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Abstract
There is marked variation in the human response to Toxoplasma gondii infection. Epidemio-

logical studies indicate associations between strain virulence and severity of toxoplasmosis.

Animal studies on the pathogenic effect of chronic infection focused on relatively avirulent

strains (e.g. type II) because they can easily establish latent infections in mice, defined by the

presence of bradyzoite-containing cysts. To provide insight into virulent strain-related severity

of human toxoplasmosis, we established a chronic model of the virulent type I strain using

outbred mice. We found that type I-exposed mice displayed variable outcomes ranging from

aborted to severe infections. According to antibody profiles, we found that most of mice gener-

ated antibodies against T. gondii organism but varied greatly in the production of antibodies

against matrix antigen MAG1. There was a strong correlation between MAG1 antibody level

and brain cyst burden in chronically infected mice (r = 0.82, p = 0.0021). We found that mice

with high MAG1 antibody level displayed lower weight, behavioral changes, altered levels of

gene expression and immune activation. The most striking change in behavior we discovered

was a blunted response to amphetamine-trigged locomotor activity. The extent of most

changes was directly correlated with levels of MAG1 antibody. These changes were not

found in mice with less cyst burden or mice that were acutely but not chronically infected. Our

finding highlights the critical role of cyst burden in a range of disease severity during chronic

infection, the predictive value of MAG1 antibody level to brain cyst burden and to changes in

behavior or other pathology in chronically infectedmice. Our findingmay have important impli-

cations for understanding the heterogeneous effects of T. gondii infections in human.

Author Summary

Chronic infection with Toxoplasma gondii, a common neurotropic pathogen, affects
approximately 1 billion people worldwide. There is marked variation in the human response
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to infection. Epidemiological studies indicate that virulent strains of T. gondii are associated
with increased frequency and severity of human toxoplasmosis. However, animal studies on
the pathogenic effect of chronic infection have focused on relatively avirulent strains because
they can easily establish latent infections in mice. Employing a murine model of chronic
infection with virulent strain, we found that mice displayed variable outcomes ranging from
aborted to severe infections. Parasite burden, as measured serologically, was found to be the
critical determinant of behavioral and pathogenic changes in chronically infected mice. This
study demonstrated the predictive value of serologically determined parasite burden to the
levels of chronic infection. Our finding highlights the critical role of parasite burden in a
range of disease severity during chronic infection. Our finding may have important implica-
tions for understanding the heterogeneous effects of T. gondii infections in human.

Introduction
The intracellular protozoan Toxoplasma gondii is an exceptionally successful parasite that
infects approximately 1 billion people worldwide. Latent infection persists during the lifespan
of the intermediate hosts such as human through the formation of cysts in muscle and brain.
Although genotyping of T. gondii isolates from all continents reveals a complex population
structure [1], the majority of strains isolated in North America and Europe fall into one of
three clonal lineages: types I, II and III [2]. Among the three clonal lineages, type I strains are
lethal in mice, but type II and III strains are considerably less virulent. Pathogenicity differ-
ences among the three strains are largely determined by genetic polymorphisms and differ-
ences in expression level of secretory proteins released from dense granule and rhoptry
organelles (e.g. GRA15, ROP5, ROP16 and ROP18) [3].

Human infections with T. gondii display a wide range of clinical symptoms. This variation
is likely to be a consequence of many factors including human and parasite genotypes, timing
of infection, and environmental factors such as co-infections and nutrition. Regarding parasite
genotypes, virulent strains are found to be associated with increased frequency and severity of
human toxoplasmosis [4]. For example, several studies have suggested that type I strains are
more pathogenic in immunocompromised patients. Khan et al. [5] analyzed 11 cerebral spinal
fluid (CSF) samples collected from patients who had confirmed or presumptive toxoplasmosis
encephalitis. They found a majority of these patients had infections with type I strains or
strains containing type I alleles. Ferreira et al. [6] investigated the genotypes of T. gondii strains
isolated from 87 patients with cerebral toxoplasmosis and AIDS, treated in Sao Paulo State,
Brazil. Although their study revealed a high rate of genetic polymorphism in T. gondii strains,
type I seems to be most prevalent as this strain was responsible for infection in 46% of their
patients. In a small series of patients with severe ocular inflammation from the United States,
there was an unusual abundance of type I or atypical parasites [7]. Evidence from serotyping
indicated that the offspring of mothers with T. gondii type I infection were at significantly
increased risk for the development of psychoses as compared with the matched unaffected con-
trol mothers [8]. In the case of congenital toxoplasmosis, McLeod et al. [9] determined the par-
asite serotype for 193 congenitally infected infants and their mothers in the NCCCTS, 1981–
2009. The authors noted that NE-II (all non-type II) serotypes are more often present than
type II serotypes in infants with congenital toxoplasmosis (61% vs. 39%) in the United States.
Moreover, infants with NE-II serotypes are more likely to experience severe disease at birth
than those with type II serotypes. Several hypotheses such as strain-related differences in path-
ogenicity, poor host (human) adaption and human genetic predisposition have been suggested
to account for the strain-specific pathology [10–12].
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Type I strains of T. gondii are excellent in vitromodels, but most strains of this type do not
readily develop tissue cysts or latent infection in laboratory mice. In contrast, type II strains
easily establish latent infections in mice characterized by the presence of tissue cysts, a fact that
could explain their common usage for chronic studies. Given the association of type I strains
with severity of human toxoplasmosis [4], we sought to investigate its chronic effect using a
murine model. The effect of type I strain infection was assessed by changes on behavior, cyto-
kine and gene expression. Previously, we have developed an assay which measures humoral
immune response against T. gondiimatrix antigen MAG1 using synthetic peptides. Employing
samples from patients with and without clinical toxoplasmosis, we have shown that the MAG1
antibody level can differentiate active from inactive human toxoplasmosis [13]. We thus
hypothesized that behavioral change or the presence of pathology in chronically infected mice
may be associated with high levels of MAG1 antibody.

Materials and Methods

Mouse model of chronic T. gondii type I infection
Seven- to nine-week-old female outbred CD-1 mice (ICR-Harlan Sprague) were infected
(n = 46) intraperitoneally with 500 tachyzoites of T. gondii GT1 strain (type I, virulent) diluted
in 200 μL of phosphate-buffered saline (PBS). For controls, un-infected mice received 200 μL
of only the vehicle (PBS) intraperitoneally (n = 18). To establish a chronic infection, both con-
trol and infected mice were treated with anti-T. gondii chemotherapy (sulfadiazine sodium) in
drinking water (400 mg/L, Sigma) from day 5 to day 30 post-infection. This treatment is to
control the proliferation of tachyzoites during the acute stage and to avoid animal death. Sulfa-
diazine is a competitive analogue of PABA and inhibits tachyzoite growth, but not encysted
bradyzoites [14]. The GT1 strain was maintained by passage in human fibroblast cells (HFF,
ATCC SCRC-1041).

Ethics statement
All protocols (#MO15M17) were approved by the Animal Care and Use Committee at Johns
Hopkins University. All experiments conformed to the U.S. National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

MAG1 antibody generation profile in type I-infected mice over time
To determine the kinetics of MAG1 antibody generation in mice infected with the GT1 strain,
sera samples from a pilot mouse cohort (n = 10) were collected weekly from the tail vein
between weeks 2 and 18 following infection. The development of MAG1 antibody was moni-
tored using the MAG1 ELISA assay, which measures antibodies directed against cyst antigen
MAG1 using synthetic peptides (MAG1_4 and MAG1_5) [13]. The MAG1 antibody level was
reported from either MAG1-4 or MAG1-5 depending on whichever one was higher. T. gondii
infection was also confirmed by measuring anti-T. gondii IgG using a commercial ELISA assay
(VIR-ELISA, Viro-Immun Labor-Diagnostika, Oberursel Germany) modified as previously
described [8]. The primary antibody consisted of diluted serum (1:100) and secondary anti-
body was enzyme labeled anti-mouse IgG.

Behavioral assays
Mice were subjected to behavioral assessments between 12 and 21 weeks postinfection (wpi), at
the time when mice are expected to have their maximum levels of MAG1 antibody. The tests
were conducted in the following order: novelty-induced activity in the open-field, spatial
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working and recognition memory in the Y-maze, novel object recognition, and amphetamine-
induced activity in the open field.

Novelty-induced activity
Novelty-induced activity was examined using activity chambers with infrared beams (San
Diego Instruments Inc.), as previously described [15]. General locomotor activity was recorded
as the number of beams broken and exploration was assessed as the number of rears for a
30-min period.

Spatial working and recognition memory
As previously described [16], the test included two sessions to evaluate spatial working and rec-
ognition memory, respectively, in a Y-maze. In the first session we scored the number of alter-
nations done by the mouse when all three arms were visited, without entering the same arm
twice in a row. After 5 days, the second session was performed and consisted of two trials. Dur-
ing trial 1, one arm of the maze was blocked and a mouse was allowed to freely explore the two
open arms for 5 min. After a 20-min delay, trial 2 began during which the block was removed
and the mouse was allowed to freely explore all three open arms for 5 min. The percentage of
time and visits into the novel (previously blocked) arm during the first 2 min of the 5-min trial
was analyzed [17].

Novel object recognition
As previously described [18], mice were habituated for 3 days to an empty cage for 10 min each
day. On day 4, each mouse was subjected to three successive (habituation, pretest and test) ses-
sions. After each session, there was a retention interval of 1 h, during which the mouse was
held in its home cage. During the pretest session, two identical objects (object A) were placed
on opposite ends of the empty cage, and the mouse was allowed to freely explore the objects for
10 min. During the test session, one of the two familiar objects was replaced with a novel one
(object B), and the mouse was allowed to freely explore the familiar and novel object for 5 min.
After 24 h, mouse was returned to the empty cage, which now contained an entirely novel
object, C, and one of the familiar objects, A, and was tested for a duration of 5 min. The explor-
atory preference was calculated as the time near the novel object divided by the total time near
either object. All the test objects have been extensively validated previously to ensure that no
intrinsic preferences or aversions exist and that the animals explore all the objects for similar
durations.

Amphetamine-induced activity
Each mouse was subjected to three successive (habituation, saline injection and amphetamine
injection) sessions. Briefly, mice were first placed into an open-field chamber (San Diego
Instruments Inc.) with their baseline activity recorded for 30 min, then injected intraperitone-
ally with 0.9% saline with their locomotor activity recorded for 30 additional min. Finally, mice
were injected with D-Amphetamine sulfate (Sigma, St. Louis, MO) at doses of 2.5 mg/kg body
weight and recorded for a final 60 min.

Collection of mouse tissue
Mice that completed the behavioral testing were sacrificed between 22 and 24 wpi by cervical
dislocation and then decapitation. The whole brain was removed and the prefrontal cortex and
striata were rapidly dissected on ice and stored at −80°C for subsequent experiments. For
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neurochemical analysis, one side of the striatum was snap frozen in liquid nitrogen, and stored
at −80°C. Upon sacrifice, blood samples were collected and serum was isolated.

Quantitative PCR
Total RNA was extracted using the miRNEasy kit (Qiagen). Reverse transcription was per-
formed using either Multiscribe reverse transcriptase and random primers (Applied Biosys-
tems, Foster City, CA, USA) to generate cDNA, or the Multiscribe miRNA Reverse
Transcription kit (Applied Biosystems) using miRNA-specific primers to produce miRNA.
Quantitative PCR was performed using inventoried miRNA assays (Applied Biosystems) with
standard ABI protocols and reagents, as previously described [19]. The fold changes between
groups were evaluated using relative quantization (delta Ct method) with b-actin as an endoge-
nous mRNA control and RNU48 as an endogenous miRNA control. All the qPCR analyses
were repeated at least three times to confirm differences in the expression levels and only
results consistent across all three analyses were considered valid. For the mouse striatum, gene
expression of miR-132 was measured. For the mouse cortex, expressions of BAG1 [20] and
SAG1 [21] were measured.

Measurement of dopaminergic and serotoninergic amines by HPLC
Biogenic amine concentrations of striatal tissues were measured by high performance liquid
chromatography with electrochemical detection (HPLC-ECD), as previously described [19].
Data were normalized to protein concentrations (ng neurotransmitters/μg protein).

Bio-Plex protein expression assay
The levels of 23 different cytokines and chemokines were measured in the prefrontal cortex of
the mouse brain using Bio-Plex multiplex assay (Bio-Rad) according to the manufacturer’s
instructions.

Cyst counts
In a separate cohort of the same infection model, mice were sacrificed at 20 wpi and brains
were removed and cut sagitally along the midline. For each mouse, half of the brain was
homogenized in 400 μl of PBS containing 0.2% Triton X-100. A 1:2000 dilution of DAPI and a
1:200 dilution of fluorescein Dolichos biflorus agglutinin were added to an aliquot of the brain
suspension and incubated on ice for 5 minutes. The aliquot was examined using a fluorescent
microscope, and the number of brain cysts was determined in six (for mice with high MAG1le-
vel) or twelve (for mice with low MAG1 or without MAG1 level) samples of 8 μl suspension
per each brain homogenate at 400X magnification. All numbers reported correspond to the
numbers obtained for the half-brain multiplied by 2 for comparison with published data for
the whole brain. The size of the cyst was determined using the maximum diameter of the cyst.

Statistical analyses
Data are presented as means ± SEM. Based on the antibody profiles, mice were divided into
five groups for analysis: control, mice with MAG1 high (IgG+/MAG1+high), mice with MAG1
low (IgG+/MAG1+low), mice without MAG1 (IgG+/MAG1-), and mice being exposed but
didn’t develop any antibodies (IgG-/MAG1-). Initial analysis showed that results were nor-
mally distributed. Generally, behavior and qPCR data were analyzed by one-way ANOVA. For
monitoring body weight and amphetamine-induced activity, a repeated measures ANOVA
was applied with group as the between-subject factor and time as the within-subjects factor.
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Further post hoc Bonferroni testing was conducted to explore any significant main effects
resulting from the ANOVAs. Correlation analysis between MAG1 antibody level and measured
parameters was performed using two-tailed Spearman’s correlation coefficient (r). The correla-
tion analysis only involved samples which are considered MAG1 seropositive. The effect of
cytokine on behavior responses was examined by logistic regression analysis with and without
adjusting for serological status (T. gondii and MAG1 antibody). Variables included in the
regression models were selected based on known risk factors for T. gondii infection.

Statistical analyses were conducted in SPSS (Version 21.0, SPSS, Chicago, IL, USA), Graph-
Pad Prism V5.02 (GraphPad Software Inc., La Jolla, CA, USA) and STATA version 12 (STATA
Corp LP, College Station, Texas, U.S.A.). Significance was denoted as p< 0.05.

Results

Kinetics of antibody response to T. gondiiMAG1 antigen
Because GT1 is a virulent strain, we administered anti-T. gondii chemotherapy to ensure
mouse survival. To investigate the kinetics of antibody response, a pilot study (n = 10) with
sera collected weekly from 2 to 18 weeks after infection was examined. We measured antibody
response to both T. gondii organism and MAG1 peptides (MAG1_4 and MAG1_5). As seen in
Fig 1, anti-T. gondii IgG antibodies were detected at 2 wpi, peaked at 3 wpi, and remained high
thereafter, in all GT1-exposed mice. However, only half of these mice (n = 5) developed MAG1
antibody response, referred to MAG1 positive. The other half failed to generate MAG1 anti-
body (MAG1 negative, n = 5). MAG1 antibody seroconversion occurred at variable time points
between 3 to 11 wpi, then reached a peak response at approximately 13 wpi and remained rela-
tively stable thereafter. Neither T. gondii nor MAG1 antibodies were present in the control
group (n = 3, data not shown).

Characterization of type I-exposed mice
Since our pilot study suggested that GT1-exposed mice displayed variability in the MAG1 anti-
body generation, we first characterized antibody profiles in mice used for behavioral

Fig 1. Kinetics of the humoral response against T. gondii organism and MAG1 peptides following T.
gondii type I infection. Female CD-1 mice (7–9 weeks old, n = 10) were infected intraperitoneally with 500
tachyzoites of GT1 strain and sera samples were collected weekly from 2 to 18 weeks after infection. About
half of these mice (MAG1 positive, n = 5) developed MAG1 antibody response, while the other half (MAG1
negative, n = 5) failed to generate MAG1 antibody. Levels of T. gondii IgG and MAG1 antibody were
determined as described in materials and methods. Error bars denote SEM.

doi:10.1371/journal.pntd.0004674.g001
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assessment. After the last behavioral test, sera were collected and measured for their antibody
levels to T. gondii and MAG1 antigen. For T. gondii IgG antibody, 72% of the GT1-exposed
mice (33 out of 46) were seropositive and there was little inter-animal variation in the antibody
levels (IgG = 3.72 ± 0.09, mean ± SEM). For MAG1 antibody, the cut-off value for a positive
response (OD = 0.07) was defined as mean plus 4 standard deviation of the control samples.
Using this value, MAG1 antibody was detected in 46% of GT1-exposed mice (21 out of 46) and
their levels varied greatly (MAG1 = 1.23 ± 0.30). Therefore, mice were stratified into high
MAG1 level (MAG1 = 2.38 ± 0.36, n = 10) and low MAG1 level (MAG1 = 0.19 ± 0.04, n = 11)
groups based on the distribution of MAG1 antibody levels. According to antibody profiles, we
categorized the mice into 5 groups, as follows: (i) unexposed control (contain neither of these
antibodies, n = 18); (ii) mice with high MAG1 antibody level (IgG+/MAG1+high, MAG1 anti-
body level> 0.5, n = 10); (iii) mice with low MAG1 antibody level (IgG+/MAG1+low, MAG1
antibody level< 0.5, n = 11); (iv) mice without MAG1 antibody (IgG+/MAG1-, n = 12); (v)
mice exposed to T. gondii that did not develop any antibody response (IgG-/MAG1-, n = 13).

Because MAG1 antigen is abundantly expressed in the cyst matrix, we next investigated the
relationship between MAG1 antibody level and the number of tissue cysts in the brain
(Table 1). In a separate cohort of mice 20 wpi, we measured the number of tissue cysts in half
of the brain in T. gondii-seropositive mice (IgG+, n = 16). Tissue cysts of T. gondii were found
in brains of all MAG1-seropositive mice (MAG1+, n = 11), while no cyst was detected in
MAG1-seronegative mice (MAG1-, n = 5). Using Spearman Rank analysis, significant positive
correlation between MAG1 antibody level and the number of brain cysts was found (r = 0.82,
p = 0.0021, Table 1). Moreover, there was also a significant correlation between MAG1 anti-
body level and the average size of tissue cysts within the brain (r = 0.89, p = 0.0003, Table 1). If
mice were categorized into the predefined MAG1+high or MAG1+low group, there was a sig-
nificant difference in cyst burden between the groups (median cyst burden for MAG1+high,
175.5, and MAG1+low, 52.0, p = 0.0043, Mann-Whitney test)

Table 1. Quantitative data on the number and size of brain tissue cysts, and T. gondiiMAG1 antibody
levels.

MAG1 antibody level Cyst No./per brain Average cyst size ± SEM (μm)

3.681 164 37 ± 6.19

2.966 201 25 ± 10.70

2.804 236 25 ± 2.33

2.377 187 22 ± 3.04

1.128 97 12 ± 1.08

0.938 82 15 ± 4.60

0.486 52 10 ± 0.85

0.339 41 8 ± 1.23

0.283 58 7 ± 1.27

0.220 43 11 ± 0.78

0.197 56 9 ± 0.90

r = 0.82a r = 0.89b

p = 0.0021a p = 0.0003b

aSpearman’s correlation coefficient (r) and p value between MAG1 antibody level and the number of brain

tissue cysts.
bSpearman’s correlation coefficient (r) and p value between MAG1 antibody level and the average size of

brain tissue cysts.

doi:10.1371/journal.pntd.0004674.t001
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Furthermore, the relationship between MAG1 antibody level and expression of bradyzoite-
specific gene (BAG1) was investigated in the prefrontal cortex of mouse. The expression of
BAG1 gene was detected by qPCR and sample was considered positive after reaching the
threshold (< 40 cycles). Our results showed that the positive rate of BAG1 expression was asso-
ciated with MAG1 antibody level (p = 0.011). In mice with high MAG1 levels, the positivity
rate was 87.5% (7 out of 8). In contrast, the positivity rate was lower in mice with low MAG1
levels (25%, 2 out of 8). No BAG1 gene expression was detected in unexposed control mice,
exposed mice without IgG antibody (IgG-/MAG1-), or mice without MAG1 antibody
(IgG+/MAG1-). To identify whether there is bradyzoite-to-tachyzoite interconversion, we
measured the expression of tachyzoite specific gene SAG1 among different groups of mice.
Our results demonstrated that SAG1 expression was undetectable in samples from all the
GT1-exposed mice (data not shown).

Poor body weight gain in mice with high MAG1 level
To examine the effect of chronic T. gondiiGT1 infection on body weight, mice were weighed
weekly and weights were analyzed by repeated measures ANOVAwith group as a between-subject
factor and time as a within-subjects factor. The results revealed a significant effect for time,
F (4,59) = 51.303, p< 0.0005, and a significant interaction between time and group, F (4, 59) =
1.642, p = 0.004 (Wilks’ Lambda). As seen in Fig 2A, all groups of mice showed a weight gain before
week 6 post infection. Although other groups of mice continued to have weight gain throughout
the experiment, the group of mice with highMAG1 antibody level displayed weight loss at 7 wpi
(e.g. 2 weeks after stopping sulfadiazine treatment) and has poor weight gain since then.

We observed a negative correlation (r = -0.46, p = 0.0365, Fig 2B) between levels of MAG1
antibody and body weight. We also examined if mouse starting weight had an impact on gener-
ation of MAG1 antibody, but no significant correlation was found (p = 0.5925).

Behavioral deficits in mice with high MAG1 level
Behavioral testing was conducted between 12 to 21 weeks following infection. In summary,
mice with high MAG1 antibody level exhibited reduced locomotor and exploratory activity,
impaired object recognition memory when tested at a 24 h delay, and lack of response to
amphetamine induced activity. No significant group differences occurred in the Y-maze test
which was used to evaluate spatial working and recognition memory (Ps> 0.5).

As a commonly used model to assess novelty-induced activity, we conducted open field
test to evaluate general locomotor and exploratory activity in T. gondii GT1-infected mice.
As depicted in Fig 3A, mice with high MAG1 antibody level showed decreased locomotor
activity, as evidenced by the significantly fewer number of broken beams compared to control
(F(4, 59) = 3.803, p = 0.0081; post Bonferroni’s test control vs IgG+/MAG1+high, p< 0.01).
Similarly, exploration, assessed by the number of rears, was also significantly reduced in the
group of mice with high MAG1 level (F(4, 59) = 4.609, p = 0.0026; post-hoc Bonferroni’s test
control vs IgG+/MAG1+high, p< 0.05, Fig 3C). Both locomotor activity and rearing were neg-
atively correlated with levels of MAG1 antibody (r = -0.52, p = 0.0161, r = -0.53, p = 0.0132,
respectively, Fig 3B and 3D).

The effect of T. gondii infection on recognition memory of mice was assessed by novel object
recognition, which utilizes the innate tendency of rodents to preferentially explore novel
objects. A preference score of 50% indicates random exploration, while scores higher than
chance reflect intact memory. As seen in Fig 4A, all groups of GT1-exposed mice had normal
recognition memory after a retention interval of 1 h (F(4, 59) = 0.9017, p = 0.4689, Fig 4A).
However, after a retention interval of 24 h, all T. gondii IgG seropositive mice (IgG+) failed to
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show a preference for the novel object, as evidenced by they had lower recognition indexes
compared to control (mice with high MAG1antibody, 50.2%; mice with low MAG1antibody,
53.7%; mice without MAG1antibody, 53.2%; control, 70.3%, Fig 4B). The difference between
control and mice with high MAG1 antibody level was significant (F(4, 57) = 3.676, p = 0.0099;
post-hoc Bonferroni’s test p< 0.05), but did not reach significance in mice with MAG1 low
and without MAG1 groups. There was no correlation between MAG1 antibody level and cog-
nitive performance at 24 h delay (r = -0.116, p = 0.4858, Fig 4C).

Fig 2. (A) Mice with high MAG1 antibody level exhibited lower weight over the course of T. gondii infection. Female CD-1 mice (n = 46) were infected
intraperitoneally with 500 tachyzoites of GT1 strain at 7–9 weeks of age. Mice were weighed weekly and weights were analyzed according to their antibody
profiles (T. gondii and MAG1 antibody) by repeated measures ANOVA. (B) Levels of MAG1 antibody inversely correlated with body weight of mice
(Spearman’s correlation analysis). Error bars denote SEM.

doi:10.1371/journal.pntd.0004674.g002
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The role of dopamine has been suspected in T. gondii-induced behavioral alterations
[22,23]. As a dopamine stimulant, we measured mouse response to amphetamine-trigged loco-
motor activity in the open field. As depicted in Fig 5A, mice with high MAG1 antibody level
demonstrated a blunted response to amphetamine (one-way repeated measure ANOVA, F
(4,59) = 6.562, p< 0.0005; post hoc Bonferroni Ps< 0.01 versus all other groups). In mice
with low MAG1 level, the mean of amphetamine-trigged locomotor activity was higher than
the other groups, but this was driven by a few mice displaying higher levels of activity and the
difference was not significant (data not shown). Moreover, MAG1 antibody levels were signifi-
cantly and inversely correlated with the total number of beams broken induced by amphet-
amine-triggered activity within the 60 min period (r = -0.76, p< 0.0001, Fig 5B).

Fig 3. Open field behavior in a 30 min test period indicated that mice with high MAG1 level have lower levels of (A) general locomotor activity and
(C) reduced rearing, as compared to the controls.MAG1 antibody level inversely correlates with (B) locomotor activity and (D) rears (Spearman’s
correlation analysis). ANOVA followed by Bonferroni’s post hoc: *p < 0.05, **p < 0.01. Error bars denote SEM.

doi:10.1371/journal.pntd.0004674.g003
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Brain cytokine profile
To examine inflammatory response to chronic T. gondii GT1 infection, we assessed 23 cytokine
levels in the prefrontal cortex of mice from different groups. In addition, we examined relation-
ships between these cytokine responses and behavior changes observed, with the intent to
investigate whether inflammation related to these behavior responses.

Among the 23 cytokines, five differed significantly between controls and mice with high
MAG1 antibody level (Table 2). In mice with high MAG1 levels, IL-1α (p = 0.003), IL-12p70
(p = 0.004), and TNF-α (p = 0.013) levels were decreased, while CCL5 (p = 0.008) and subunit
IL-12p40 (p = 0.013) levels were elevated. We found that all altered cytokines except IL-1α dis-
played correlations with MAG1 antibody level. As depicted in Fig 6, MAG1 antibody level
inversely correlated with levels of IL-12p70 and TNF-α (r = -0.63, p = 0.01; r = 0.-55, p = 0.028,
respectively), but positively correlated with IL-12p40 and CCL5 (r = 0.64, p = 0.008; r = 0.64,
p = 0.007, respectively).

Fig 4. Object recognition memory was impaired in mice with high MAG1 level when tested at a 24 hour delay (B), but not at a 1 h delay (A). (C)
MAG1 antibody level and cognitive performance were not significantly correlated (Spearman’s correlation analysis). ANOVA followed by Bonferroni’s post
hoc: *p < 0.05 compared with controls. Error bars denote SEM.

doi:10.1371/journal.pntd.0004674.g004
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We then investigated whether these cytokine levels are related to behavioral changes. Logis-
tic regressions, with or without adjusting for serological status (T. gondii and MAG1 antibody),
were performed for all of the cytokines in relation to any of the 4 behaviors (novel activity,
rearing, novel object recognition, and amphetamine-induced activity). The results of the unad-
justed and adjusted cytokine analyses are shown in Table 3. In the adjusted analyses, we found
that all cytokines except IL-1β were no longer significantly associated with behavioral
responses. The adjusted p value for IL-1β was 0.042.

Neurotransmitter concentrations
Because changes in neurotransmitter concentration would affect behavioral performance, we
measured biogenic amines and their metabolites in the mouse striatum. There were no signifi-
cant differences (p> 0.05) in neurotransmitter (dopamine; serotonin) or metabolite

Fig 5. (A) Mice with high MAG1 level showed no response to amphetamine-triggered activity.Mice were subjected to three successive (habituation,
saline injection and amphetamine injection) sessions with their locomotor activity recorded throughout. D-Amphetamine sulfate: 2.5 mg/kg body weight. (B)
MAG1 antibody level inversely correlates with amphetamine-induced locomotor activity (Spearman’s correlation analysis). Error bars denote SEM. For the
MAG1+high group the range is too low to be visualized (range of SEM, 3.78 to 15.34).

doi:10.1371/journal.pntd.0004674.g005
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(3,4-dihydroxyphenylacetic acid; homovanillic acid; 3-methoxy-4-hydroxyphenylglycol; and
5-hydroxyindoleacetic acid) concentrations among the five groups (data not shown).

Table 2. The concentration of significantly altered cytokines.

Group Average concentration of cytokine/chemokine (pg/ml) ± SEM

IL-1α IL-12p70 TNF-α CCL5 IL-12p40

unexposed control 25.03 ± 1.32 367.99 ± 32.34 689.43 ± 150.83 15.88 ± 1.84 23.98 ± 1.36

IgG+/MAG1+higha 20.32 ± 0.52 258.54 ± 12.18 344.77 ± 12.78 70.55 ± 27.08 60.98 ± 17.52

IgG+/MAG1+lowb 21.65 ± 1.13 317.42 ± 11.50 403.64 ± 18.85 12.16 ± 0.55 25.89 ± 1.33

IgG+/MAG1-c 23.67 ± 1.17 294.88 ± 15.55 377.51 ± 17.66 12.04 ± 1.27 22.81 ± 1.50

IgG-/MAG1-d 21.16 ± 0.61 344.25 ± 17.11 452.44 ± 30.45 11.86 ± 0.53 30.08 ± 1.14

p valuee <0.05 <0.01 <0.05 <0.05 <0.05

aIgG+/MAG1+high: mice with high MAG1 antibody level
bIgG+/MAG1+low: mice with low antibody MAG1 level
cIgG+/MAG1-: mice without MAG1 antibody
dIgG-/MAG1-: mice exposed to T. gondii that did not develop any antibody response.
ep value between IgG+/MAG1+high and unexposed control (ANOVA followed by Bonferroni’s post hoc).

N = 8 per group.

doi:10.1371/journal.pntd.0004674.t002

Fig 6. Correlations between brain cytokine concentrations and MAG1 antibody level. Five out of 23 cytokines differed significantly in concentrations
between mice with high MAG1 levels and controls (ANOVA and Bonferroni correction). Spearman's correlation analysis was used to evaluate the
relationship between the 5 cytokines and MAG1 antibody level. The MAG1 antibody levels inversely correlated with levels of (A) IL-12p70 and (B) TNF-α, but
positively correlated with (C) IL-12(p40) and (D) CCL5.

doi:10.1371/journal.pntd.0004674.g006
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Gene expression of miR-132
Because miR-132 alteration has been characterized in mouse models infected by T. gondii and its
dysregulation has important implications for behavioral changes [19,24,25], we evaluated striatal
miR-132 expression among different groups of mice. The selection of striatum is based on previ-
ous finding where significant change of miR-132 was noticed [19,24]. Employing qPCR analysis,
we found a decrease in the expression of miR-132 in mice with high MAG1 level (F(4,28) = 6.403,
p = 0.0009; Ps< 0.05 between IgG+/MAG1+high vs all other groups, Fig 7A). The expression of

Table 3. Unadjusted and adjusted p values comparing behavior responses and cytokine levelsa.

Behavior Cytokine Unadjusted p value Adjusted p value

rearing IL-1α 0.047 0.660

rearing TNF-α 0.021 0.757

novel activity IL-1α 0.029 0.728

novel object recognition IL-6 0.014 0.181

novel object recognition IL12p70 0.030 0.255

novel object recognition TNF-α 0.027 0.146

amphetamine-induced activity IL-1β 0.049 0.042

amphetamine-induced activity IL-9 0.034 0.078

amphetamine-induced activity IL-13 0.025 0.063

amphetamine-induced activity Eotaxin 0.019 0.154

aThe levels of cytokines were tested for association with behavior using a logistic regression model employing T. gondii and MAG1 antibody groups as

covariates. Shown are regressions with R2 values above 0.10 (which corresponds to a p value � 0.05) for all of the cytokines correlated with any of the 4

behaviors tested (novel activity, rearing, novel object recognition, and amphetamine-induced activity). After adjusting for serological status, all cytokines

except IL-1β were no longer associated with behavior responses. The significant adjusted p value is indicated in bold.

doi:10.1371/journal.pntd.0004674.t003

Fig 7. (A) miR-132 expression was decreased in mice with high MAG1 levels by qPCR analysis. (B) MAG1 antibody level showed a trend towards
negative correlation with miR-132 expression (Spearman’s correlation analysis). ANOVA followed by Bonferroni’s post hoc: *p < 0.05, **p < 0.01,
***p < 0.001. Error bars denote SEM.

doi:10.1371/journal.pntd.0004674.g007
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miR-132 showed a trend towards a negative correlation withMAG1 antibody level (r = -0.61,
p = 0.0667, Fig 7B)

Discussion
To provide insights into virulent strain-related severity of human toxoplasmosis, we estab-
lished a chronic model of the virulent type I strain using outbred mice. We found that type I-
exposed mice displayed variable outcomes ranging from aborted to severe infections, charac-
terized by antibody profiles, pathology and behavior changes. The mechanisms by which infec-
tions either resolve in the acute phase or become chronic are not clear. However, differences in
host immune response or sensitivity to anti-T. gondii chemotherapy might be involved.
According to antibody profiles, we found that most of mice generated antibodies against T.
gondii organism but varied greatly in the MAG1 antibody development. There was a strong
correlation between MAG1 antibody level and brain cyst burden. We found that mice with
high MAG1 antibody level displayed weight loss, behavioral changes, altered levels of gene
expression and immune activation. The extent of most changes was directly correlated with
levels of MAG1 antibody. These changes were not found in mice with less cyst burden or mice
that were acutely but not chronically infected. Our finding highlights the critical role of cyst
burden in a range of disease severity during chronic infection, the predictive value of MAG1
antibody level to brain cyst burden and to changes in behavior or other pathology in chroni-
cally infected mice.

In the present study, mouse response to infection was characterized by serum antibody lev-
els to T. gondii organism and MAG1 antigen. Although it has been shown that MAG1 antigen
is expressed during both tachyzoite and bradyzoite development [26], we found MAG1 anti-
body level was highly associated with cyst burden within the chronically infected brain, deter-
mined by the number of tissue cysts, by the average size of cysts, and by the bradyzoite
prevalence in the mouse prefrontal cortex. Presumably, the association is due to the fact that
MAG1 is abundantly expressed within the cyst and in the cyst wall surrounding the bradyzoites
[26]. These results suggest that MAG1 antibody level is a parameter with predictive value with
regard to cyst burden in infected mice.

We previously reported that MAG1 antibody level can distinguish active from inactive
human toxoplasmosis [13]. Similarly, in the current study, the degree of symptomatology of
brain pathology and behavioral changes in chronically infected mice was found to be associated
with MAG1 antibody level. In contrast, many of these changes were not found in mice with
low MAG1 antibody level or mice that lack of MAG1 antibody. Given MAG1 antibody level
and brain cyst burden were highly correlated, this finding is in agreement with recent human
studies reporting that the severity of toxoplasmosis in patients is associated with parasite bur-
den [11,27,28]. For instance, Stajner et al. [29] reported a fatal T. gondii reactivation in a
human stem cell transplant recipient with underlying immunological deficiency, who had
extremely high parasite burden in blood and BAL fluid. In the case of favorable outcome of
reactivation in a heart transplant patient, a much low parasite load was observed [30].

Previously, the dopamine antagonists haloperidol and GBR 12909 were found to prevent
the behavioural alterations in T. gondii-infected rats [31,32], suggesting dopamine has a role in
T. gondii-induced behavioral changes. In the present study, we found that mice with high
MAG1 antibody level displayed a striking behavioral deficit in amphetamine-trigged locomo-
tor response. Our results are in agreement and extend prior studies by suggesting chronic T.
gondii infection can trigger abnormal response to dopamine stimulant (amphetamine). Inter-
estingly, this deficit was found not only associated with MAG1 antibody level, but also associ-
ated with IL-1β level. Amphetamine is thought to exert its stimulant effect by elevating
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synaptic concentrations of dopamine in brain reward areas. However, this deficit does not
seem to be due to changes in striatal levels of dopamine, serotonin, and their metabolites, since
no change was found in the striatum of mice with high MAG1 antibody level during chronic
infection. This result is consistent with several reports describing no changes in monoamines
and their metabolites during chronic infection [33,34]. In order to elucidate the mechanisms
behind this deficit, dopamine transmission-related pathways might be considered in future
studies.

Cognitive deficit has been reported in mice after infection with T. gondii [35,36]. In agree-
ment with previous finding, there seems to be a general cognitive deficit in recognition memory
in all T. gondii IgG seropositive mice (groups of MAG1 high, MAG1 low and without MAG1),
although the differences did not reach significance in mice with MAG1 low and without
MAG1 groups. Moreover, there was no correlation between cognitive impairment and MAG1
antibody levels. Our results suggested that immune response, not the presence of brain cysts,
might contribute to the cognitive deficit. Although no correlation was found between cytokines
and this deficit, this may depend on the cytokines involved. Interestingly, cognitive deficit was
found at long time retention (24 h), but not at short time retention (1 h). This finding is in
agreement with observation made by Gulinello et al. [37], who reported normal cognitive func-
tion after a 45 min delay in the object recognition assay.

Another possible reason for cognitive deficit in T. gondii IgG seropositive mice might
include miR-132 dysregulation during infection. Similar to our previous result [24], we found
miR-132 was downregulated during chronic infection in mice with high MAG1 antibody level.
However, miR-132 was found to be upregulated during acute infection regardless of the para-
site genotype, a phenomenon related to its effects on infection and inflammation [19]. It is
worth noting that transgenic mice overexpressing miR-132 exhibited increased neuronal spine
density but impaired novel object recognition memory [38,39]. Given miR-132 was upregu-
lated before entering the chronic phase, this might be a potential cause for the observed deficit.
Lately, miR-132 has been demonstrated to affect multiple neuronal functions and its dysregula-
tion is linked to several neurological disorders [25]. Thus, miR-132 dysregulation provides a
possible mechanism for changes in behavior and warrant further investigation.

In mice with high MAG1 antibody level, the expression of 3 proinflammatory cytokines
(IL-1α, IL-12p70, and TNF-α) was decreased and expression of IL-12p40 and CCL5 was
increased. The suppression of 3 proinflammatory cytokines indicated that the host did not
mount a strong response directed at alerting and activating the immune system to react to the
infection. These observations are in agreement with findings in humans. Yamamoto et al. [40]
observed that asymptomatic persons had higher levels of IL-12 in response to T. gondii anti-
gens than patients with ocular lesions. De-la-Torre et al. [41] reported that Colombian patients
with severe ocular toxoplasmosis displayed a suppressive immune response, although the spe-
cific cytokines differ from our study. However, ongoing brain inflammation seems to be sug-
gested, as evidenced by increased expression of markers associated with protective immunity.
For example, as a well-established chemoattractant for T cells, the increased level of CCL5
could represent a potential mechanism that mediates CNS inflammation.

Here we reported that several behavioral abnormalities occurred in the mice with high
MAG1 antibody level. Given this group of mice exhibited lower weight, this might be a con-
founding factor that contributes to the differences in behavior. It is possible that decreased
activity in the open field may be due to lower weight, as sick mice do not move as much. How-
ever, the deficit seen in novel object recognition is less likely due to lower weight considering
the deficit wasn't observed at 1 hr retention, but was seen at 24 hrs retention (presumably the
weights were still lower). Similarly, the failed response to amphetamine could not simply be
ascribed to the mice being lower weight, because it looks like all groups decreased their activity
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after the saline administration and are about the same before amphetamine treatment. Cer-
tainly, more experiments are necessary to confirm that this difference in response is specific to
the amphetamine or dopamine pathway.

In conclusion, we were able to establish a model of chronic infection with virulent type 1
strain and to determine correlates of disease pathogenesis. Although it is known that parasite
burden is associated with the degree of symptomatology in human toxoplasmosis, the present
results have three major findings. First, MAG1 antibody level has predictive value for brain
cyst burden and for changes in behavior or other pathology in chronically infected mice. Sec-
ond, chronic T. gondii infection could trigger abnormal response to dopamine stimulant
(amphetamine). Finally, our study suggested that some behaviors are associated with T. gondii
itself (latent infection), whereas other behaviors do not require the presence of brain cysts
(may be related to acute infection). This model may be useful in the performance of transla-
tional studies relating to human toxoplasmosis. These variable phenotypes displayed in this
mouse model may reflect the diversity of human responses to T. gondii and lead to an increased
understanding of mechanisms underlying pathogenic changes following infection.
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