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Abstract

Subacute and chronic infections with the intracellular protozoan parasite Toxoplasma gondii
are associated with an increased risk of psychiatric diseases like schizophrenia. However,
little is known about the mechanisms involved in T. gondii-induced neuronal disorders.
Recently, we reported that Toll-like receptor 2 (TLR2) was required to initiate the innate
immune response in cultured mouse brain cells. However, how TLR2 contributes to latent
infection with T. gondiiremains unclear. Therefore, we examined the role of TLR2 in brain
pathology and behavior using wild-type (TLR2*/*) and TLR2-deficient (TLR2"") mice. The
behavioral analyses showed that TLR2 deficiency increased the anxiety state of the unin-
fected and infected animals alike, and TLR2 deficiency showed no relationship with the
infection. In the contextual and cued fear-conditioning tests, T. gondiiinfection decreased
the mouse freezing reaction while TLR2 deficiency increased it, but there was no interaction
between the two factors. Our histopathological analysis showed that the TLR2*'* and
TLR2"" mice had similar brain lesions at 30 days post infection (dpi) with T. gondii. Higher
numbers of parasites were detected in the brains of the TLR2”" mice than in those from the
TLR2*"* mice at 30 dpi, but not at 7 and 14 dpi. No significant differences were observed in
the proinflammatory gene expression levels in the TLR2** and TLR2”" mice. Therefore, it
appears that TLR2 signaling in the brain might contribute to the control of parasite growth,
but not to brain pathology or the impaired fear memory response induced by infection with T.
gondiii.

Introduction

Until now, most studies on the roles played by Toll-like receptors (TLRs) have been focused
on the immune system, but it is now known that TLRs also play important roles in neurodeve-
lopment, adult neurogenesis, neuroplasticity, as well as in learning and memory [1]. The
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possible roles for TLR2 in cognition await determination but seem predictable given the evi-
dence that TLR2 deficiency impairs hippocampal neurogenesis in mice [2]. A recent study
showed that TLR2 deficiency in mice induces some of the behaviors associated with schizo-
phrenia, such as hyperactivity, social withdrawal, and cognitive impairment [3]. Moreover, the
same study showed that TLR2”" mice had ventricle enlargement and dysregulation of the Akt-
GSK-30/p signaling pathway, which is associated with the pathogenesis of numerous neuro-
logical and psychiatric disorders [3].

The effect of TLR2 on mouse survival during an infection with T. gondii is both dose and
parasite strain dependent [4-7]. Mun et al. (2003) reported that 0%, 80%, and 100% of TLR2”
mice survived after infection with 300 cysts, 100 cysts, and 50 cysts from the T. gondii Fukaya
strain, respectively, while all C57BL/6 mice survived this infection. Debierre-Grockiego et al.
(2007) also showed that all TLR2”" mice and 80% of TLR2*'* mice survived their infections
with 10 cysts from the ME49 strain. Thus, considering the results from the above-mentioned
studies, TLR2 is probably not involved in mouse survival against infection with a non-lethal
dose of T. gondii. However, in contrast with mouse survival, TLR2 plays an important role in
inhibiting parasite activity in the brain.

A previous study showed that brain parasite numbers in TLR2”" mice were higher than
those of the TLR2*"* mice at 8 days post-intraperitoneal infection with 300 cysts from the
Fukaya strain [6]. However, there were no differences between the TLR2*"* and TLR2"" mice
at 40 days post intraperitoneal infection with 10 cysts of the ME49 strain [5]. The increased
parasite burdens at the acute stage (0-2 weeks after the infection) and subacute stage (3 to 5
weeks after the infection) might result from impaired peripheral immunity levels. Generally,
IL-12 produced from innate immune cells such as macrophages and dendritic cells at the
peripheral infection sites induces IFN-y production by T-helper 1 cells and promotes the
development of cytolytic CD8" T cells, resulting in control of T. gondii dissemination in the
body [8]. Our previous study showed that IL-6 and IL-12p40 production from T. gondii-
infected TLR2”" mouse peritoneal macrophages decreased when compared with the infected
TLR2V* cells [9]. Additionally, lower levels of IFN-y and IL-12 were detected in the peritoneal
exudate cells from TLR2”" mice than in the same cells from TLR2"* mice at day 5 post infec-
tion [6], resulting in an increased parasite burden in the lungs of TLR2”" mice intraperitone-
ally injected with 100 cysts from the Fukaya strain [4]. Thus, compared with the TLR2*'* mice,
the tachyzoites that escaped periphery immunity in the TLR2™" mice may have reached the
CNS during the acute infection stage.

We recently showed that TLR2 regulates many genes in primary cultured astrocytes, micro-
glia, and neurons during Toxoplasma gondii infection, especially the innate immune response
genes, suggesting that TLR2 plays an important role in host resistance to CNS infections with
T. gondii [9]. However, the role played by TLR2 signaling in the chronic stage of infection with
T. gondii (more than 6 weeks after the infection) awaits discovery. It is believed that latent
toxoplasmosis is asymptomatic in healthy adults, but recently epidemiological studies have
revealed a link between Toxoplasma infection and the development of mental illnesses such as
schizophrenia [10-13]. Furthermore, latent toxoplasmosis is associated with personality
changes and suicide in humans [14,15], and an increasing number of studies have found that
this infection is correlated with an array of host behavioral changes [16]. A number of studies
have found that rodents infected with T. gondii exhibit decreased avoidance behavior in
response to cat odors, indicating that this parasite can also manipulate host behavior [17-21].
Moreover, we previously reported that infection with T. gondii impaired fear memory consoli-
dation in mice [22].

Consequently, we hypothesized that TLR2 plays a critical role in T. gondii-induced neuro-
nal disorders. Therefore, we investigated the effects of TLR2 deficiency on the neuro-
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immunological and behavioral changes that occur during chronic infections with T. gondii. To
assess the above hypothesis, mice were inoculated with a non-lethal dose of parasites in the
present study because high-doses cause clinical manifestations such as severe hypoactivity,
making it difficult to accurately compare the results of the behavioral tests.

Material and methods
Ethics statement

The use and care of animals complied with the Guide for the Care and Use of Laboratory Ani-
mals from the Ministry of Education, Culture, Sports, Science, and Technology, Japan. The
protocol was approved by the Committee on the Ethics of Animal Experiments at the Obihiro
University of Agriculture and Veterinary Medicine (permit number: 29-61 and 29-62). All
efforts were made to minimize animal suffering.

Animals

TLR2-deficient (TLR2”") mice were kindly supplied by Drs. Satoshi Uematsu and Shizuo
Akira (Osaka University, Japan) [23]. C57BL/6] mice, 6-8 weeks of age from Clea Japan
(Tokyo, Japan) were used as controls for the TLR2”~ mice because they have the same genetic
background, except for the TLR2 mutation. The animals were housed under specific-patho-
gen-free conditions in the animal facility of the National Research Center for Protozoan
Diseases at Obihiro University of Agriculture and Veterinary Medicine, Obihiro, Japan
(NRCPD). As the breeding environment might affect the behavior of the mice, they were bred
in the animal faculty of the NRCPD, and the offspring were used in the behavioral experi-
ments. Mice were sacrificed by cervical dislocation or decapitation under deep anesthetization
with isoflurane. Altogether, 115 mice were used throughout this study.

Parasite culture

The type II PLK strain, which was kindly gifted by Dr. Kami Kim (Albert Einstein College of
Medicine), was passaged in monkey kidney adherent epithelial cells (Vero cells) (ATCC: CCL-
81) in Eagle’s minimum essential medium (Sigma, St. Louis, MO, USA) with 8% fetal bovine
serum and antibiotics. Infected cells were syringe-lysed using a 27-gauge needle to release the
tachyzoite-stage parasites into RPMI-1640 medium (Sigma), which was then filtered using a
5.0-um pore-sized filter (Millipore, Bedford, MA, USA).

Parasite infections

T. gondii tachyzoites were intraperitoneally inoculated (1 x 10° tachyzoites) into 9-week-old
male mice after allowing 1 week of environmental adjustment. Daily body weight measure-
ments were taken for 4 weeks after infection. All the behavioral experiments were performed
at 30-41 days post infection (dpi), at 7:00-8:30 a.m. under a light intensity of 300 lux.

Open-field test

To investigate activity and exploratory behavior in T. gondii-infected mice, the mice were
tested one at a time. As described in detail previously [24], exploration in an open field, a cir-
cular area with a diameter of 50 cm (Muromachi, Tokyo, Japan), was recorded for 5 min using
a video tracking system (Comp Act VAS ver. 3.0x, Muromachi). Total travelled distance (cm/5
min), average speed (cm/sec), and first response latency (sec) were measured. The behavioral
experiments were performed on day 30 post infection, and commenced at 7:00 am, under 300
lux light intensity.
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Hole-board test

Exploration in a hole-board, a square area equipped with four holes with a side length of 50
cm (Muromachi), was recorded for 5 min with a video tracking system (Comp Act VAS ver.
3.0x). The latency time to first head-dipping (sec), head-dipping count (counts/5 min), and
head-dipping duration (sec/5 min) was measured. Behavioural experiments were performed
on day 31 post infection, and commenced at 7:00 am, under 300 lux light intensity.

Fear-conditioning test

To assess the ability of the mice to develop a fear memory, a contextual and cued fear-condi-
tioning experiment was performed in a fear-conditioning box (18 cm x 17 cm; Muromachi).
The experimental conditions have been described in detail previously [22]. Briefly, the fear-
conditioning test was conducted over 4 days. On day 1, once placed in a conditioning cham-
ber, each mouse received a paired auditory cue and mild foot shock twice. On day 2, to test the
contextually-conditioned fear memory, the mice were again individually placed in the same
conditioning chamber and tested for 5 min without the foot shocks and without tone cue (con-
text test). On day 3, to test for a conditioned fear of the tone cue in the absence of contextual
cues, the individual mice were placed in a differently shaped chamber for habituation over 3
min, and the auditory cue was presented for 3 min (tone test). Freezing behavior, measured as
an index of fear memory, was recorded using a video-tracking system (Comp Act VAS ver.
3.0x). On day 4, to test the ability of the mice to extinct the conditioned fear memory, the indi-
vidually-tested mice received 30 successive auditory cues without the foot shock (extinction
test). Freezing was measured over 5 min in the context test, during habituation (3 min), and
during the tone (3 min) in the tone test. The freezing ratio (%) was calculated by dividing the
time spent freezing by the total time of each session. In the extinction test, the freezing ratio
(%) was repeatedly calculated by dividing the time spent freezing by each 5-min extinction
test. It must be noted that the wild-type mice were the same as those used in our previous
study because the behavioral experiment in this study was conducted at the same time as the
experiments described in a previous report [22]. In our previous study, behavioral experiments
consisted of 4 independent experiments. Data belonging to TLR2”" mice were collected in par-
allel to the latter half of the 4 experiments. Although behavioral studies were performed under
non-blind test, it had no opportunity for any arbitrary count because all data were collected in
automatically by the video-tracking system.

Pathological analysis

The pathological analysis of the mice was performed as described in detail previously [25].
After fixation with 10% neutral-buffered formalin solution, the coronally-cut mouse brains
were routinely embedded in paraffin wax, sectioned at 4 pm, and stained with hematoxylin
and eosin. To estimate the severity of the histopathological lesions, they were scored as follows:
0, no lesions; 1, mild lesions limited to localized perivascular cuffs, or slight mononuclear cell
infiltration of the meninges and slight glial cell infiltration; 2, moderate lesions, including mul-
tiple perivascular cuffs, meningitis, and local glial cell infiltration; 3, severe lesions, including
multiple or widespread perivascular cuff, meningitis, glial cell activation, focal necrosis, and
rarefaction of the neuropil, with occasional macrophage infiltration. The severity of the brain
lesions was estimated in three sections cut at the caudate putamen, hypothalamus and cerebel-
lum level. The pathological lesions representing the different scores are shown in S1 Fig The
scores for each section were calculated, and the total pathological score for each mouse was
used in the data analysis. We also counted the number of cysts in each section, as indicated in
S1 Fig, and the total number of cysts for each mouse was used in the data analysis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220560 August 12, 2019 4/15


https://doi.org/10.1371/journal.pone.0220560

@ PLOS|ONE

Toll-like receptor 2 and Toxoplasma infection

DNA isolation and PCR analysis

DNA from the brain samples collected at 30 dpi was prepared. The DNA was extracted, puri-
fied, and quantified for parasite counts by real-time PCR using the B1 gene as previously
described in detail [26]. PCR was performed using the ABI Prism 7900HT sequence detection
system (Applied Biosystems, Foster City, CA, USA), and amplification was monitored using
the SYBR green method (Applied Biosystems). The calculated cycle threshold (Ct) values were
exported to Microsoft Excel for analysis. A standard curve was constructed with the T. gondii
DNA extracted from 1 x 10° parasites using 1 pl of a serial dilution ranging from 10,000 to
0.01 parasites. Parasite numbers were calculated by interpolation of a standard curve on which
the Ct values were plotted against known concentrations of parasites. To confirm the specific-
ity of the PCR, DNAs from the brain of an uninfected mouse and from purified T. gondii
tachyzoites were used as the negative and positive controls, respectively.

Quantitative reverse-transcription-PCR

mRNA expression levels in the mouse brains were measured at 30 dpi as previously described
in detail [27]. Total RNA was extracted from the mouse brain samples using TRI Reagent
(Sigma), and reverse transcription was performed using Superscript ITT™ Reverse Transcrip-
tase (Invitrogen, Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Expression of the genes encoding inducible nitric oxide synthase (iNOS), inter-
leukin-12p40 (IL-12p40), IEN-y, interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis
factor-a. (TNF-o), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a housekeep-
ing gene was analyzed by real-time PCR using the Applied Biosystems Prism 7700 Sequence
Detection System with SYBR Green master mix (Applied Biosystems). In the preliminary
study, we compared the stability of the expression levels of several housekeeping genes such as
GAPDH, beta-actin, and 18S ribosome RNA, and confirmed that GAPDH was the most
appropriate housekeeping gene in brain tissue. The comprehensive gene stability tests were
calculated by Reffinder (https://www.heartcure.com.au/for-researchers/). The relative gene
stabilities were GAPDH = 1.00, 18s ribosome RNA = 1.682, and B-actin = 3.00. The sequences
were as follows: iNOS: 5'-ACC CCT GTG TTC CAC CAG GAG ATG TTG AA-3'(sense)
and 5'-TGA AGC CAT GAC CTT TCG CAT TAG CAT GG-3' (anti-sense); IL-12p40:
5'-GGA TGG AAG AGT CCC CCA AA-3'(sense)and 5'- CTG GAA AAA GCC AAC
CAA GC-3' (anti-sense); IFN-y: 5'- AGC TCA TCC GAG TGG TCC AC-3’' (sense) and
5= GCT TCC TGA GGC TGG ATT CC-3' (anti-sense); IL-6: 5'- TTC CAT CCA GTT
GCC TTC TTG-3' (sense) and 5'- GAA GGC CGT GGT TGT CAC C-3’ (anti-sense);
IL-10: 5= CCT GGT AGA AGT GAT GCC CC-3’(sense)and 5'- TCC TTG ATT TCT
GGG CCA TG-3' (anti-sense); TNF-o: 5'- GGC AGG TCT ACT TTG GAG TCA TTG
C-3'(sense) and 5'- ACA TTC GAG GCT CCA GTG AA-3'(anti-sense); and GAPDH:
5'- GGA GGC CAC ACT GCT GAT TTA-3' (sense)and 5'- CCT GCT TCA CCA CCT
TCT TGA T-3' (anti-sense). The fold change C, method was used, where C, is the threshold
concentration (User Bulletin no. 2; Perkin- Elmer, Boston, MA, USA).

Statistical analyses

Statistical analyses were performed using GraphPad Prism (version 6.0) software (GraphPad
Software, San Diego, CA, USA). Statistically significant differences between the different
mouse groups (TLR2*'* infected, TLR2*'* uninfected, TLR2”" infected, TLR2”" uninfected) in
the different experiments were analyzed using unpaired ¢ tests and the Mann-Whitney test.
Statistically significant differences among four groups were determined using two-way
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ANOVA with Toxoplasma infection and TLR2 deficiency as the main factors. P values
of < 0.05 represent statistically significant differences.

Results
Open-field testing on T. gondii-infected and uninfected mice

To assess whether infection with T. gondii induced behavioral alternations in the TLR2” mice,
we conducted the following behavioral experiments: the open-field test, the hole-board test,
and the fear conditioning test. First, the TLR2*"* and TLR2”" mice were infected with the T.
gondii PLK strain, and their bodyweights were measured daily for 4 weeks after infection.
When compared with the uninfected mice, both the infected TLR2*/* and infected TLR2""
mouse groups experienced significantly reduced body weights from 9 days after infection with
T. gondii, but no mice died (S2 Fig). In the open-field test, the total distance travelled and aver-
age speed showed no difference between the TLR2*'* and the TLR2™" uninfected mice (Fig 1A
and 1B). However, the uninfected TLR2”" mice showed a significant increase in the latency to
the first response compared with the uninfected TLR2*/* mice (p < 0.01) (Fig 1C). This result
suggests that TLR2-deficiency caused increased anxiety in the TLR2”" mice because they expe-
rienced slower initial movement times than those of the TLR2""* mice. Next, we assessed
whether the absence of the TLR2 gene affected the behavioral changes caused by subacute
infection with T. gondii. The total distance travelled and average speed of the infected mice
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Fig 1. Effects of T. gondii infection on the locomotor activity of mice. Changes in mouse locomotor activity on day
30 post infection: (A) total distance travelled (cm), (B) average speed (cm/sec), and (C) latency to first response (sec).
Data were summarized from two independent experiments (uninfected TLR2*'* mice, n = 16; uninfected TLR2”" mice,
n = 13; infected TLR2*/* mice, n = 21; infected TLR2”~ mice, n = 18). Significant differences among the four groups
were analyzed by a two-way ANOVA followed by t tests (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001), significant
main effects are shown for (A) T. gondii infection [F( 65y = 35.42, p < 0.0001], (B) T. gondii infection [Fy 6,) = 31.85,

p < 0.0001], and (C) TLR2 deficiency [F; ¢3) = 7.596, p < 0.05]. The interaction between T. gondii infection and TLR2
deficiency was not statistically significant.

https://doi.org/10.1371/journal.pone.0220560.9001
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Fig 2. Effects of T. gondii infection on anxiety-related behavior in mice. Changes in the exploratory behavior at 31
days post infection: (A) head-dip count (counts/5 min), (B) head-dip duration (sec/5 min), and (C) head dip latency
(sec). Data were summarized from two independent experiments (uninfected TLR2**, n = 16; uninfected TLR2”",

n = 13; infected TLR2*'*, n = 21; infected TLR2™", n = 18). Significant differences among the four groups were
analyzed by a two-way ANOVA followed by t tests (*, p < 0.05; ***, p < 0.01; ****, p < 0.001), significant main effects
are shown for (A) TLR2 deficiency [F(;62) = 25.30, p < 0.0001], (B) TLR2 deficiency [F; 62y = 8.996, p < 0.01], and (C)
TLR2 deficiency [F(; 60) = 13.83, p < 0.001]. The interaction between T. gondii infection and TLR2 deficiency was not
statistically significant.

https://doi.org/10.1371/journal.pone.0220560.g002

decreased significantly when compared with the uninfected mice for both TLR2*/* and
TLR2”" mouse groups (Fig 1A and 1B). The two-way ANOV A analysis revealed significant
effects for the factor ‘Toxoplasma infection’, indicating that mice infected with T. gondii expe-
rienced significantly decreased locomotion regardless of their TLR2*'* or TLR2”" status. In
addition, unlike the case of the uninfected animals, there was no significant difference in the
latency to the first response between the infected TLR2** and infected TLR2”" mice (Fig 1C).

Hole-board testing on T. gondii-infected and uninfected mice

The hole-board test is generally used to assess anxiety in rodents. Head-dipping behavior in
this test reflects the anxiolytic state of the animals [28]. The head-dipping number, and head-
dip duration of the uninfected TLR2”" mice decreased and head-dipping latency of the unin-
fected TLR2”" mice increased compared with the uninfected TLR2** mice (Fig 2). Similar
results were obtained in the infected TLR2*'* and TLR2”" mice (Fig 2). The two-way ANOVA
analysis showed that the factor “TLR2 deficiency’ was the statistically significant factor affecting
mouse behavior in the hole-board test, while no significant effects for the factor “Toxoplasma
infection’ and no interaction between ‘Toxoplasma infection’ and “TLR2 deficiency’ were
observed. These results indicate that increased anxiety levels were present in the TLR2”" mice.
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Fig 3. Effects of T. gondii infection on fear memory consolidation in mice. The ordinate shows the percentage of
time spent freezing. (A) Contextual conditioned freezing time. Significant differences among the four groups were
analyzed by a two-way ANOVA followed by t tests (**, p < 0.01; **%, p < 0.001; ****, p < 0.0001), significant main
effects are shown for TLR2 deficiency [F(; 62) = 20.06, p < 0.0001] and T. gondii infection [F(; ¢2) = 40.58, p < 0.0001].
The interaction between T. gondii infection and TLR2 deficiency was not statistically significant. (B) Tone-conditioned
freezing time. Significant differences between habituation and tone sessions were determined by unpaired ¢ tests

(**p < 0.01). (C) Time course for fear extinction as revealed by the decreased freezing response in the extinction test.
Statistical analysis between experimental group pairs including uninfected TLR2*'* mice and uninfected TLR2”" mice,
uninfected TLR2*"* mice and infected TLR2*'* mice, and uninfected TLR2”~ mice and infected TLR2”" mice were
performed by a two-way ANOVA but no statistically significant main effects or interactions were observed. The
average freezing response percentage across the 5 min intervals in the extinction test was normalized to the first 5 min.
Freezing was calculated by dividing the freezing time by the observation times (300 s) in the context test, habituation
(180 s), and tone (180 s) during the tone test, and over 5 min for every 5 min interval in the extinction test. Data
represent the means + SEMs. Data are summarized from two independent experiments (uninfected TLR2*'*, n = 16;
uninfected TLR2”", n = 13; infected TLR2""*, n = 21; infected TLR2"", n = 18).

https://doi.org/10.1371/journal.pone.0220560.9003

Fear-conditioning testing on T. gondii-infected and uninfected mice

We have previously reported that there is impaired fear memory consolidation in mice
infected with T. gondii [22]. In the present study, we examined whether TLR2 deficiency was
associated with this memory deficit. However, unexpectedly, we found that mouse freezing
behavior in the context test increased significantly, but this was induced by TLR2 deficiency in
its own right (Fig 3A). In fact, infection with T. gondii decreased the time spend in freezing
activity in both TLR2*'* and TLR2”" mice in the context test (Fig 3A). Our two-way ANOVA
analysis of the context test showed significant effects for the factors ‘Toxoplasma infection”
(p < 0.0001) and “TLR2 deficiency’ (p < 0.0001), but there was no interaction between the two
factors (p = 0.6465).

In the tone test, when a mouse normally memorizes an association between conditioned
tone and foot shocks, it shows an increased freezing response when it is re-exposed to the con-
ditioned tone. Although the freezing reactions of the uninfected TLR2"'* mice increased after
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re-exposing them to the conditioned tone, the other groups did not show such a change in
reaction (Fig 3B). These results suggest that the tone conditioned fear memory response was
impaired by both TLR2 deficiency and T. gondii infection, but no significant interaction was
observed between these factors.

Finally, the effects of ‘T. gondii infection’ and “TLR2 deficiency’ on the extinction of contex-
tual fear memory were evaluated in the extinction test (Fig 3C). In the first 0-5 min of the test,
the percentage of infected mice experiencing freezing behavior decreased significantly com-
pared with the percentage for the uninfected mice (data not shown). This difference might
reflect the conditioned context results. Therefore, to evaluate the extinction of fear memory,
the average percent of the freezing response across every 5 min of the extinction test was nor-
malized to that of the first 5 min. The data represent the transition of the extinction phase of
the conditioned fear. The two-way ANOVA analyses showed no significant main effects and
interaction (Fig 3C). These results suggest that both TLR2 deficiency and T. gondii infection
did not affect the extinction of the conditioned fear memory.

Histopathological analysis and parasite numbers in the mouse brains

Next, we investigated the role played by TLR2 in T. gondii infections in terms of parasite
pathology. Histopathological analysis showed that the T. gondii infections induced brain
lesions in the mice, such as inflammatory cell infiltration, but the severity of the brain lesions
did not differ significantly between the infected TLR2*"* and infected TLR2”" mice (p = 0.469)
(Fig 4A). However, cyst numbers in the brains of the infected TLR2”" mice were slightly higher
than those of the infected TLR2"/* mice, but there was no significant difference (p = 0.0628)
(Fig 4B). Our quantitative real-time PCR analysis showed that the number of parasites in the
brains of the TLR2™" mice was significantly higher than that of the TLR2** mice at 30 days
after infection (p = 0.0315, Fig 4C). In contrast, the numbers of brain-located parasites did not
differ between the TLR2"" and TLR2”" mice at 7 and 14 days after infection (p = 0.3315 and
p =0.5787, respectively) (Fig 4D).

iNOS and cytokine mRNA expression in the brains of T. gondii-infected
TLR2"* and TLR2” "mic

In general, TLR2 activates the nuclear factor-kB (NF-kB) signal transduction cascade, which
leads to the production of a variety of inflammatory mediators and cytokines. To clarify the
role of TLR2 in the brain, we examined iNOS and cytokine mRNA expression in the brain tis-
sue (Fig 5). IL-10 expression levels were higher in the brains from the infected TLR2”" mice
than those of the infected TLR2"* mice (p < 0.01). In contrast, no differences were observed
in the expression levels of iNOS and other cytokines in the infected TLR2*'* and infected
TLR2” mice at 30 dpi (iNOS, p = 0.2412; IFN-y, p = 0.1846; IL-12p40, p = 0.5666; IL-6,

p =0.3212; TNF-0, p = 0.299).

Discussion

We initially investigated whether TLR2 deficiency itself would affect behavior. Uninfected
TLR2”" mice showed an increase in latency to the first movement in the open-field test. More-
over, TLR2 deficiency decreased both the number and duration of head-dips and increased
the latency to head-dipping period in the hole-board test. These observations in the uninfected
TLR2”" mice are explainable by more cautious locomotion in view of their higher anxiety lev-
els in the novel situation [29].

In the fear-conditioning test with the uninfected mice, in contrast to our initial expectation,
our results revealed that the TLR2”" mice experienced increased freezing behavior during the
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Fig 4. Histopathological lesions and parasite burdens in the brains of T. gondii-infected mice. On day 30 after
infection, brain samples were collected. The total pathological score (A) and number of brain cysts (B) were calculated.
Each circle represents the data for one mouse, and the bars represent the average values for all the data points in two
independent experiments (TLR2*'* mice, n = 9; TLR2"mice, n = 9). There was no statistically significant difference
between the two groups in the unpaired ¢ test (*p = 0.0628). (C) On day 30 after infection, brain samples were
collected. DNA was extracted from each brain sample and the parasite numbers were quantified. Each circle represents
the data for one mouse, and the bars represent the median value from all the data points in two independent
experiments (TLR2*"* mice, n = 9; TLR2“mice, n = 9). Statistically significant differences were determined by the
Mann-Whitney test (*p = 0.0315). (D) TLR2*'* mice and TLR2”"mice were infected with T. gondii tachyzoites. On
day 7 and 14 after infection, brain samples from all the mice were collected. DNA was extracted from each sample and
the parasite numbers were quantified. Each circle represents the data for one mouse, and the bars represent the average
values for all the data points in one experiment (TLR2*'* mice, n = 6; TLR2”"mice, n = 5). Significant differences were
determined by unpaired ¢ tests (*p < 0.05).

https://doi.org/10.1371/journal.pone.0220560.g004

time spent in the conditioned context. Moreover, in the tone test, freezing during the condi-
tioned tone presentation did not increase in the uninfected TLR2”~ mice. Contrasting with the
present study, a previous report showed that TLR2”" mice showed decreased freezing activity
during cued and contextual conditioning [3]. This behavioral difference possibly stems from
the different experimental conditions between these studies (e.g. the electrical shock strength,
and the number of foot shocks applied). A previous study also showed that TLR2 deficiency in
mice was able to impair hippocampal neurogenesis [2]. Other studies have reported that the
reduction in neurogenesis in the hippocampus coincides with impaired learning and memory
[30-33]. Moreover, TLR2”" mice experience increased cell death in the various brain regions
such as the hippocampus [3]. Thus, these observations support an inhibitory role for TLR2
deficiency in hippocampus-dependent memory. Therefore, in our study, the higher anxiety
levels observed in the TLR2”" mice in the hole-board test might have heightened their freezing
behavior in the contextual conditioned situation rather than enhancing the hippocampus-
dependent memory processes per se. However, how TLR2 interacts with hippocampal memory
processes remains elusive in terms of its mechanism.

Next, we discuss the behavioral changes caused by T. gondii infection during the subacute
stage. There was no consistent indication that infection with T. gondii affected the anxiolytic
state and the locomotor activity of the mice. This observation may reflect the use of different
T. gondii strains, different host species and sexes and/or different methodologies to measure
behavior in the mice [16]. There is a discrepancy regarding the effect of T. gondii infection on
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Fig 5. iNOS and cytokine mRNA expression in the brains of T. gondii-infected TLR2** and TLR2”"mice. TLR2**
and TLR2"mice were infected with T. gondii tachyzoites. On day 30 after infection, brain samples from all the mice
were collected. Total RNA was extracted from each sample and iNOS and cytokine mRNA expression was quantified
by real-time PCR. Each circle and square represent the data for one mouse, and the bars represent the average values of
all the data points in two independent experiments (TLR2"* mice, n = 9; TLR2 ' “mice, n = 9). Significant differences
were determined by unpaired ¢ tests (*p < 0.05).

https://doi.org/10.1371/journal.pone.0220560.g005

motor activity. It has been found that general motor activity increases, diminishes, or is unaf-
fected in T. gondii infections [17,34-38]. The observation of decreased locomotor activity in
the open-field test is suggestive of increased anxiety levels in the animals [39]. However, in the
present study, both T. gondii-infected TLR2"* and TLR2”" mice experienced decreased body-
weights, and average speeds. Therefore, we assume that the decreased locomotor activity we
observed may reflect the general state of health of the mice.

The effect of latent T. gondii infection in the hole-board test, as reported previously, showed
unchanged exploration of male mice infected with T. gondii [40], and our results are consistent
with this result. In the fear-conditioning test, T. gondii infection impaired contextual and
tone-associated fear memory. The initial aim of our study was to examine whether the absence
of TLR2 signaling affected the behavioral changes caused by T. gondii infection or not. How-
ever, throughout the behavioral tests, there was no interaction between ‘T. gondii infection’
and ‘TLR2 deficiency’. These results suggest that infection with T. gondii impaired the ability
to consolidate the fear memory in the mice, but this occurred in a TLR2-independent manner,
at least under our experimental conditions.

In the present study, the TLR2”" mice experienced an increased parasite burden at 30 days,
but not at 7 and 14 days after intraperitoneal infection with 1 x 10° PLK strain tachyzoites.
Although we cannot exclude the existence of DNA from dead parasites in the real-time PCR
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results, we found an increased (but not significant) number of cysts in the brains from the
TLR2”" mice, suggesting an increased burden with viable parasites. Although the mechanism
concerning how T. gondii reaches the brain has not been elucidated in detail, T. gondii crosses
the blood-brain barrier during the acute stage of its infection [41-43]. In this study, parasite
DNA was detected in the brain tissues from both TLR2** and TLR2”" mice during the acute
stage (14 dpi), but there was no significant difference in the parasite counts between them.
This finding suggests that TLR2 deficiency did not cause early dysfunction of the blood-brain
barrier. A previous study has also reported that TLR2 deficiency did not affect the parasite dis-
tribution in the peripheral organs of the experimental mice, at least when a non-lethal parasite
dose was used [5].

Our previous study showed that production of IL-6 and prostaglandin E2 in astrocytes and
IL-12p40, IL-6, IL-10 and IL-1B in microglia were much or completely impaired when the
TLR2 gene was absent, suggesting a pivotal role for TLR2 in the protective host response in the
CNS [9]. Thus, the impaired activities of brain cells may have resulted in increased parasite
numbers in the brains of the TLR2”" mice at 30 days post infection. However, in the present
study, any differences in the severity of the histopathological lesions and the expression levels
of inflammatory cytokines, except for IL-10, were not observed between the infected TLR2*'*
and infected TLR2”" mice. Moreover, although differences in the immunological status of the
uninfected TLR2** and the uninfected TLR2"~ mice were not investigated in this study, previ-
ous studies have reported that TLR2”" mice have normal thymocyte and splenocyte composi-
tions, and their surface expression of B220, IgM, and IgD on splenocytes are almost identical
to those of the wild-type mice [23]. Moreover, their serum cytokine levels (e.g., IFN-y, TNF-q,
IL-4, and IL-2) were not altered in TLR2”~ mice compared with the wild-type C57BL/6 mice
[44]. These results suggest that TLR2 deficiency shows no obvious adverse in its effects on the
basal immunological profile of the mice. Thus, contrary to our initial expectations, our data
indicate that TLR2 does not contribute strongly to the immune-pathological changes occur-
ring during the subacute stage of infection with T. gondii, under our experimental conditions
at least.

Conclusions

To the best of our knowledge, this is the first study to investigate the effects of TLR2 deficiency
on latent Toxoplasma infections in mice. The TLR2”" mice we tested showed increased base-
line anxiety-like behavior. In addition, our results suggest there was an impairment of fear
memory caused by T. gondii infection in a TLR2-independent manner, at least under our
experimental conditions. In contrast to our initial expectation, this study has revealed that
TLR2 does not play a dominant role in the brain protective immune response to latent T. gon-
dii infection, with the exception of the parasite burden in the brain.

However, it should be pointed out that conventional (whole-body) knockout™ mice were
used in this study. Whole-body TLR2 deficiency, which causes complicated changes in mouse
behavior, makes it difficult to understand the exact role played by TLR2-signaling during
chronic T. gondii infection of the brain. Further studies using a better model, for example mice
with a conditional deletion of TLR2 in their microglial cells and astrocytes or identification of
the TLR2 ligand in T. gondii should extend our understanding of the role of TLR2 in cerebral
toxoplasmosis.

Supporting information

S1 Fig. Histopathological lesions and cysts in T. gondii-infected mouse brains detected by
hematoxylin-eosin (HE) staining. Representative example of histopathological lesion in the
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brain tissue from a T. gondii-infected mouse, score 1: localized mild perivascular cuffs, score 2:
moderate glial cell infiltration, score 3: severe inflammatory cell infiltration, and a T. gondii tis-
sue cyst in the brain. TLR2** mice and TLR2™“mice were infected with T. gondii tachyzoites.
On day 30 after infection, brain samples were collected.

(PDF)

S2 Fig. Analysis of bodyweight changes. Relative body weight changes in the mice were
recorded until 28 days post infection. Data are the mean values + SD for all the mice in each
group that were used in two independent experiments (uninfected TLR2*/*, n = 16; uninfected
TLR2", n = 13; infected TLR2"'", n = 21; infected TLR2"", n = 18). Significant differences
were determined by a two-way ANOVA and post hoc Tukey’s test, and both the infected
TLR2*'* and infected TLR2”" mice showed significant body weight losses from day 9 post
infection (*p < 0.05).

(PDF)

S1 Table. Minimal data set.
(XLSX)

Acknowledgments

We thank Dr. Hidefumi Furuoka, and Youko Matsushita and Yoshie Imura (Obihiro Univer-
sity of Agriculture and Veterinary Medicine) for their excellent technical assistance. We thank
Sandra Cheesman, PhD, from Edanz Group (www.edanzediting.com/ac) for editing a draft of
this manuscript.

Author Contributions

Formal analysis: Fumiaki Thara, Yoshifumi Nishikawa.

Funding acquisition: Fumiaki Thara, Sachi Tanaka, Yoshifumi Nishikawa.
Investigation: Fumiaki Thara, Sachi Tanaka, Ragab M. Fereig, Maki Nishimura.
Methodology: Fumiaki Ihara.

Project administration: Yoshifumi Nishikawa.

Supervision: Yoshifumi Nishikawa.

Writing - original draft: Fumiaki Ihara.

Writing - review & editing: Yoshifumi Nishikawa.

References

1. Okun E, Griffioen KJ, Mattson MP. Toll-like receptor signaling in neural plasticity and disease. Trends
Neurosci. 2011; 34: 269-81. https://doi.org/10.1016/j.tins.2011.02.005 PMID: 21419501

2. Rolls A, Shechter R, London A, Ziv Y, Ronen A, Levy R, et al. Toll-like receptors modulate adult hippo-
campal neurogenesis. Nat Cell Biol. 2007; 9: 1081-8. https://doi.org/10.1038/ncb1629 PMID:
17704767

3. ParkSJ, Lee JY, Kim SJ, Choi S-Y, Yune TY, Ryu JH. Toll-like receptor-2 deficiency induces schizo-
phrenia-like behaviors in mice. Sci Rep. 2015; 5: 8502. https://doi.org/10.1038/srep08502 PMID:
25687169

4. Chen M, AosaiF, Norose K, Mun H-S, Takeuchi O, Akira S, et al. Involvement of MyD88 in Host
Defense and the Down-Regulation of Anti-Heat Shock Protein 70 Autoantibody Formation by MyD88 in
Toxoplasma gondii-Infected Mice. J Parasitol. 2002; 88: 1017—-1019. https://doi.org/10.1645/0022-3395
(2002)088[1017:10MIHD]2.0.CO;2 PMID: 12435148

PLOS ONE | https://doi.org/10.1371/journal.pone.0220560 August 12, 2019 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220560.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220560.s003
http://www.edanzediting.com/ac
https://doi.org/10.1016/j.tins.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21419501
https://doi.org/10.1038/ncb1629
http://www.ncbi.nlm.nih.gov/pubmed/17704767
https://doi.org/10.1038/srep08502
http://www.ncbi.nlm.nih.gov/pubmed/25687169
https://doi.org/10.1645/0022-3395(2002)088[1017:IOMIHD]2.0.CO;2
https://doi.org/10.1645/0022-3395(2002)088[1017:IOMIHD]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/12435148
https://doi.org/10.1371/journal.pone.0220560

@ PLOS|ONE

Toll-like receptor 2 and Toxoplasma infection

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Debierre-Grockiego F, Campos M a, Azzouz N, Schmidt J, Bieker U, Resende MG, et al. Activation of
TLR2 and TLR4 by glycosylphosphatidylinositols derived from Toxoplasma gondii. J Immunol Baltim
Md 1950. 2007; 179: 1129-37.

Mun H-S, Aosai F, Norose K, Chen M, Piao L-X, Takeuchi O, et al. TLR2 as an essential molecule for
protective immunity against Toxoplasma gondiiinfection. Int Immunol. 2003; 15: 1081-1087. https://
doi.org/10.1093/intimm/dxg108 PMID: 12917260

Scanga CA, Aliberti J, Jankovic D, Tilloy F, Bennouna S, Denkers EY, et al. Cutting edge: MyD88 is
required for resistance to Toxoplasma gondiiinfection and regulates parasite-induced IL-12 production
by dendritic cells. J Immunol Baltim Md 1950. 2002; 168: 5997—-6001.

Denkers EY, Gazzinelli RT. Regulation and Function of T-Cell-Mediated Immunity during Toxoplasma
gondiiInfection. Clin Microbiol Rev. 1998; 11: 569-588. PMID: 9767056

Umeda K, Tanaka S, lhara F, Yamagishi J, Suzuki Y, Nishikawa Y. Transcriptional profiling of Toll-like
receptor 2-deficient primary murine brain cells during Toxoplasma gondiiinfection. PLOS ONE. 2017;
12: e01877083. https://doi.org/10.1371/journal.pone.0187703 PMID: 29136637

Torrey EF, Yolken RH. Toxoplasma gondiiand Schizophrenia. Emerg Infect Dis. 2003; 9: 1375-1380.
https://doi.org/10.3201/eid0911.030143 PMID: 14725265

Torrey EF, Bartko JJ, Lun Z- R, Yolken RH. Antibodies to Toxoplasma gondiiin Patients With Schizo-
phrenia: A Meta-Analysis. Schizophr Bull. 2007; 33: 729-736. https://doi.org/10.1093/schbul/sbl050
PMID: 17085743

Torrey EF, Bartko JJ, Yolken RH. Toxoplasma gondiiand Other Risk Factors for Schizophrenia: An
Update. Schizophr Bull. 2012; 38: 642—-647. https://doi.org/10.1093/schbul/sbs043 PMID: 22446566

Henriquez SA, Brett R, Alexander J, Pratt J, Roberts CW. Neuropsychiatric Disease and Toxoplasma
gondii Infection. Neuroimmunomodulation. 2009; 16: 122—133. https://doi.org/10.1159/000180267
PMID: 19212132

Flegr J, Preiss M, Klose J, Havli¢ek J, Vitakova M, Kodym P. Decreased level of psychobiological factor
novelty seeking and lower intelligence in men latently infected with the protozoan parasite Toxoplasma
gondii Dopamine, a missing link between schizophrenia and toxoplasmosis? Biol Psychol. 2003; 63:
253-268. https://doi.org/10.1016/S0301-0511(03)00075-9 PMID: 12853170

Flegr J. Influence of latent Toxoplasma infection on human personality, physiology and morphology:
pros and cons of the Toxoplasma-human model in studying the manipulation hypothesis. J Exp Biol.
2013; 216: 127-33. https://doi.org/10.1242/jeb.073635 PMID: 23225875

Worth AR, Lymbery AJ, Thompson RCA. Adaptive host manipulation by Toxoplasma gondii: fact or fic-
tion? Trends Parasitol. 2013; 29: 150-5. https://doi.org/10.1016/].pt.2013.01.004 PMID: 23415732

Berdoy M, Webster JP, Macdonald DW. Fatal attraction in rats infected with Toxoplasma gondii. Proc
Biol Sci. 2000; 267: 1591—4. https://doi.org/10.1098/rspb.2000.1182 PMID: 11007336

Vyas A, Kim S- K, Giacomini N, Boothroyd JC, Sapolsky RM. Behavioral changes induced by Toxo-
plasma infection of rodents are highly specific to aversion of cat odors. Proc Natl Acad Sci U S A. 2007;
104: 6442-7. https://doi.org/10.1073/pnas.0608310104 PMID: 17404235

Webster JP. The effect of Toxoplasma gondiion animal behavior: playing cat and mouse. Schizophr
Bull. 2007; 33: 752—6. https://doi.org/10.1093/schbul/sbl073 PMID: 17218613

Lamberton PHL, Donnelly CA, Webster JP. Specificity of the Toxoplasma gondii-altered behaviour to
definitive versus non-definitive host predation risk. Parasitology. 2008; 135: 1143-50. https://doi.org/10.
1017/S0031182008004666 PMID: 18620624

Ingram WM, Goodrich LM, Robey EA, Eisen MB. Mice infected with low-virulence strains of Toxo-
plasma gondiilose their innate aversion to cat urine, even after extensive parasite clearance. PloS One.
2013; 8: €75246. https://doi.org/10.1371/journal.pone.0075246 PMID: 24058668

Ihara F, Nishimura M, Muroi Y, Mahmoud ME, Yokoyama N, Nagamune K, et al. Toxoplasma gondii
Infection in Mice Impairs Long-Term Fear Memory Consolidation through Dysfunction of the Cortex and
Amygdala. Adams JH, editor. Infect Immun. 2016; 84: 2861-2870. https://doi.org/10.1128/IA1.00217-16
PMID: 27456832

Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, Ogawa T, et al. Differential Roles of TLR2 and
TLR4 in Recognition of Gram-Negative and Gram-Positive Bacterial Cell Wall Components. Immunity.
1999; 11: 443-451. https://doi.org/10.1016/S1074-7613(00)80119-3 PMID: 10549626

Ihara F, Nishimura M, Muroi Y, Furuoka H, Yokoyama N, Nishikawa Y. Changes in neurotransmitter lev-
els and expression of immediate early genes in brain of mice infected with Neospora caninum. Sci Rep.
2016; 6: 23052. https://doi.org/10.1038/srep23052 PMID: 26971577

Tanaka S, Nishimura M, lhara F, Yamagishi J, Suzuki Y, Nishikawa Y. Transcriptome analysis of
mouse brain infected with Toxoplasma gondii. Infect Immun. 2013; 81: 3609-19. https://doi.org/10.
1128/1A1.00439-13 PMID: 23856619

PLOS ONE | https://doi.org/10.1371/journal.pone.0220560 August 12, 2019 14/15


https://doi.org/10.1093/intimm/dxg108
https://doi.org/10.1093/intimm/dxg108
http://www.ncbi.nlm.nih.gov/pubmed/12917260
http://www.ncbi.nlm.nih.gov/pubmed/9767056
https://doi.org/10.1371/journal.pone.0187703
http://www.ncbi.nlm.nih.gov/pubmed/29136637
https://doi.org/10.3201/eid0911.030143
http://www.ncbi.nlm.nih.gov/pubmed/14725265
https://doi.org/10.1093/schbul/sbl050
http://www.ncbi.nlm.nih.gov/pubmed/17085743
https://doi.org/10.1093/schbul/sbs043
http://www.ncbi.nlm.nih.gov/pubmed/22446566
https://doi.org/10.1159/000180267
http://www.ncbi.nlm.nih.gov/pubmed/19212132
https://doi.org/10.1016/S0301-0511(03)00075-9
http://www.ncbi.nlm.nih.gov/pubmed/12853170
https://doi.org/10.1242/jeb.073635
http://www.ncbi.nlm.nih.gov/pubmed/23225875
https://doi.org/10.1016/j.pt.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23415732
https://doi.org/10.1098/rspb.2000.1182
http://www.ncbi.nlm.nih.gov/pubmed/11007336
https://doi.org/10.1073/pnas.0608310104
http://www.ncbi.nlm.nih.gov/pubmed/17404235
https://doi.org/10.1093/schbul/sbl073
http://www.ncbi.nlm.nih.gov/pubmed/17218613
https://doi.org/10.1017/S0031182008004666
https://doi.org/10.1017/S0031182008004666
http://www.ncbi.nlm.nih.gov/pubmed/18620624
https://doi.org/10.1371/journal.pone.0075246
http://www.ncbi.nlm.nih.gov/pubmed/24058668
https://doi.org/10.1128/IAI.00217-16
http://www.ncbi.nlm.nih.gov/pubmed/27456832
https://doi.org/10.1016/S1074-7613(00)80119-3
http://www.ncbi.nlm.nih.gov/pubmed/10549626
https://doi.org/10.1038/srep23052
http://www.ncbi.nlm.nih.gov/pubmed/26971577
https://doi.org/10.1128/IAI.00439-13
https://doi.org/10.1128/IAI.00439-13
http://www.ncbi.nlm.nih.gov/pubmed/23856619
https://doi.org/10.1371/journal.pone.0220560

@ PLOS|ONE

Toll-like receptor 2 and Toxoplasma infection

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Fereig RM, Nishikawa Y. Peroxiredoxin 3 promotes IL-12 production from macrophages and partially
protects mice against infection with Toxoplasma gondii. Parasitol Int. 2016; 65: 741-748. https://doi.
org/10.1016/j.parint.2016.09.008 PMID: 27644889

Nishimura M, Tanaka S, lhara F, Muroi Y, Yamagishi J, Furuoka H, et al. Transcriptome and histopatho-
logical changes in mouse brain infected with Neospora caninum. Sci Rep. 2015; 5: 7936. https://doi.org/
10.1038/srep07936 PMID: 25604996

Takeda H, Tsuji M, Matsumiya T. Changes in head-dipping behavior in the hole-board test reflect the
anxiogenic and/or anxiolytic state in mice. Eur J Pharmacol. 1998; 350: 21-29. https://doi.org/10.1016/
s0014-2999(98)00223-4 PMID: 9683010

Lim J- E, Song M, Jin J, Kou J, Pattanayak A, Lalonde R, et al. The effects of MyD88 deficiency on
exploratory activity, anxiety, motor coordination, and spatial learning in C57BL/6 and APPswe/PS1dE9
mice. Behav Brain Res. 2012; 227: 36—42. https://doi.org/10.1016/j.bbr.2011.10.027 PMID: 22051943

Barnea A, Nottebohm F. Seasonal recruitment of hippocampal neurons in adult free-ranging black-
capped chickadees. Proc Natl Acad Sci U S A. 1994; 91: 11217—11221. https://doi.org/10.1073/pnas.
91.23.11217 PMID: 7972037

Gould null, Tanapat null, Hastings null, Shors null. Neurogenesis in adulthood: a possible role in learn-
ing. Trends Cogn Sci. 1999; 3: 186—-192. PMID: 10322475

Gross CG. Neurogenesis in the adult brain: death of a dogma. Nat Rev Neurosci. 2000; 1: 67-73.
https://doi.org/10.1038/35036235 PMID: 11252770

Kempermann G. Why new neurons? Possible functions for adult hippocampal neurogenesis. J Neu-
rosci Off J Soc Neurosci. 2002; 22: 635—638.

Gonzalez LE, Rojnik B, Urrea F, Urdaneta H, Petrosino P, Colasante C, et al. Toxoplasma gondiiinfec-
tion lower anxiety as measured in the plus-maze and social interaction tests in rats A behavioral analy-
sis. Behav Brain Res. 2007; 177: 70-9. https://doi.org/10.1016/j.bbr.2006.11.012 PMID: 17169442

Hay J, Hutchison WM, Aitken PP, Graham DI. The effect of congenital and adult-acquired Toxoplasma
infections on activity and responsiveness to novel stimulation in mice. Ann Trop Med Parasitol. 1983;
77:483-95. https://doi.org/10.1080/00034983.1983.11811741 PMID: 6660954

Hutchison WM, Aitken PP, Wells WP. Chronic Toxoplasma infections and familiarity-novelty discrimina-
tion in the mouse. Ann Trop Med Parasitol. 1980; 74: 145—150. https://doi.org/10.1080/00034983.1980.
11687324 PMID: 7436599

Piekarski G. Behavioral alterations caused by parasitic infection in case of latent Toxoplasma infection.
Zentralblatt Bakteriol Mikrobiol Hyg 1 Abt Orig Med Mikrobiol Infekt Parasitol Int J Microbiol Hyg Med
Microbiol Infect. 1981; 250: 403—406.

Webster JP. The effect of Toxoplasma gondiiand other parasites on activity levels in wild and hybrid
Rattus norvegicus. Parasitology. 1994; 109 (Pt 5: 583-9.

Prut L, Belzung C. The open field as a paradigm to measure the effects of drugs on anxiety-like behav-
iors: a review. Eur J Pharmacol. 2003; 463: 3—-33. https://doi.org/10.1016/s0014-2999(03)01272-x
PMID: 12600700

Skallova A, Kodym P, Frynta D, Flegr J. The role of dopamine in Toxoplasma-induced behavioural alter-
ations in mice: an ethological and ethopharmacological study. Parasitology. 2006; 133: 525-535.
https://doi.org/10.1017/S0031182006000886 PMID: 16882355

Lachenmaier SM, Deli MA, Meissner M, Liesenfeld O. Intracellular transport of Toxoplasma gondii
through the blood—brain barrier. J Neuroimmunol. 2011; 232: 119-130. https://doi.org/10.1016/.
jneuroim.2010.10.029 PMID: 21106256

Barragan A, David Sibley L. Migration of Toxoplasma gondiiacross biological barriers. Trends Micro-
biol. 2003; 11: 426—430. https://doi.org/10.1016/S0966-842X(03)00205-1 PMID: 13678858

Feustel SM, Meissner M, Liesenfeld O. Toxoplasma gondiiand the blood-brain barrier. Virulence. 2012;
3: 182—-192. https://doi.org/10.4161/viru.19004 PMID: 22460645

Rolls A, Shechter R, London A, Ziv Y, Ronen A, Levy R, et al. Toll-like receptors modulate adult hippo-
campal neurogenesis. Nat Cell Biol. 2007; 9: 1081-1088. https://doi.org/10.1038/ncb1629 PMID:
17704767

PLOS ONE | https://doi.org/10.1371/journal.pone.0220560 August 12, 2019 15/15


https://doi.org/10.1016/j.parint.2016.09.008
https://doi.org/10.1016/j.parint.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27644889
https://doi.org/10.1038/srep07936
https://doi.org/10.1038/srep07936
http://www.ncbi.nlm.nih.gov/pubmed/25604996
https://doi.org/10.1016/s0014-2999(98)00223-4
https://doi.org/10.1016/s0014-2999(98)00223-4
http://www.ncbi.nlm.nih.gov/pubmed/9683010
https://doi.org/10.1016/j.bbr.2011.10.027
http://www.ncbi.nlm.nih.gov/pubmed/22051943
https://doi.org/10.1073/pnas.91.23.11217
https://doi.org/10.1073/pnas.91.23.11217
http://www.ncbi.nlm.nih.gov/pubmed/7972037
http://www.ncbi.nlm.nih.gov/pubmed/10322475
https://doi.org/10.1038/35036235
http://www.ncbi.nlm.nih.gov/pubmed/11252770
https://doi.org/10.1016/j.bbr.2006.11.012
http://www.ncbi.nlm.nih.gov/pubmed/17169442
https://doi.org/10.1080/00034983.1983.11811741
http://www.ncbi.nlm.nih.gov/pubmed/6660954
https://doi.org/10.1080/00034983.1980.11687324
https://doi.org/10.1080/00034983.1980.11687324
http://www.ncbi.nlm.nih.gov/pubmed/7436599
https://doi.org/10.1016/s0014-2999(03)01272-x
http://www.ncbi.nlm.nih.gov/pubmed/12600700
https://doi.org/10.1017/S0031182006000886
http://www.ncbi.nlm.nih.gov/pubmed/16882355
https://doi.org/10.1016/j.jneuroim.2010.10.029
https://doi.org/10.1016/j.jneuroim.2010.10.029
http://www.ncbi.nlm.nih.gov/pubmed/21106256
https://doi.org/10.1016/S0966-842X(03)00205-1
http://www.ncbi.nlm.nih.gov/pubmed/13678858
https://doi.org/10.4161/viru.19004
http://www.ncbi.nlm.nih.gov/pubmed/22460645
https://doi.org/10.1038/ncb1629
http://www.ncbi.nlm.nih.gov/pubmed/17704767
https://doi.org/10.1371/journal.pone.0220560

