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SUMMARY

MicroRNA-132 (miR-132) has been demonstrated to affect multiple neuronal functions and its
dysregulation is linked to several neurological disorders. We previously showed that acute T.
gondii infection induces miR-132 expression both in vitro and in vivo. To investigate the impact of
chronic infection on miR-132, we infected mice with T. gondii PRU strain and performed
assessment 5 months later in six brain regions (cortex, hypothalamus, striatum, cerebellum,
olfactory bulb and hippocampus) by gPCR. We found that while acute infection of T. gondii
increases the expression of miR-132, chronic infection has the opposite effect. The effect varied
amongst different regions of the brain and presented in a sex-dependent manner, with females
exhibiting more susceptibility than males. MiR-132 and brain derived neurotrophic factor (BDNF,
an inducer of miR-132) were not co-varies in the brain areas of infected mice. T. gondii
DNA/RNA was found in all tested brain regions and a selective tropism towards the hippocampus,
based on bradyzoite density, was observed in both males and females. However, the expressions
of miR-132 or BDNF were poorly reflected by the density of T. gondii in brain areas. Our findings
highlight the importance of investigating the miR-132-mediated neuronal function in mice
infected with T. gondii.
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INTRODUCTION

Toxoplasma gondii (T. gondii) is a common protozoan that infects humans and other
animals. Felines serve as the primary host in which T. gondii can undergo sexual
reproduction and complete its life cycle. Humans, rodents, and other non-feline vertebrates
can become infected with T. gondii and serve as intermediate hosts. It has been reported that
T. gondii modifies the behavior of its intermediate hosts when the infection proceeds into its
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latent phase (Vyas et al. 2007), which is characterized by the presence of parasite cysts in
the brain. This thereby raises the question of whether or not there is any tropism of T. gondii
for a specific location in the brain. It is possible that preferential localization is the key to the
behavioral manipulation.

T. gondii encystment has been found in most brain regions, yet tropism for specific brain
regions remains controversial in the literature (Vyas et al. 2007; Hermes et al. 2008;
Berenreiterova et al. 2011). Previous estimates of tropism were determined by tissue cyst
density using the microscope-based method. However, tissue cysts can range from 5 to 100
um in size containing just a few to thousands of encysted bradyzoites (Tomita et al. 2013).
This fact makes direct comparisons based on cyst numbers less precise. As the number of
bradyzoites is proportional to the size of the cyst, we assumed that the parasite’s preference
for certain brain regions can be reflected in bradyzoite number, i.e. it is possible that
bradyzoites divide differently in different regions due to preference or suitability, thereby
forming cysts of varying sizes. This may provide an alternative way to examine the brain
tropism of T. gondii and its influence on behavior. We thus explored T. gondii tropism for
different brain regions in reference to bradyzoite number using a PCR-based approach.

MicroRNAs are a class of small, noncoding RNAs of 21-23 nucleotides that regulate gene
expression at the post-transcriptional level by binding to the mRNA of protein coding genes.
MicroRNA-132 (miR-132) is a neuron-enriched microRNA. Several targets for miR-132
have been described, including mediators of neurological development, synaptic
transmission, inflammation and angiogenesis (Wanet et al. 2012). MiR-132 has thus been
reported to play important roles in different physiological processes. Dysregulation of
miR-132 is associated with several neurological disorders, such as schizophrenia,
Alzheimer, Parkinson’s disease and tauopathies (Miller et al. 2012; Wanet et al. 2012),
suggesting that this miRNA has a broader impact on different brain diseases. Brain derived
neurotrophic factor (BDNF) is essential for a variety of neuronal aspects, including
proliferation, differentiation, and survival in the CNS. Recent studies suggest that BDNF
exerts beneficial effects on CNS neurons via upregulation of miR-132 (Remenyi et al.
2010). The BDNF-induced miR-132 transcription was dependent on the activation of
ERK1/2 (Remenyi et al. 2010).

In a previous study, we demonstrated that acute infection with T. gondii induces the level of
host miR-132 and this induction is associated with an altered dopamine pathway in infected
mice by repressing the expression of relevant proteins (Xiao et al. 2014). However, the long-
term effects of persistent brain infection with T. gondii on this microRNA are not known.
Given the involvement of miR-132 in neurological disorders, it is possible that chronic T.
gondii infection may also have an effect on the expression of miR-132. Hence the aim of the
present study was to evaluate the expression of miR-132 in the latent phase of infection in
multiple brain regions of a mouse model. We also examined several factors that may have
the potential to modulate miR-132 expression within the brain, such as BDNF, T. gondii’s
preferential localization, parasite load, and host sex.
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MATERIALS AND METHODS

Animals

Male and female BALB/c mice (4.5 weeks old, The Jackson Laboratory, Bar Harbor, ME,
USA) were used in this study. Animal protocols were reviewed and approved by the Animal
Care and Use Committee of Johns Hopkins University (JHU), and all efforts were made to
minimize the number of mice used and their suffering. Mice were housed 5 per cage in the
JHU animal facility with 14.5/9.5 h of light/dark cycle and had free access to food and
water.

T. gondii culture and infection

T. gondii Prugniaud strain (PRU, type 11) was maintained by passage in human foreskin
fibroblast (HFF) monolayers. Tachyzoites were released from cells using 18-, 23-, and 27-
gauge needles in succession. Parasites were separated from cell debris by filter sterilization
(Polycarbonate Membrane Filter, Whatman) and resuspended in Dulbecco’s phosphate
buffered saline (DPBS). Mice of each sex were either mock-infected with sterile DPBS or
infected with 400 tachyzoites (2 parasites/ul) intraperitoneally.

Brain Tissue Collection

The surviving mice (infected female: n = 10, infected male: n = 10, female control: n = 8,
male control: n = 10) were sacrificed approximately 5 month post infection. The stage of the
oestrus cycle was not monitored for females in this study. To collect tissue samples, mice
were sacrificed following approved protocols. Their brains were dissected on wet ice to
collect the following areas: hypothalamus (HTH), hippocampus (HC), cortex (CTX),
striatum (STR), olfactory bulb (OB) and cerebellum (CRBL). These tissue samples were
frozen immediately on dry ice and stored at —80 °C for subsequent RNA or DNA extraction.

Reverse transcription and quantitative PCR

Tissue material was divided in two: one half was used for RNA extraction and the other was
used for DNA isolation. However, DNA from male cortex is not available in the current
study. As our study is part of a larger ongoing project that evaluates the T. gondii hypothesis
of schizophrenia in mouse models, the male cortex was used in many experiments that
analyzed RNA and protein levels, thus not enough sample was left for DNA extraction. The
total RNA was extracted from frozen tissue in 700 pL of QIAzol Lysis Reagent (Qiagen,
Valencia, CA, USA) by tissue disruption and homogenization using a QlAshredder spin
column (Qiagen) at 20,0009 for 2mins. RNA was purified using the miRNeasy Mini kit
(Qiagen). Reverse transcription was performed using either Multiscribe reverse transcriptase
and random primers (Applied Biosystems, Foster City, CA, USA) to generate cDNA, or the
MultiScribe miRNA Reverse Transcription Kit (Applied Biosystems) using miRNA-specific
primers to produce miRNA. QPCR was performed using inventoried TagMan miRNA and
mMRNA assays (Applied Biosystems) with standard ABI protocols and reagents. All samples
were run in quadruplicate using snoRNA135 as endogenous miRNA controls and mouse f3-
actin as an endogenous mRNA control. Relative abundance was determined using the
comparative ACt method. Levels of mature miR-132, miR-195 and BDNF of mice were
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determined. MiR-195 was used as a negative control for miR-132 quantification as its
abundance would not be expected to differ between the control and infection groups (Xiao et
al. 2014).

In vivo parasite load determination by qPCR

Parasite load was measured at both the DNA and RNA level by qPCR targeting T. gondii 5S
rRNA and bradyzoite antigen1 (BAG1) genes (Ueno et al. 2009; Xiao et al. 2011),
respectively, in samples of brain. BAGL is the most abundant bradyzoite-specific gene.
DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The expression levels
of the target genes were normalized to mouse -actin with the ACt method.

Statistical analysis

QPCR experiments were repeated at least three times with similar results, and values shown
are means of three times. The results, after checking normal distribution, were first analyzed
by multiple analysis of variance (MANOVA). Our data consists of two independent factors
(infection and sex) and three dependent variables (miR-132, BDNF and miR-195). For each
brain region, MANOVA was performed to determine which factors independently affected
the dependent variables. Once the significant overall F-test values (Pillai’s Trace) were
identified in each MANOVA, we used univariate analysis of variance (ANOVA) to
determine which independent factors and which dependent variables were statistically
significant. For comparison of parasite load among brain regions, data relating to parasite
density from infected mice of the same sex were analyzed by one-way ANOVA. Further
post hoc Bonferroni testing was conducted to explore any significant main effects resulting
from the ANOVAs. The correlation of parasite density with gene expression was analyzed
using scatter plots and correlation coefficients. Statistical analyses were conducted in both
SPSS package (Version 21.0, SPSS, Chicago, IL, USA) and GraphPad Prism V5.02
(GraphPad Software Inc., La Jolla, CA, USA). P < 0.05 was used for the significance level.

RESULTS

We measured the expression of miR-132, BDNF and miR-195 in different brain regions of
male and female mice 5 months later with or without T. gondii infection. BDNF was
examined due to its potential to modulate neuronal expression of miR-132 (Remenyi et al.
2010). MiR-195 was employed as a negative control for miR-132 quantification as its
abundance would not be expected to differ between the control and infection groups (Xiao et
al. 2014).

Gene expression in the hippocampus

A MANOVA was performed with the independent facts being: infection and sex, and the
dependent variables being: miR-132, BDNF and miR-195. The MANOVA revealed an
overall significant difference in the expression of miR-132, BDNF and miR-195 between
infected and uninfected mice (Pillai’s P = 0.011) and between males and females (P <
0.000), but there was no significant interaction between infection status and sex (P = 0.961).
In the univariate analysis, miR-132 was downregulated in infected compared to uninfected
mice (Fig. 1A, F1,30) = 13.31, P = 0.001), and further post hoc Bonferroni tests confirmed
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the differences were in both males and females (Ps < 0.05). Univariate analysis for BDNF
revealed a significant difference between infected and uninfected mice (Fig. 2A, F(1 29) =
8.499, P = 0.007), but further post hoc tests failed to find any difference between groups. No
significant difference in levels of miR-195 was observed between infected and uninfected
mice (Fig. 3A, F(1,32) = 1.265, P = 0.269). Univariate tests also indicated that the expression
of miR-132 (Fig. 1A, F1 30 = 8.578, P = 0.006) and miR-195 (Fig. 3A, Fy 32 = 174.5, P <
0.0001) vary between sex, with males displaying higher levels than females. The expression
of BDNF was not significantly different between males and females (Fig. 2A, F(1 29) =
3.251, P =0.082).

Gene expression in the hypothalamus

In MANOVA, an overall significant difference was noted in the expression of miR-132,
BDNF and miR-195 between infected and uninfected mice (P < 0.000) and between males
and females (P < 0.000). There was no significant interaction between infection status and
sex (P = 0.114). In the univariate test, miR-132 expression was decreased in infected
compared to uninfected mice (Fig. 1B, F(1 32) = 21.51, P < 0.0001), but further post hoc
Bonferroni tests indicated a significant difference only in females (P < 0.001). No significant
difference in levels of BDNF (Fig. 2B, F1 34) = 2.988, P = 0.093) or miR-195 (Fig. 3B,
F(1,32) = 0.0008, P = 0.978) was observed between infected and uninfected mice.

Univariate tests also revealed that the levels of miR-132 (Fig. 1B, F(3 32) = 203.1, P <
0.0001) and miR-195 (Fig. 3B, F(1 32) = 86.58, P < 0.0001) vary between sex, with males
displaying lower expression than females. The expression of BDNF was not significantly
different between males and females (Fig. 2B, F(1 34) = 2.719, P = 0.108).

Gene expression in the striatum

The MANOVA revealed an overall significant difference in miR-132, BDNF and miR-195
expression between infected and uninfected mice (P < 0.000) and between males and
females (P < 0.000). There was also a significant interaction between infection status and
sex (P < 0.000). In the univariate test, miR-132 expression was decreased in infected
compared to uninfected mice (Fig. 1C, F(q 33) = 49.70, P < 0.0001), but further post hoc tests
confirmed that the difference was in females only (P < 0.001). Univariate testing also
revealed a significant difference in levels of BDNF between infected and uninfected mice
(Fig. 2C, F(1,29) = 4.250, P = 0.048), but further post hoc tests failed to find any difference
between groups. No significant difference was found for miR-195 (Fig. 3C, F(; 34) = 0.032,
P =0.859) between infected and uninfected mice.

Univariate testing also revealed that the levels of miR-132 (Fig. 1C, F(1 33) = 77.54, P <
0.0001) vary between sex, with males displaying higher expression than females. The
expression of BDNF (Fig. 2C, F(; 29) = 2.539, P = 0.122) and miR-195 (Fig. 3C, F(1,34) = 0.
164, P = 0.688) was not significantly different between males and females. The relationship
between infection and sex was proved significant for miR-132 (Fig. 1C, F(y 33) = 22.00, P <
0.0001).
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Gene expression in the cerebellum

The MANOVA revealed an overall significant difference in miR-132, BDNF and miR-195
expression between infected and uninfected mice (P = 0.003) and between males and
females (P < 0.000), but there was no independent effect of interaction (P = 0.272). In the
univariate test, miR-132 expression was decreased in infected compared to uninfected mice
(Fig. 1D, F(1,33) = 11.07, P = 0.002), but further post hoc Bonferroni tests indicated that the
difference was in females only (P < 0.05). An analysis of univariate effect for BDNF
revealed a significant difference between infected and uninfected mice (Fig. 2D, F(; 33) =
8.94, P = 0.005), but further post hoc tests confirmed the difference was in males only (P <
0.05). No difference in miR-195 levels was observed between infected and uninfected mice
(Fig. 3D, F(1,26) = 0.882, P = 0.356).

Univariate tests also revealed that levels of miR-132 (Fig. 1D, F(; 33) = 32.20, P < 0.0001)
and BDNF (Fig. 2D, F(; 33) = 28.43, P < 0.0001) vary between sex, with males displaying
lower expression than females. The expression of miR-195 was not significantly different
between males and females (Fig. 3D, F(1 76) = 0.061, P = 0.806).

Gene expression in the cortex

The MANOVA indicated that there was an overall significant difference in miR-132, BDNF
and miR-195 expression between males and females (P < 0.000). There were no independent
effects of infection (P = 0.095) and interaction (P = 0.272). In univariate testing, levels of
BDNF (Fig. 2E, F(1 30) = 67.53, P < 0.0001) and miR-195 (Fig. 3E, F(y,33) = 828.2, P <
0.0001) vary between sex. The expression of BDNF was higher in males, while miR-195
expression was higher in females. The expression of miR-132 was not significantly different
between males and females (Fig. 1E, F(; 3) = 0.183, P = 0.6715).

Gene expression in the olfactory bulb

The MANOVA revealed an overall significant difference in miR-132, BDNF and miR-195
expression between infected and uninfected mice (P = 0.028) and between males and
females (P < 0.000), but there was no independent effect of interaction (P = 0.200). In the
univariate test, BDNF was decreased in infected compared to uninfected mice (Fig. 2F,
F(,32) = 11.38, P = 0.002), but further post hoc tests proved the difference was in females
only (P <0.01). Univariate tests revealed no difference in levels of miR-132 (Fig. 1F, F(1 37
=1.891, P = 0.179) and miR-195 (Fig. 3F, F(1 3p) = 0.252, P = 0.619) between infection and
control groups.

Univariate test also revealed that levels of miR-132 (Fig. 1F, F(; 3) = 185.0, P < 0.0001)
vary between sex, with males displaying higher expression than females. The expression of
BDNF (Fig. 2F, F(1 37) = 3.553, P = 0.069) and miR-195 (Fig. 3F, F(1 32) = 1.864, P = 0.182)
was not significantly different between males and females.

The hippocampus exhibited a higher parasite density

We next used gPCR to investigate T. gondii distribution and density in infected mice at both
DNA and RNA levels. The general pattern of parasite density in each brain region was
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consistent at both levels (Fig. 4), and indicated that parasite load in the hippocampus was
significantly higher than most of the other brain areas in both sexes.

Results from DNA measurement targeting T. gondii 5S rRNA sequence revealed that the
hippocampus has a higher parasite density in both infected males and females, although
DNA from the cortex in males is not available. For females (Fig. 4A), one-way ANOVA
across the six brain regions revealed a significant difference in the parasite density (F(s 47) =
4.084, p = 0.0037). The post hoc Bonferroni tests showed significantly higher levels of 5S
rRNA in the hippocampus than in the other regions except for cortex (P < 0.01 vs.
hypothalamus; Ps < 0.05 vs. cerebellum, striatum and olfactory bulb). Likewise for males
(Fig. 4C), ANOVA revealed a significant difference in the parasite density in the five brain
regions (Fs,3g) = 22.66, p < 0.0001), and a further post hoc test showed significantly higher
levels of DNA in the hippocampus than all of the other regions (Ps < 0.001). Moreover, the
parasite density was significantly lower in the olfactory bulb compared to both cerebellum
(P < 0.001) and hypothalamus (P < 0.05).

Results from RNA measurements targeting T. gondii BAG1 gene indicated also that the
hippocampus had a higher parasite density than other brain regions in both sexes. For
females (Fig. 4B), one-way ANOVA revealed a significant difference in the parasite density
(F(5,52) = 5.989, P = 0.0002). The post hoc Bonferroni test showed significantly higher
levels of BAGL in the hippocampus than in other brain regions (P < 0.001 vs. cerebellum; Ps
< 0.01 vs. cortex, striatum and olfactory bulb). For males (Fig. 4D), ANOVA revealed a
significant difference in the parasite density in the six brain regions (F(s 4¢) = 5.975, P =
0.0002). Notably, the post hoc test showed significantly higher levels of BAGL1 in both the
hippocampus and the cortex (Ps < 0.01 vs. striatum; Ps < 0.05 vs. cerebellum). Moreover,
the parasite density in the hypothalamus was significantly higher compared to striatum (P <
0.05).

Correlation between parasite density and gene expression

We examined whether or not the changes in gene expression were due to the amount of
parasite present in different brain regions. Because of the lack of T. gondii 5S rRNA data in
the cortex of males, we applied data from BAGL1 gene expression for the correlation
analysis. The general pattern was that levels of miR-132 or BDNF were poorly reflected by
the density of T. gondii nucleic acids in brain areas. Few brain regions showed a weak
correlation. For females, correlations between levels of miR-132 and BAG1 occurred only
in the hippocampus (r = 0.56; P = 0.021; n = 9) and hypothalamus (r = -0.51; P =0.03; n =
9). For males, levels of BAG1 were correlated with miR-132 in the hippocampus (r = —0.69;
P =0.021; n = 7) and with BDNF in the cerebellum (r = -0.48; P = 0.039; n = 9).

Because downregulation of miR-132 and BDNF occurred in different brain regions in males
and females, a correlation analysis was not conducted between these measures.

DISCUSSION

We have previously shown that acute in vivo and in vitro T. gondii infection induces
miR-132 expression (Xiao et al. 2014). The brain represents an important target organ for T.
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gondii in terms of establishing persistence and altering host behavior. We thus examined the
effect of persistent T. gondii infection on miR-132 in multiple brain areas of experimentally
infected mice. We found that persistent infection resulted in a statistically significant
decrease of miR-132. This effect varied amon regions of the brain and presented in a sex-
dependent manner, with females displaying more susceptibility than males. Although BDNF
can regulate neuronal expression of miR-132, a coordinated expression between these
molecules was not noted. Moreover, T. gondii was distributed throughout the tested brain
regions and a selective tropism of the parasite toward hippocampus based on bradyzoite
density was observed in both sexes. However, the changes in gene expression were poorly
related to the quantity of parasite present in brain regions. Our findings highlight the
importance of investigating the miR-132-mediated neuronal function in mice infected with
T. gondii.

We found that, while acute infection of T. gondii increases the expression of miR-132 (Xiao
et al. 2014), chronic infection of T. gondii has the opposite effect. The molecular basis for
the alterations in miR-132 expression awaits further investigation. Multiple lines of evidence
invitro and in vivo support the fact that miR-132 is linked to multiple functions, including
neuronal cell development, synaptic plasticity, inflammation, and angiogenesis (Wanet et al.
2012). MiR-132 overexpression has been confirmed to stimulate neurite outgrowth and
synaptic plasticity (Lambert et al. 2010; Wibrand et al. 2010), while miR-132 reduction
impairs acquisition of trace fear memory (Wang et al. 2013). However, it is worth noting
that transgenic mice overexpressing miR-132 exhibited increased neuronal spine density but
impaired novel object recognition and spatial memory (Hansen et al. 2010; Hansen et al.
2013), indicating that appropriate miR-132 expression is required for normal memory
formation. Thus, either excess or shortage of expression of miR-132, which is the case in T.
gondii infection, could lead to memory impairment.

Sex seems an independent determinant for the expression of miR-132 in murine models of
chronic T. gondii infection because females had more affected brain areas than males
(hippocampus, hypothalamus, striatum and cerebellum vs. hippocampus). This is consistent
with previous findings indicating a general increased susceptibility of female mice over
male mice to T. gondii infection (Roberts et al. 1995). Recent studies document the role of
miR-132 dysregulation in several neurological disorders such as schizophrenia, Alzheimer,
Parkinson’s disease and tauopathies (Miller et al. 2012; Wanet et al. 2012). It is intriguing to
speculate that behavioral changes triggered by T. gondii may be partly due to changes in
levels of miR-132. It is also tempting to speculate that gender differences in the behavioral
effects of T. gondii infection (Lindova et al. 2010; Xiao et al. 2012) may be due to sex-
dependent dysregulation of miR-132. Although our recent work suggested that elevated
miR-132 in acute infection is associated with altered dopamine pathway in infected mice by
repressing the expression of relevant proteins (Xiao et al. 2014), little is known about the
effects of miR-132 in chronic infection. Further elucidation of miR-132-mediated pathways
may have important implications for the neuropathology and therapy of neurological
disorders.

The hippocampus is particularly interesting for the current study in that 1) this brain region
is the only one that displayed significant miR-132 downregulation in both males and females
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following infection; 2) this region has a higher parasite density among the tested brain
regions with regard to both sexes. The miR-132-mediated functions in the hippocampal
region have been examined before. Magill et al. (2010) deleted the miR-212/132 locus and
found that miR-132 is required for normal dendritic maturation in newborn neurons in the
adult hippocampus. Wang et al. (2013) reported that significantly reduced hippocampal
expression of miR-132 impairs acquisition of trace fear memory. Hermes et al. (2008) noted
pronounced pathological changes in the hippocampus of mice with latent toxoplasmosis
using immunestaining. There is an association of hippocampal abnormalities with a number
of neurological diseases of humans including Alzheimer’s disease, depression, and
schizophrenia (Monje et al. 2003; Lazarov et al. 2005; Airan et al. 2007; McHugh et al.
2007). Our previous study suggested that olfactory memory, a proposed function of
hippocampus, is potentially modulated in mice with chronic T. gondii infection (Xiao et al.
2012). Given the importance of the hippocampus, further experiments are warranted to
ascertain its role in chronic T. gondii infection.

We explored T. gondii tropism on brain regions in reference to bradyzoite number (parasite
density). The tropism of T. gondii to specific brain regions based on cyst density has not
been clearly established. Several areas of the brain are implicated, such as amygdala (Vyas
et al. 2007), cortex and diencephalon (Hermes et al. 2008), and amygdala, hippocampus,
olfactory bulbs and a number of cortical regions (Berenreiterova et al. 2011). We observed a
selective tropism of T. gondii to the hippocampus based on bradyzoite density in both males
and females. However, our results do not necessarily indicate that there is a tropism for the
number of cysts toward the hippocampus. In fact, there may be no tropism in the cyst
number, but there could be larger cysts in the hippocampus and therefore more bradyzoite
gene expression was detected. On the other hand, the difference between PCR-based and
microscope-based methods might have also contributed to the apparent tropism in our study.
The microscope-based technique computes the density of parasite per volume of brain
tissue, while PCR-based technique computes density of parasites per number of reference
molecule, here B-actin. Therefore specific differences in the density of parasites can be
obtained with PCR-based technique when the distribution of parasites in brain is random but
the number of host cells or phenotype of host cells differs between brain regions. Clearly,
further investigations that combine microscopic examination and PCR-based method with
multiple reference molecules will be required to distinguish between these possibilities.

In line with prior studies indicating T. gondii cysts were distributed throughout the brain
(Berenreiterova et al. 2011), we found parasite DNA/RNA in all analyzed brain regions in
both sexes. However, the number of parasites was weakly associated with levels of miR-132
or BDNF in tested brain regions in infected mice, suggesting the parasites may indirectly
modulate neuronal function. Several previous studies have also reported that parasite load is
not the decisive factor driving behavioral changes or brain inflammation (Haroon et al.
2012; Ingram et al. 2013). Instead, the chronicity of infection has been suggested to account
for the altered neuronal function (Haroon et al. 2012).

Although BDNF can regulate neuronal expression of miR-132, the two factors were not
correlated in the brain of T. gondii infected mice. This finding suggests that other
transcriptional regulators such as CREB and REST (RE1-Silencing Transcription factor)
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must be involved in miR-132 expression (Wanet et al. 2012) in the mouse model of T.
gondii infection. It has been reported that the mature olfactory bulb harbors high levels of
BDNF, which is essential to the differentiation of regenerating cells within the olfactory
bulb (Benraiss et al. 2001). Spinocerebellar ataxias (SCAS) are a group of progressive
degenerative disorders characterized by incoordination of gait and often associated with
poor coordination of hands, speech, and eye movements. In the cerebellum of SCA6
(Takahashi et al. 2012) and SCAL (Hourez et al. 2011), BDNF mRNA is significantly
suppressed. The significance of BDNF downregulation in the olfactory bulb and cerebellum
for females and males, respectively, awaits future investigation. Interestingly, there is
evidence that chronically infected mice exhibit motor coordination and sensory deficits
(Hermes et al. 2008; Gulinello et al. 2010).

Collectively, our results demonstrated that chronic toxoplasma infection specifically
influences expression of miR-132 and BDNF. The effects vary among brain regions and
were displayed in a sex-dependent manner. Future efforts should be directed toward the
elucidation of miR- 132/BDNF regulated genes and associated pathways. These studies
might lead to a better understanding of the mechanisms of T. gondii-induced alterations in
host behavior.
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Figure 1.
Relative miR-132 expression in selected brain regions in both male and female mice with or

without chronic T. gondii infection using gPCR. The box and whisker plot represents the
delta Ct distribution: the bottom and top of the box are the first and third quartiles, and the
band inside the box is the median. The ends of the whiskers represent the minimum and
maximum values of the data. X axis represents the different experimental groups: F_Con
(female control), F_Inf (female infection), M_Con (male control), and M_Inf (male
infection). miR-132 expression was normalized to snoRNA135 and is given as delta Ct
value, with lower values representing higher expression levels. Significant infection effects
are shown. *P < 0.05, *** P < 0.001. (A) hippocampus (HC); (B) hypothalamus (HTH); (C)
striatum (STR); (D) cerebellum (CRBL); (E) cortex (CTX) and (F) olfactory bulb (OB).
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Figure 2.
Relative BDNF expression in selected brain regions in both male and female mice with or

without chronic T. gondii infection using gPCR. The box and whisker plot represents the
delta Ct distribution: the bottom and top of the box are the first and third quartiles, and the
band inside the box is the median. The ends of the whiskers represent the minimum and
maximum values of the data. X axis represents the different experimental groups: F_Con
(female control), F_Inf (female infection), M_Con (male control), and M_Inf (male
infection). BDNF expression was normalized to mouse B-actin and is given as delta Ct
value, with higher values representing lower expression levels. Significant infection effects
are shown. *P < 0.05, ** P < 0.01. (A) hippocampus (HC); (B) hypothalamus (HTH); (C)
striatum (STR); (D) cerebellum (CRBL); (E) cortex (CTX) and (F) olfactory bulb (OB).
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Figure 3.
Relative miR-195 expression in selected brain regions in both male and female mice with or

without chronic T. gondii infection using gPCR. The box and whisker plot represents the
delta Ct distribution: the bottom and top of the box are the first and third quartiles, and the
band inside the box is the median. The ends of the whiskers represent the minimum and
maximum values of the data. X axis represents the different experimental groups: F_Con
(female control), F_Inf (female infection), M_Con (male control), and M_Inf (male
infection). miR-195 expression was normalized to snoRNA135 and is given as delta Ct
value, with lower values representing higher expression levels. (A) hippocampus (HC); (B)
hypothalamus (HTH); (C) striatum (STR); (D) cerebellum (CRBL); (E) cortex (CTX) and
(F) olfactory bulb (OB).
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Relative gene expression of T. gondii in selected brain regions in both male and female mice
with chronic T. gondii infection using gPCR. (A) relative expression of T. gondii 5S rRNA
in females; (B) relative expression of T. gondii BAGL1 in females; (C) relative expression of
T. gondii 5S rRNA in males; (D) relative expression of T. gondii BAG1 in males. Relative
gene expression was normalized to mouse p-actin and is given as delta Ct value, with higher

values representing lower expression levels. CRBL: cerebellum; CTX: cortex; HC:

hippocampus; HTH: hypothalamus; STR: striatum; OB: olfactory bulb. *P < 0.05, **P <

0.01, *** P < 0.001.
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