimental
Animal Research (from the Institute of Biological Sciences, Federal
University of Pará, Brazil, CEUA no. 7961160818) and from the
Ethics Committee of Evandro Chagas Institute (Protocol No. 09/
2021). The procedures, involving the handling of the parasites, were
carried out in compliance with the preestablished standards and
criteria required by the International Biosafety Committee. In this
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
study, thirty BALB/c isogenic adult femalemice, at 4months of age,
were obtained from the animal services unit of Instituto Evandro
Chagas.Theanimalswerehoused in standard laboratorycages,with
ad libitum access towater and food andwere kept in a temperature-
controlled room (23 ± 2°C) under a 12-h light–dark cycle.
Tachyzoites of T. gondii RH strain (Genotype I) were obtained
from the Toxoplasmosis Laboratory of Instituto Evandro Chagas.

The animalswere anesthetizedwith avertin (0.08mg/5 g of body
weight) and had the conjunctival sac of the left eye instilled either
with 5 ml of an infected suspension containing 48.5 × 106 parasites/
ml (infected group) or with an equal volume of saline solution
(control group). Five infected and five control subjects were
sacrificed at 22 dpi and the other five individuals from each group
were sacrificed at 44 dpi. Figure 1 shows the experimental timeline.

Before and after ophthalmic instillation, all subjects were
submitted to open-field (OF) and olfactory discrimination
(OD) tests.

Open-Field Test
Open arenas are widely used for measuring anxiety-like behavior
in mice and rats. In these tasks, when animals explore an
unfamiliar area, they remain close to the walls; this preference
is taken as an indication of fear-induced anxiety (Lalonde and
Strazielle, 2008; Ennaceur, 2014), and such “hiding” behavior
may reduce attack and predation, and it is included in the
repertoire of animal survival instincts (Ennaceur, 2014).

The OF apparatus consisted of a gray polyvinyl chloride box
(30 cm × 30 cm × 40 cm), with a floor digitally divided into
FIGURE 1 | Experimental timeline. 1. Days 1 to 4: behavioral tests performed before conjunctival instillation. 2. Ophthalmic instillation of either an infected
suspension (n = 20) or equal volume of saline (n = 9), 65 days after starting the behavioral tests. 3. Behavioral tests at 22 and 44 dpi. 4. Animal euthanasia and
histological procedures at 22 and 44 dpi.
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central and peripheral regions of equal areas; see Supplementary
Figure 1A. For the OF test, the animals were placed individually
in the center of the arena and their exploratory activity was
monitored for 3 min. All experiments were carried out following
the same protocol at different timepoints. The test was recorded
by a video camera placed 1 m above the apparatus. We measured
distance traveled, immobility, lines crossed, and the contrast
between time spent in the periphery and in the center (C = (Tp –
Tc)/(Tp + Tc), where C = contrast, Tp = time spent in the
periphery, Tc = time spent in the center. The apparatus was
sanitized with 70% alcohol at the end of each test to remove any
remaining odors. The OF test was performed weekly in the
infected and control groups to assess behavioral changes as the
disease progressed.

Olfactory Discrimination Test
An OD test was performed in a box divided into 3 compartments
following the previous protocol (Soffié and Lamberty, 1988). The
compartments were placed side by side and connected with
polyvinyl tubes allowing mice to move between compartments
(see Supplementary Figure S1B). All animals were adapted to the
apparatus, exploring clean compartments (no straw), for 5 min.
After adaptation, alcohol 70% was used to clean the apparatus.
To perform the olfactory test, the central compartment contained
clean straw, and each of the lateral compartments contained spoiled
straw originating from a cage of mice undergoing testing and clean
straw plus feline feces, respectively. The animals were placed, one at
a time, facing the wall, in the central compartment with the clean
straw, and a camera recorded their behavior for 3 min. The amount
of time spent in the compartment with cats’ feces in relation to the
total time of the OD test was estimated as follows: C = (Tt – Tf)/
(Tt + Tf), where C = contrast, Tt = total time, and Tf = time in the
compartment with cats’ feces. Because Tt is a fixed value (180 s) and
Tf varies as a function of mouse preferences, as C values decrease,
time spent in the compartment with cats’ feces increases. The
contrast index was used to normalize data to each mouse’s
performance, thus accounting for the variation in performance
between individuals (Torres et al., 2006; Diniz et al., 2010).

Histological and Immunohistochemical
Procedures
When each animal reached the designated survival time, final
behavioral tests were performed, and then the mice were weighed
and anesthetized with intraperitoneal 2,2,2-tribromoethanol
(0.15 ml/g of body weight) and transcardially perfused with
heparinized saline, followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.2–7.4). Anatomical serial sections (80 µm
thickness) were obtained using a vibratome (Microm, model HM
650 MK, Microm International GmbH, Walldorf, Germany) and
immunolabeled using polyclonal antibodies. Brain sections were
pretreated in 0.2 M boric acid (pH 8.0) at 70°C for 60 min for
antigen retrieval. Afterward, they were washed in a 0.1-M saline
Tris buffer solution, pH 7.2–7.4, immersed for 60 min in 10%
casein, and then incubated in a primary antibody (Anti-IBA-1
polyclonal antibody, Rabbit/Wako, code 01127991, Wako Pure
Chemical Industries Ltd., Osaka, Japan) diluted in Tris buffer
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
saline (pH 7.0), 1:500, for 72 h. Selective immunolabeling for T.
gondii antigens was achieved with polyclonal antibodies
produced by the Laboratory of Toxoplasmosis at the Instituto
Evandro Chagas, as follows: BALB/c mice were orally inoculated
with 25 µl of a suspension containing 10 tissue cysts of T. gondii
cystogenic strains (VEG) diluted in 0.9% saline. After 40–45 days
of inoculation, blood aliquots of 0.3 ml were collected by
submandibular puncture. Blood serum was separated by
centrifugation (2,500 g × 10 min) and kept at -20°C until the
serological test was performed. For detection of total antibodies
anti-T. gondii, the modified agglutination test was used (Dubey &
Desmonts, 1987). Aliquots of serum were diluted from 1:10 to
1:1,024 and placed to react with antigen from the RH strain in
microtiter plates. Positive serum dilutions were identified by
homogeneous mesh covering at least 50% of the well cavity. The
cutoff dilution was 1:10. Negative samples were identified by
antigen precipitation as a ring at the bottom of the well. Positive
samples were adsorbed in brain homogenate/PBS (1:10 V/V), in
the proportion of (1:1 V/V), refrigerated for 12 h at 10°C.
Afterward, this material was centrifuged at 3,000 rpm, and the
supernatant was collected for later use.

Free-floating retinas and brain sections were subject to the
same T. gondii antigen detection using adaptation procedures.
Brain sections were submitted to antigen recovery in 0.2 M boric
acid solution pH 9.0 at 70°C for 1 h. These sections were then
permeabilized with detergent (5% Triton X-100 in 0.1 M saline
phosphate buffer) for 5 min and then incubated in a 10% casein
solution in 0.1 M saline phosphate buffer (Vector Laboratories,
Burlingame, CA) to reduce non-specific labeling.

After washing, all retinas were immersed for 10 min in
collagenase 0.01% in 0.1 M PBS (pH 7.2–7.4) at room
temperature to increase tissue penetration of antibodies.
Retinas were then washed in PBS and incubated for 15 min in
10%methanol + 3% hydrogen peroxide in 0.1 M PBS followed by
a 5-min immersion in 0.1 M PBS Triton 5% twice.

After three washes in 0.1 M phosphate buffer, 5 min each,
brain sections and retinas were subjected to a Mouse-on-Mouse
(MOM) protocol (M.O.M. kit, Vector Laboratories, Burlingame,
CA, USA) as follows: MOM IgG blocking for 1 h, primary
antibody for 72 h (anti-T. gondii 1:10, provided by Instituto
Evandro Chagas, PA, Brazil, or anti-Iba1, 2 µg/ml, #019-19741;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) diluted in
0.1 M PBS (pH 7.2–7.4). Brain sections and free-floating retina
were then washed in 0.1 M PBS and incubated overnight in a
solution containing a secondary antibody (biotinylated, Anti-
Mouse IgG, Anti-Rabbit IgG, Vector, code ZB0924, BA-1,400).
Sections and retina were then submitted to deactivation of
endogenous peroxidase, by immersion in 0.3% hydrogen
peroxide (H2O2), washed in PBST, and then immersed in a
solution of the avidin–biotin complex (VECTASTAIN ABC kit;
Vector Laboratories®) for 60 min. Sections were washed and
reacted to visualize horseradish peroxidase (HRP) enhanced by
the glucose oxidase–DAB–nickel method (Shu et al., 1988). This
procedure improved the background and foreground contrast.
To submit brain sections and retinas to the glucose oxidase–
DAB–nickel method, all sections, and retina were washed again
March 2022 | Volume 12 | Article 812152
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in PBS before incubation in 0.2 M acetate buffer (pH 6.0) for 5
min and revealed in GND solution (diaminobenzidine 0.6 mg/
ml, ammonium nickel chloride 2.5 mg/ml, and glucose oxidase 1
mg). All steps were carried out under gentle and constant
agitation. Finally, the retinas were mounted between two glass
slides, one of which was gelatinized to provide adherence, and
sandwiched retinas remained between glass slides overnight.
Brain sections were mounted in gelatinized slides and dried at
room temperature. After drying, all retinas and brains sections
were counterstained by Giemsa and cresyl violet respectively and
then submitted to alcohol and xylene series for dehydration and
clearing and then coverslipped with embedding medium
(Entellan, Merck Millipore, Darmstadt, Germany).

We evaluated the specificity of the immunohistochemical
patterns by omitting the primary antibody (Saper and
Sawchenko, 2003) that revealed no unspecific labeling.

Stereological Counting Procedures
After microglial selective immunolabeling, we estimated the
numbers of IBA-1-immunolabeled cells in both control and
infected mice. We used the optical fractionator to determine
cell numbers (West, 1999; West, 2002; Bonthius et al., 2004). The
optical fractionator is unaffected by histological changes,
shrinkage, or damage-induced expansion of tissue (West et al.,
1991). At all levels in the histological sections, we delineated the
Mol-DG layer, digitizing directly from sections using a low-
power ×4 objective. The microscope and motorized stage system
were coupled to a computer-running Stereo Investigator and
Neurolucida software (MicroBrightField, Williston, VT) used to
store and analyze x, y, and z coordinates of the digitized points.
High-power images were acquired under oil immersion, with a
high-resolution, ×100 oil immersion plan fluoride objective
(Nikon, NA 1.3, DF = 0.19 µm), and a computer-running
Stereo Investigator software (MBF Bioscience Inc., Frederick,
MD, USA) which was used to store and analyze the x, y, and z
coordinates of the digitized points. In each counting box, the
section thickness was carefully assessed using the high-power
objective, defining the top and bottom of the section. All
microglial cell bodies that came into focus within the counting
box were counted and added to the total sample of markers. This
required them to be entirely contained in the counting box or to
cross acceptance lines without touching rejection lines
(Gundersen and Jensen, 1987).

Supplementary Figure 2 shows a low-power picture of the
molecular layer of the dentate gyrus (shaded area—A) and grid
used to count cells with counting boxes displaying acceptance
(green) lines and rejection (red) lines (B).

Because cell thickness and cell distribution were uneven at
each counting site, the total cell number estimate was based on
the number-weighted section thickness. The counting boxes
were systematically and randomly distributed within a grid, the
dimensions of which were chosen to achieve an acceptable
methodological error coefficient (CE <0.05). We have chosen
the previously tested and validated coefficient of Scheaffer which
seems to be closer to the true error (Glaser and Wilson, 1998).
The ratio between the intrinsic methodological error (Scheaffer
coefficient) and the coefficient of variation defines the acceptable
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
error level of the stereological estimates (Slomianka and West,
2005). The CE expresses the accuracy of the cell number
estimates. The experimental parameters for grid and counting
boxes for microglia were established in pilot experiments and
then uniformly applied to all animals.

To estimate the total number of cells, the optical fractionator
multiplies the total number of markers counted within each
counting box by three sampling fractions, representing the
number of counted sections relative to the total number of
sections, the area of the counting box relative to the grid area,
and the thickness of the counting box in relation to the section
thickness after histological procedures. These fractions
designated section sampling fraction or ssf, area sampling
fraction or asf, and thickness sampling fraction or tsf when
multiplied by the total markers originate the equation that
estimates the total number of cells as follows:

N = SQ ∗ 1=ssf ∗ 1=asf ∗ 1=tsf

where N is the total number of cells and SQ is the number of
counted objects (markers).

In this study, the number of sections sampledwas 1/4, the height
of the dissector was 15 µm, and the dimensions of the counting box
and the grid (x and y steps), were 50 × 50 µm and 70 × 70 µm,
respectively. Table 1 shows detailed stereological parameters.

Table 1. Microglial stereological estimate in the molecular
layer of dentate gyrus. Results from control, and infected mice 22
days post-infection and 44 days post infection.

Stereological results from different experimental groups were
compared using parametric statistical analyses with two-tailed t-
tests. Differences between groups were accepted as significant at a
95% confidence level (p < 0.05).

Three-Dimensional Reconstructions
Microglia from molecular DG were analyzed under oil
immersion using a ×100 oil immersion, high-resolution, plan
fluoride objective (Nikon, numeric aperture—NA 1.3, depth of
field—DF = 0.19 µm).

Images for 3D reconstructions were acquired, and the
morphological features of microglia were digitized point by point
with Neurolucida software (MBF Bioscience Inc., Frederick, MD).
We performed 3D reconstructions only on cells with unequivocally
complete arbors, discarding cellswithbranches thatwere artificially
cut (at the surface or the bottom of sections) or not fully
immunolabeled. Terminal branches were typically thinner.
Microglia were selectively immunolabeled with IBA-1 antibody
and photomicrography ’s correspondence to different
magnifications of microglia from 6-month-old mouse Mol-DG.

Statistical Analysis
Statistical analysis of ANY-maze findings was done with BioEstat
5.4 and GraphPad Prism 9 software. For the open-field outcomes,
we used the t-test for two related samples. A few outliers based on
standard deviation were excluded before the t-test. Two-way
ANOVA was used to identify possible interactions between
experimental conditions and disease progression (temporal
windows). To detect the potential differences between pre-
infection and time windows post-instillation, we used two tailed
March 2022 | Volume 12 | Article 812152
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t-tests for independent samples, or the non-parametric Mann–
Whitney testwhere appropriate. Similarly, for the statistical analysis
of the microglia data, we used two-tailed t-tests.
RESULTS

A random and systematic stereological sample approach was used
to estimate the total number of microglia. Figure 2 shows low- and
high-power photomicrographs of brain sections indicating layers
and limits of the dentate gyrus (color-shaded areas) from the
control (Saline) and infected mice at 22 and 44 dpi.

Compared to pre-infection levels of immobility, the infected
groupdisplayed increased immobility at 12dpi (26.41±50.6±6.4, p
= 0.0008, t = -4.27, n = 15), 22 dpi (26.6 ± 7.5 vs. 70.1 ± 5.4, p =
0.0001, t = -5.77, n = 14), and 43 dpi (26.45 ± 5.85 vs. 40.0 ± 4.7, p =
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
0.04, mean ± s.e., t = -2.31, n = 10) with greater immobility mean
values at 22 dpi (Figure 3A). In general, line crossings (Figure 3B)
anddistance travelled (Figure3C) reducedas immobility increased.
Comparedwith pre-instillation values, contrast indices between the
time spent in the periphery and in the center of the open arena also
increased at 12 dpi (0.23 ± 0.04 vs. 0.48 ± 0.08, n = 17, t = -3.73, p =
0.0018) and 22 dpi (0.21 ± 0.04 vs. 0.5 ± 0.06, n = 15, t = -4.0, p =
0.0013) returning to the pre-instillation levels at 43 dpi (0.19 ± 0.06
vs. 0.37 ± 0.07, n = 10, t = -2.06, p = 0.07) (Figure 3D).

In the olfactory discrimination test, compared with the pre-
infection behaviour, infected animals spent greater amount of
time with the feline feces at 14 dpi (Cpi = 0.70 ± 0.05 vs. C14dpi =
0.56 ± 0.05, t = 2.02, p = 0.05, n = 16) and at 43 dpi (Cpi = 0.73 vs.
C43dpi = 0.52, n = 16 vs. Z(U) = 2.14, p = 0.032, n = 8)
(Figure 3E). No changes in the olfactory test were observed in
control group after instilled saline in the ocular conjunctival sac.
TABLE 1 | Microglial stereological estimate in the molecular layer of dentate gyrus.

Subjects Microglia total number Thickness (μm) Coefficient of error (Scheaffer)

Control

09 4.512 43.4 0.056
08 5.932 38.3 0.046
01 3.297 24.3 0.049
10 3.656 27.3 0.048
Mean 4.349 33.3 0.049
SD 1.171 9.0 0.043
CV 0.26
CV² 0.067
CE2 0.002
CE²/ CV² 0.29
CV² - CE² 0.065
CVB²(%) 97.01

22 days postinfection

22 6.542 29.7 0.037
26 6.005 24.9 0.040
28 5.062 25.5 0.037
15 5.914 28.6 0.041
18 5.828 33.6 0.040
Mean 5.870 28.46 0.039
SD 530.6
CV 0.09
CV² 0.008
CE2 0.001
CE²/ CV² 0.125
CV² - CE² 0.007
CVB²(%) 87.5

44 days postinfection

27 5.713 29.0 0.037
24 6.629 36.6 0.039
11 4.525 25.6 0.041
16 5.346 30.6 0.038
29 5.828 33.8 0.040
Mean 5.608 31.12 0.039
DP 765.4
CV 0.136
CV² 0.018
CE2 0.001
CE²/CV² 0.055
CV² - CE² 0.017
CVB² (%) 94.4
March 20
Results from control and infected mice 22 days postinfection and 44 days postinfection.
CE, coefficient of error (Scheaffer); CVB2, coefficient of biological variation; SD, standard deviation; CV, coefficient of variation. CVB2 (%) = CVB2 × 100/CV2.
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The mean number of Mol-DG total number of microglia
(Figure 3F) at 22 dpi (5,870 ± 531) was greater than that of the
control group (4,349 ± 1,171), returning to the control levels at
44 dpi (5,608 ± 765; mean ± standard error). The coefficients of
methodological error (Scheaffer’s coefficient of error) were
smaller than 0.05, and the coefficients of biological variation
were respectively 87.5%, 97%, and 94% (Table 2).

Behavioral changes of T. gondii-infected mice coincided with
neuropathological changes which included periventricular and
perivascular infiltrates in many CNS areas, including the lateral
septum, striate, cerebral cortex, cerebellum, and hippocampus
(Figures 3, 4) and parasite encystment in the hippocampus
(Figures 5A–F). Periventricular vascular congestion was also
observed in the hippocampal fissure and in the retina, (Figures
6A–D). Although less intense, similar neuropathological features
were found at 43 dpi (not illustrated).

Three-dimensional reconstructions and correspondent
dendrograms were generated for selected microglia (Supplementary
Figure 3) from the dentate gyrus molecular layer from both infected
and control mice. Compared to control, microglia from 22 and 44 dpi
of infected mice showed a more ramified branching pattern, higher
branch volumes, and larger trees. The dendrograms of the 3D
reconstructions further confirmed the presence of increased
branching of microglial processes in infected mice.
DISCUSSION

A previous study using C57BL/6 mice reported how the
conjunctival instillation of the T. gondii ME-49 strain induces
ocular infection, confirmed the presence of free parasites in the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
retinal vasculature, a mononuclear inflammatory infiltrate, and the
presence of parasites in the choroid vasculature (Tedesco et al.,
2005).Usingocular conjunctival instillationofT.gondii tachyzoites,
we extended previous observations by demonstrating that the
infection of BALB/c mice with T. gondii alters the way in which
the animals explore new environments and assess risk; these
changes were associated with tachyzoite differentiation into
bradyzoites in-enclosed cysts within the brain and retina and with
an altered microglial response in the molecular layer of the
dentate gyrus.

The open field and the elevated plus maze are unconditioned
tests widely used for measuring anxiety-like behavior in mice and
rats. However, it has been suggested that these tests are, at best,
tests of a natural preference for unlit and/or enclosed spaces
(Ennaceur and Chazot, 2016). In both tasks, when animals
explore an unfamiliar area, they remain close to the walls; this
preference is considered to be an indication of fear-induced
anxiety (Lalonde and Strazielle, 2008; Ennaceur, 2014). These
tests are based on the natural tendencies in mice to avoid open
and elevated areas and to spontaneously explore unfamiliar areas
(Komada et al., 2008). Thus, animals appear to innately avoid
open and/or lit spaces in the central area of the OF (Ennaceur,
2014). Hiding behavior may contribute to avoiding attack and
predation, and it may be included in the repertoire of animal
survival instincts. The species-specific hiding response is an
essential component of their natural preference for unlit and
protected spaces. Thus, mouse preference for the safety of the
peripheral zone of the OF may reflect this adaptive response; for
a recent review, see (Ennaceur, 2014).

Horizontal locomotor exploration is a component of the
innate repertoire of benaviours used by animals to explore
FIGURE 2 | Photomicrographs of IBA1-immunolabeled brain sections from control (A–E) and infected mice at 22 and 44 dpi. The molecular layer of dentate gyrus
is pink shaded, and granular and polymorphic layers are yellow- and blue-shaded areas in low-power picture. Dotted squares progressively show greater magnifications.
Scale bars: (A, F, K) = 250 µm; (B, G, L) = 250 µm; (C, H, M) = 250 µm; (D, I, N) = 125 µm; (E, J, O) = 25 µm.
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TABLE 2 | Microglial stereological estimate in the molecular layer of dentate gyrus.

Subject Thickness
(μm)

Volume
(mm³)

Number of
sections

Number of
boxes

Box dimensions
(μm)

Grid dimensions
(μm)

Dissector height
(μm)

Interval between
sections

Control

09 43.4 0.7 5 492 50 × 50 70 × 70 15 µm 1/4
08 38.3 0.8 6 683 50 × 50 70 × 70 15 µm 1/4
01 24.3 0.5 5 414 50 × 50 70 × 70 15 µm 1/4
10 27.3 0.5 5 428 50 × 50 70 × 70 15 µm 1/4

22 days post-infection
22 29.7 0.6 5 481 50 × 50 70 × 70 15 µm 1/4
26 24.9 0.7 6 585 50 × 50 70 × 70 15 µm 1/4
28 25.5 0.5 5 476 50 × 50 70 × 70 15 µm 1/4
15 28.6 0.5 5 458 50 × 50 70 × 70 15 µm 1/4
18 33.9 0.5 7 481 50 × 50 70 × 70 15 µm 1/4

44 days postinfection
27 29.0 0.6 5 496 50 × 50 70 × 70 15 µm 1/4
24 36.6 0.6 5 528 50 × 50 70 × 70 15 µm 1/4
11 25.6 0.5 5 444 50 × 50 70 × 70 15 µm 1/4
16 30.6 0.5 5 455 50 × 50 70 × 70 15 µm 1/4
29 33.8 0.5 7 481 50 × 50 70 × 70 15 µm 1/4
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FIGURE 3 | Graphic representations of T. gondii-induced behavioral and microglial changes as disease progressed. In the open field task, infected groups at 12,
22, and 43 dpi showed a significant increase of immobility with greater mean values at 22 dpi. In general, crossed lines and travelled distances were reduced as
immobility increased. Contrast values between the times spent in the periphery and in the center of the open arena increased at 12 and 22 dpi, returning to the pre-
instillation levels at 44 dpi. Infected animals increased the time spent in the feline’s odor compartment relatively to the total time test, at 14 dpi, and this altered
outcome did return to baseline. The mean number of microglia at 22 dpi was greater than that of the control group. At 44 dpi, this significant difference disappeared.
(A–E) Graphic representations display standard error bars. Microglial number graphic representation (F) displays standard deviation.
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novel environments and to assess risk in the wild (Augustsson
and Meyerson, 2004; Ennaceur, 2014). It has been suggested that
this strategy arises from the drive to avoid and to explore a
perceived threatening stimulus (Crusio, 2001). In the present
study, this stereotypical behavior was clear when control and
infected mice explored the open arena (Lister, 1990; Kalueff et al.,
2006; Ennaceur, 2014). However, the way that infected mice
explored the open arena, compared to the controls in the same
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
time periods, changed considerably after infection, and this was
evidenced by increased immobility and an increased contrast
ratio: more time was spent in the periphery than in the center at
12 and 22 dpi. These results may reflect either an increased risk
assessment or a decrease in exploratory activity associated with
the development of sickness behaviors (Dantzer et al., 2008), a
strategy for adaptive energy reallocation (Pacheco-López and
Bermúdez-Rattoni, 2011). Because the olfactory discrimination
FIGURE 4 | Brain sections photomicrographs of periventricular and perivascular infiltrates in the lateral septum (A–C), striatum (D–F), cerebral cortex (G–I), and
cerebellum (J–L) in T. gondii-infected animals at 22 dpi. Scale bars: (A, D, G, J) = 250 µm; (B, E, H, K) = 125 µm; (C, F, I, L) = 25 µm.
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FIGURE 5 | Photomicrographs of hippocampal sections to illustrate perivascular infiltrate (A–C), T. gondii parasite encystment (D–F), and vascular congestion in the
hippocampus fissure (G–I) at 22 dpi. Scale bars: (A, D, G) = 200 µm; (B, E, H) = 100 µm; (C, F, I) = 30 µm.
FIGURE 6 | Retinal photomicrographs T. gondii-infected mice at 22 dpi. (A, B) Flat mount of retina counterstained with Giemsa after T. gondii immunolabeling.
(C, D) Low- and high-power photomicrographs of retinal sections stained with hematoxylin–eosin at the same time window. (A) High-power pictures of two retinal T.
gondii pseudocysts. (B) Interferential contrast microscopic image of a retinal T. gondii pseudocyst. Macrophages and polymorphonuclear cells (neutrophils) in the
retinal section of infected mouse is shown in (C, D). Scale bars: (A) = 25 µm; (B–D) = 50 µm.
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test suggested that infected mice spent a greater amount of time
in the feline’s odor compartment, we reasoned that increased risk
assessment for predation unlikely to account for the open-field
results. In addition, at 43 dpi, the return to pre-instillation levels,
for time spent in the central and peripheral regions of the of also
suggest that the greater immobility in infected mice is not due to
increased risk assessment. Thus, we suggest that the greater
immobility of infected mice may be a consequence of sickness
behavior owing to energy reallocation during the acute phase of
T. gondii infection (Pacheco-López and Bermúdez-Rattoni,
2011), whereas the olfactory test results in the infected mice
suggested a reduction of predator avoidance behavior. However,
the dentate gyrus is involved in memory dysfunction, and the
question of whether the resulting microglial response weakens
learning or reduces fear in mice needs to be considered. Indeed,
previous findings indicated that T. gondii infection in a C57Bl6
mouse model caused anxiety-like behavior (increasing time spent
in the corners as compared to the center of the open field),
alteration in social novelty, and severe impairment of spatial
memory, and this was associated with significant loss of NMDAR
expression and signs of neurotoxicity, neurodegeneration, and
cell death, resulting in cognitive impairment (Torres et al., 2018).
T. gondii infection induces neutrophil, microglial, and dendritic
cell recruitment to the site of the infection which may lead to the
release of cytokines (Araujo and Slifer, 2003; El Saftawy et al.,
2021) that are necessary to promote the killing of the parasite and
inhibit its replication (Dupont et al., 2012). In the present report,
we found a significant increase of microglia and macrophage
infiltrates the molecular layer of the dentate gyrus, a target layer
of the entorhinal cortical projections associated with object
recognition and spatial memories (van Groen et al., 2003)
which may be impaired in the BALB/c microglial response in
the dentate gyrus of infected mice. It is important to highlight
that although the association between the increase in number of
microglia in the molecular layer of the dentate gyrus of infected
mice, and the behavioral changes seem to be correlated. The
argument would be different if another higher order brain area,
less involved in learning and memory also exhibited similar
association, and this is an important limitation of the present
study. Indeed this is an important limitation of the present study
that could have been avoided if another area was explored.
Similarly, it has been previously suggested that T. gondii
infections in mice exhibit a consistent pattern of monocyte
infiltration 14 days after T. gondii infection to the olfactory
tubercle, an area involved in olfactory processing and perception
(Wesson and Wilson, 2011). Thus, it may be possible that
olfactory memory dysfunction may occur in T. gondii-infected
mice, and this may be associated with this selective
neuroinvasion (Schneider et al., 2019) and/or with the
impairment of olfactory and fear memory areas such as the
olfactory tubercle, olfactory cortex, and amygdala, which are
involved in behavioral decisions (Mori and Sakano, 2021).

Although it has been suggested that adult-born neurons are
engaged in the retrieval of olfactory associative memory in the
dentate gyrus (Kedrov et al., 2019), and in the present report we
found significant changes in microglial in this area, in association
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
with altered olfactory tests in infected mice, these findings
remain to be explored in detail in future investigations.

In the present report, behavioral changes were associated with
neuropathological changes in T. gondii-infected mice and this
included tachyzoites to bradyzoite encystment, a microglial
response, and inflammatory infiltrations in many CNS areas.

Microglial proliferation has been associated with chronic T.
gondii infection, and in the brain, the parasite induces the
expression of anti-inflammatory cytokines and contributes to
inhibiting toxoplasmic encephalitis through suppression of
cytokine signaling 1 and Arg1 (Hwang et al., 2018).
Transcriptome studies have indicated that homeostatic
microglia gradually adopt a unique phagocytic disease-
associated microglia (DAM) phenotype in neurodegenerative
disease, chronic inflammation, and advanced aging (Rangaraju
et al., 2018). In addition, it has been demonstrated that T. gondii
infection induces homeostatic microglial proliferation that
reduces Ab plaque burden in a 5XFAD AD mouse model
(Shin et al., 2021), suggesting a sustained supply of
homeostatic microglia may help in the resolution of
Alzheimer’s and other prion-like neurodegenerative disorders.

In the present report, we found evidence for microglial
proliferation at 22 dpi in T. gondii-infected mice followed by a
reduction to control levels at 43 dpi. Because microglia and
macrophages are the major producers of interferon-gamma in
the brain following infection with T. gondii (Suzuki et al., 2005)
and interferon-gamma is the major effector molecule controlling
tachyzoite behavior through the expression of chemokines and
MHC antigens (Wang et al., 2004; Wang and Suzuki, 2007; Sa
et al., 2015), we suggest that increased microglia in CNS-infected
areas may have prevented toxoplasmic encephalitis in BALB/c-
infected individuals, limiting parasite proliferation at the early
stage of the disease. It is important to note that IFN-g, which is
considered to be produced exclusively by lymphoid cells, has
been shown to be produced by murine microglia in response to
IL-12 and/or IL-18 (Kawanokuchi et al., 2006).

Encystment requires the expression of a new repertoire of
surface antigens by the parasite inside a modified
parasitophorous vacuole, during the early stage of systemic
infection (Radke et al., 2018; Bergersen et al., 2021). At 28 dpi,
the pattern of parasite-specific gene expression in the C57BL/6
mouse suggested the establishment of a chronic infection
dominated by a late-stage bradyzoite phenotype, and this
parasite stage-specific gene expression correlates with host gene
changes (Carrera et al., 1996; Bergersen et al., 2021).

The kinetics of the host response to chronic infection and the
regulation of the neuroinflammatory response are critical
contributors to disease outcome. An efficient host immune
response, exhibiting a classical immune cell activation and
increased activation of IFNg signaling-related genes, is essential
to avoid Toxoplasmic encephalitis (Shen et al., 2001). All T-cells
and CD8+ T cells more specifically (Landrith et al., 2015; Khan
et al., 2019), increase in number in infected mice, and this is
associated with the increased number of macrophages and
activated microglia until 28 dpi, when they stabilize (Bergersen
et al., 2021). However, parasite virulence and persistence in mice
March 2022 | Volume 12 | Article 812152
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are strongly dependent on the host genetic background (Behnke
et al., 2016). Here we investigated neuropathological changes at
22 and 43 dpi in BALB/c mice, which has been described as being
less susceptible to T. gondii infection (Mukhopadhyay et al.,
2020). Indeed, it has been shown that at each stage of infection,
lesions in BALB/c mice exhibit altered cellular responses
compared with those in the C57BL/6 mouse model; there
appear to be an increased number of macrophages in the late
stages (56 dpi) of disease in the BALB/c mice, but the total
number of infiltrating leukocytes seems to be downregulated at
28 and 56 dpi in the BALB/c mice. These events were associated
with less immune cell recruitment and better control of the
parasite. Concurrently, the activation pathways associated with
neuropathology and neuroinflammation in BALB/c mice were
downregulated compared with corresponding pathways in
C57BL/6 (Bergersen et al., 2021). Thus, gene expression,
immune cell recruitment, and activation of neuroinflammatory
pathways seem to be more efficient in BALB/c, and this is
associated with less marked neuropathology and faster
resolution in the T. gondii-infected BALB/c model. Our
findings related to systemic behavioral changes reaching a peak
at 22 dpi followed by a reduction at 43 dpi, associated with an
increase followed by a decrease of microglia, the most important
component of the cellular innate immune response at the same
time windows, seem to reflect the events at the molecular level.
Thus, the sickness behaviors we observed are more consistent
with parasite clearance and a return to homeostasis rather than
the expression of the previously reported increases in risk-taking
behaviors in other strains that would be more consistent with
chronic infection and encystment of the parasite in the brain. It
remains unclear what is the basis for these strain differences, but
a better understanding of the mechanisms underpinning the host
response in different mouse strains may lead to the development
of therapies that might help to overcome the dangers
of neurotoxoplasmosis.

The present study demonstrated that behavioral changes in
rodents infectedwithT. gondii are influencedby thegenotypeof the
infecting strain (Bezerra et al., 2019). InBALB/cmice, the influences
of genetic background were tested using ME-49 (type II) and VEG
(type III) strains, andhumoral immune response and thenumber of
parasites in theCNSwere assessed after behavioral tests for learning
and memory, locomotor activity, and aversion of feline odor. The
authors found that VEG background showed greater levels of total
IgG anti-toxoplasma, higher tissue burden of T. gondii in the CNS,
long-termmemory impairment, lowermobility, and lower aversion
of feline odor than mice infected with the ME-49 strain (Bezerra
et al., 2019).With these results inmind, we decided to test the VEG
strain using the less invasive pathway of ocular instillation. We
found similar neuropathological features and behavioral changes as
described elsewhere and confirmed that ocular instillation is an
effective pathway to induce experimental toxoplasmosis infection.
To further explore the pathway of experimental toxoplasmosis
infection in detail, future studies might integrate behavioral,
cellular, and molecular approaches using other parasite genetic
backgrounds, different brain areas, and distinct mouse models
(Desmettre, 2020).
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Supplementary Figure 1 | Schematic diagrams of the open field (A) and
olfactory discrimination (B) apparatus. The OF apparatus consisted of a grey
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polyvinyl chloride box (30 x 30 x 40cm). The floor was digitally divided into central
and peripheral regions of equal areas by Anymaze software, and the time spent in
each digital compartment was recorded. Olfactory discrimination apparatus had
three equal size compartments (16 x 27 x 12cm) placed side by side and connected
with polyvinyl tubes allowing mice to change between compartments. The time
spent in each compartment was recorded.

Supplementary Figure 2 | Stereological sampling approach to estimate the
total number of microglia in the molecular layer of dentate gyrus. The pink area
defines the boundaries of the molecular layer of the dentate gyrus (A). Systematic
random placement of the counting boxes are over the area of interest as defined by
the red outline (B). Cell bodies inside the box or over the box green borders were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
included in the count while those crossing the red borders were excluded. Scale
bars: A =250µm; B =140µm.

Supplementary Figure 3 | Three-dimensional reconstructions of selected
microglia from the molecular layer of the dentate gyrus. Left, middle, and right
columns correspond to representative microglia from brains sections of control
mice, 22dpi, and 44dpi, respectively. Individual branches were distinctively colored
to facilitate examination. Linear dendrograms of microglial arbors are shown below
each 3D reconstruction. The length of each branch segment is displayed to scale;
sister branches are horizontally displaced. Branch colors correspond to the 3D
reconstructions above. Dendrograms were plotted and analysed with
Neuroexplorer (MicroBrightField). Scale bars: 25µm.
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Distribution of Toxoplasma Gondii Cysts in the Brain of a Mouse With
Latent Toxoplasmosis: Implications for the Behavioral Manipulation
Hypothesis. PloS One 6 (12), e28925. doi: 10.1371/journal.pone.0028925

Bergersen, K. V., Barnes, A., Worth, D., David, C., and Wilson, E. H. (2021).
Targeted Transcriptomic Analysis of C57BL/6 and BALB/C Mice During
Progressive Chronic. Front. Cell Infect. Microbiol. 11, 645778. doi: 10.3389/
fcimb.2021.645778

Bezerra, E. C. M., Dos Santos, S. V., Dos Santos, T. C. C., de Andrade, H. F., and
Meireles, L. R. (2019). Behavioral Evaluation of BALB/C (Mus Musculus) Mice
Infected With Genetically Distinct Strains of Toxoplasma Gondii. Microb.
Pathog. 126, 279–286. doi: 10.1016/j.micpath.2018.11.021

Boillat, M., Hammoudi, P. M., Dogga, S. K., Pagès, S., Goubran, M., Rodriguez, I.,
et al. (2020). Neuroinflammation-Associated Aspecific Manipulation of Mouse
Predator Fear by Toxoplasma Gondii. Cell Rep. 30 (2), 320–334.e6. doi:
10.1016/j.celrep.2019.12.019

Bonthius, D. J., McKim, R., Koele, L., Harb, H., Karacay, B., Mahoney, J., et al.
(2004). Use of Frozen Sections to Determine Neuronal Number in the Murine
Hippocampus and Neocortex Using the Optical Disector and Optical
Fractionator. Brain Res. 14 (1), 45–57. doi: 10.1016/j.brainresprot.2004.09.003

Carrera, L., Gazzinelli, R. T., Badolato, R., Hieny, S., Muller, W., Kuhn, R., et al.
(1996). Leishmania Promastigotes Selectively Inhibit Interleukin 12 Induction
in Bone Marrow-Derived Macrophages From Susceptible and Resistant Mice.
J. Exp. Med. 183 (2), 515–526. doi: 10.1084/jem.183.2.515

Castaño Barrios, L., Da Silva Pinheiro, A. P., Gibaldi, D., Silva, A. A., Machado
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Soffié, M., and Lamberty, Y. (1988). Scopolamine Effects on Juvenile Conspecific
Recognition in Rats: Possible Interaction With Olfactory Sensitivity. Behav.
Processes 17 (3), 181–190. doi: 10.1016/0376-6357(88)90001-0

Sullivan, W. J., and Jeffers, V. (2012). Mechanisms of Toxoplasma Gondii
Persistence and Latency. FEMS Microbiol. Rev. 36 (3), 717–733. doi:
10.1111/j.1574-6976.2011.00305.x

Suzuki, Y., Claflin, J., Wang, X., Lengi, A., and Kikuchi, T. (2005). Microglia and
Macrophages as Innate Producers of Interferon-Gamma in the Brain Following
Infection With Toxoplasma Gondii. Int. J. Parasitol. 35 (1), 83–90. doi:
10.1016/j.ijpara.2004.10.020

Tedesco, R. C., Smith, R. L., Corte-Real, S., and Calabrese, K. S. (2005). Ocular
Toxoplasmosis in Mice: Comparison of Two Routes of Infection. Parasitology
131 (Pt 3), 303–307. doi: 10.1017/S003118200500781X

Tong, W. H., Pavey, C., O’Handley, R., and Vyas, A. (2021). Behavioral Biology of
Toxoplasma Gondii Infection. Parasit. Vectors 14 (1), 77. doi: 10.1186/s13071-
020-04528-x

Torres, J. B., Assuncao, J., Farias, J. A., Kahwage, R., Lins, N., Passos, A., et al.
(2006). NADPH-Diaphorase Histochemical Changes in the Hippocampus,
Cerebellum and Striatum are Correlated With Different Modalities of Exercise
and Watermaze Performances. Exp. Brain Res. 175 (2), 292–304. doi: 10.1007/
s00221-006-0549-9

Torres, L., Robinson, S. A., Kim, D. G., Yan, A., Cleland, T. A., and Bynoe, M. S.
(2018). Toxoplasma Gondii Alters NMDAR Signaling and Induces Signs of
Alzheimer’s Disease in Wild-Type, C57BL/6 Mice. J. Neuroinflamm. 15 (1), 57.
doi: 10.1186/s12974-018-1086-8

van Groen, T., Miettinen, P., and Kadish, I. (2003). The Entorhinal Cortex of the
Mouse: Organization of the Projection to the Hippocampal Formation.
Hippocampus 13 (1), 133–149. doi: 10.1002/hipo.10037

Vyas, A. (2015).Mechanisms ofHost Behavioral Change inToxoplasmaGondii Rodent
Association. PloS Pathog. 11 (7), e1004935. doi: 10.1371/journal.ppat.1004935
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15
Vyas, A., Kim, S. K., Giacomini, N., Boothroyd, J. C., and Sapolsky, R. M. (2007).
Behavioral Changes Induced by Toxoplasma Infection of Rodents are Highly
Specific to Aversion of Cat Odors. Proc. Natl. Acad. Sci. U. S. A. 104 (15), 6442–
6447. doi: 10.1073/pnas.0608310104

Wang, X., Kang, H., Kikuchi, T., and Suzuki, Y. (2004). Gamma Interferon
Production, But Not Perforin-Mediated Cytolytic Activity, of T Cells Is
Required for Prevention of Toxoplasmic Encephalitis in BALB/C Mice
Genetically Resistant to the Disease. Infect. Immun. 72 (8), 4432–4438. doi:
10.1128/IAI.72.8.4432-4438.2004

Wang, X., and Suzuki, Y. (2007). Microglia Produce IFN-Gamma Independently
From T Cells During Acute Toxoplasmosis in the Brain. J. Interf. Cytokine Res.
27 (7), 599–605. doi: 10.1089/jir.2006.0157

Webster, J. P. (2001). Rats, Cats, People and Parasites: The Impact of Latent
Toxoplasmosis on Behaviour.Microbes Infect. 3 (12), 1037–1045. doi: 10.1016/
S1286-4579(01)01459-9

Webster, J. P. (2007). The Effect of Toxoplasma Gondii on Animal Behavior:
Playing Cat and Mouse. Schizophr. Bull. 33 (3), 752–756. doi: 10.1093/schbul/
sbl073

Wesson, D. W., and Wilson, D. A. (2011). Sniffing Out the Contributions of the
Olfactory Tubercle to the Sense of Smell: Hedonics, Sensory Integration, and
More? Neurosci. Biobehav. Rev. 35 (3), 655–668. doi: 10.1016/j.neubiorev.
2010.08.004

West, M. J. (1999). Stereological Methods for Estimating the Total Number of
Neurons and Synapses: Issues of Precision and Bias. Trends Neurosci. 22 (2),
51–61. doi: 10.1016/S0166-2236(98)01362-9

West, M. J. (2002). Design-Based Stereological Methods for Counting Neurons.
Prog. Brain Res. 135, 43–51. doi: 10.1016/S0079-6123(02)35006-4

West, M. J., Slomianka, L., and Gundersen, H. J. (1991). Unbiased Stereological
Estimation of the Total Number of Neurons in Thesubdivisions of the Rat
Hippocampus Using the Optical Fractionator. Anatomical Rec. 231 (4), 482–
497. doi: 10.1002/ar.1092310411

Worth, A. R., Andrew Thompson, R. C., and Lymbery, A. J. (2014). Reevaluating
the Evidence for Toxoplasma Gondii-Induced Behavioural Changes in
Rodents. Adv. Parasitol. 85, 109–142. doi: 10.1016/B978-0-12-800182-
0.00003-9

Worth, A. R., Lymbery, A. J., and Thompson, R. C. (2013). Adaptive Host
Manipulation by Toxoplasma Gondii: Fact or Fiction? Trends Parasitol. 29
(4), 150–155. doi: 10.1016/j.pt.2013.01.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Soares, Leão, Freitas, Alves, Tavares, Costa, Menezes, Oliveira,
Guerreiro, Assis, Arauj́o, Franco, Anaissi, Carmo, Morais, Demachki, Diniz, Nunes,
Anthony, Diniz and Diniz. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
March 2022 | Volume 12 | Article 812152

https://doi.org/10.4049/jimmunol.1500814
https://doi.org/10.1002/cne.10858
https://doi.org/10.3389/fimmu.2019.00242
https://doi.org/10.3389/fimmu.2019.00242
https://doi.org/10.1073/pnas.1915778116
https://doi.org/10.3390/ijms22052764
https://doi.org/10.1016/0304-3940(88)90346-1
https://doi.org/10.1016/j.tins.2019.09.004
https://doi.org/10.1016/j.neuroscience.2005.06.086
https://doi.org/10.1016/0376-6357(88)90001-0
https://doi.org/10.1111/j.1574-6976.2011.00305.x
https://doi.org/10.1016/j.ijpara.2004.10.020
https://doi.org/10.1017/S003118200500781X
https://doi.org/10.1186/s13071-020-04528-x
https://doi.org/10.1186/s13071-020-04528-x
https://doi.org/10.1007/s00221-006-0549-9
https://doi.org/10.1007/s00221-006-0549-9
https://doi.org/10.1186/s12974-018-1086-8
https://doi.org/10.1002/hipo.10037
https://doi.org/10.1371/journal.ppat.1004935
https://doi.org/10.1073/pnas.0608310104
https://doi.org/10.1128/IAI.72.8.4432-4438.2004
https://doi.org/10.1089/jir.2006.0157
https://doi.org/10.1016/S1286-4579(01)01459-9
https://doi.org/10.1016/S1286-4579(01)01459-9
https://doi.org/10.1093/schbul/sbl073
https://doi.org/10.1093/schbul/sbl073
https://doi.org/10.1016/j.neubiorev.2010.08.004
https://doi.org/10.1016/j.neubiorev.2010.08.004
https://doi.org/10.1016/S0166-2236(98)01362-9
https://doi.org/10.1016/S0079-6123(02)35006-4
https://doi.org/10.1002/ar.1092310411
https://doi.org/10.1016/B978-0-12-800182-0.00003-9
https://doi.org/10.1016/B978-0-12-800182-0.00003-9
https://doi.org/10.1016/j.pt.2013.01.004
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Behavioral and Neuropathological Changes After Toxoplasma gondii Ocular Conjunctival Infection in BALB/c Mice
	Introduction
	Methods
	Open-Field Test
	Olfactory Discrimination Test
	Histological and Immunohistochemical Procedures
	Stereological Counting Procedures
	Three-Dimensional Reconstructions
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


