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Abstract

Toxoplasma gondii is a ubiquitous intracellular parasite which chronically infects 30 to 50% of the
human population. While acquired infection is primarily asymptomatic several studies have
suggested that such infections may contribute to neurological and psychiatric symptoms. Previous
studies in rodents have demonstated that T. gondii infection does not just kill its host, but alters the
behavioral repertoire of an infected animal making it more likely that predation with occur completing
the parasite life cycle. The aim of the present study was to evaluate the behavioral changes in C57BL/
6 mice chronically infected with the avirulent T. gondii (ME49, a type Il strain), in a comprehensive
test battery. Infected mice demonstrated profound and widespread brain pathology, motor
coordination and sensory deficits. In contrast, cognitive function, anxiety levels, social behavior and
the motivation to explore novel objects were normal. The observed changes in behavior did not
represent “gross” brain damage or dysfunction and were not due to targeted destruction of specific
areas of the brain. Such changes point out the subtle interaction of this parasite with its intermediate
hosts and are consistent with ideas about increased predation being an outcome of infection.
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1 INTRODUCTION

The protozoan Toxoplasma gondii is a definitive parasite of cats which has as intermediate
hosts all warm blooded animals, including humans [1]. Worldwide, approximately 2 billion
people are chronically infected with T. gondii and it has been estimated that T. gondii
chronically infects 30 to 50% of the human population [2]. Infection is found throughout the
world in the tissues of food animals [2]. While infection with T. gondii has generally thought
to be primarily asymptomatic in immune competent humans, recent studies have suggested
that infection may contribute to the development of various neurological and psychiatric
symptoms [3-10] and that negative outcomes resulting from initial or chronic infection may
be under-diagnosed [10-13]. These studies in humans are, however, associative and cannot
prove if infection causes the behavior or the behavior increases the risk of infection. There are,
however, several lines of evidence in experimental animals that suggest that specific host-
parasite interactions influence the behavior of intermediate hosts in important ways and that
these behavioral changes increase the likelihood of horizontal transmission [14-16]. Systematic
analysis of the behavioral outcomes of infection in intermediate hosts may have implications
for understanding and controlling the transmission of the parasite and also for elucidating the
host-parasite interactions in regulating the specific outcomes of infection.

Toxoplasma gondii has several life cycle stages. The tachyzoite invades cells, replicates rapidly
and results in dissemination of infection. The bradyzoite is found in latent infections as tissue
cysts. The sporozoite is found in oocysts shed by cats and is the product of sexual reproduction.
Infection can occur in intermediate hosts (including humans) due to the ingestion of tissue
cysts, the ingestion of oocysts, or by congenital infection during acute infection in a pregnant
host. There has been a clonal expansion of T. gondii lineages with three main lineages in the
United States and Europe, Type I, Type Il and Type Ill, which are defined by their ability to
form cysts in mice (type Il and I11) and by their acute virulence (i.e. type I are lethal to mice
during acute infection) [17].

Latent infection persists during the lifespan of the intermediate hosts by the formation of cysts
in muscle, neurons and glia. In congenitally infected children, T gondii infection causes mental
retardation, seizures and loss of vision. Reactivation of latent infection with the transformation
of bradyzoites back into tachyzoites can occur in immune suppressed patients, such as
individuals with AIDS, and can be fatal [18]. The central nervous system (CNS) is the most
common site of such reactivation infections, resulting in Toxoplasmic encephalitis.

Any behavior in an intermediate hosts (i.e. rodents) that influences the likelihood of predation
will increase the frequency of transmission to the definitive host (i.e. cats) facilitating
completion of the sexual stage of the parasitic life cycle and the potential for recombination
and reassortment of genetic loci [9,14,15,19,20]. Carnivorism of infected intermediate hosts,
such as rodents, with subsequent oral-fecal transmission is thought to be the most prevalent
route of transmission due to cats [21-23]. Several lines of evidence suggest that specific host-
parasite interactions may alter the behavior of infected rodents and increase the risk of predation
[14,15]. Rodents infected with T. gondii [10-12] show reduced fear specifically toward feline
predators that does not generalize to non-feline predators [16,19,24], which may lead to an
augmented rate of predation and multiplication of the parasite through an increased number of
life cycles. Chronically infected adult rodents show also show reduced anxiety and risk
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assessment [25]. Notably, the social withdrawal associated with sickness behavior in most
rodents [26] is also not evident in rodents chronically infected with T. gondii [25,27].

Though several studies demonstrate behavioral changes in rodents infected with T. gondii the
precise effects of adult-acquired, chronic latent infection are still unclear. Many studies have
primarily examined the behavioral and pathological effects of congenital infection [27,28], and
few studies have included behavioral assays in multiple behavioral domains. Furthermore, the
parasite load, anatomical location of parasite stages and behavioral outcomes change during
the course of the infection [29,30] and interpretations of behavioral outcomes in the acute phase
of infection are complicated by the high levels of tachyzoites in critical peripheral tissues, such
as muscle, heart and lungs. The aim of the present study was to evaluate the behavioral changes
in C57BL/6 mice chronically infected with the avirulent T. gondii strain ME49 (a type Il strain),
in a comprehensive test battery. The mice were tested 7 to 9 weeks after initial infection at a
time when chronic infection has developed, as demonstrated by the presence of tissue cysts
containing bradzyoties, and acute infection has resolved, as demonstrated by the absence of
tachyzoites

2 MATERIALS AND METHODS

2.1 Subjects and infection protocol

Experiments were performed in accordance with the Institutional Animal Care and Use
Committee of the Albert Einstein College of Medicine. Eight-week-old C57BL/6 male mice
(Jackson Laboratories) were infected with 103 Toxoplasma gondii bradyzoites of the type Il
ME49 strain diluted in 200 uL of PBS (20 infected mice) and injected intraperitoneally or were
injected only with PBS (10 control mice). A total of 10 of the infected mice died within 3 weeks
after initial infection during the development of chronic infection. Mice were then housed at
5 animals per cage and behavioral testing began 7 weeks after infection. This time point was
chosen for a variety of reasons. First, active parasite levels in critical peripheral organs (i.e.
lungs) are absent by this time, making further deaths unlikely in surviving subjects. Second,
parasite load in the brain is reasonably stable from this point in chronically infected mice
[30]. The colony was documented to be free of a number of standard viral, bacterial, and
parasitic agents including Mouse Hepatitis Virus (MHV), Epidemic Diarrhea of Infant Mice
(rotavirus, EDIM), Theiler’s Murine Encephalomyelitis Virus (TMEV, GDVII), Mouse
Parvovirus (MPV1)(MPV2) (VP2)general (NS1), Minute Virus of Mice (MMV), Mouse
Adenovirus | and I (MAD), Ectromelia (Ectro), Lymphocytic Choriomeningitis Virus (LCM),
Mycoplasma pulmonis (M. pulmonis), Pneumonia Virus of Mice (PVM), Reovirus (Reo),
Sendai Virus (Sendai), Mouse Cytomegalovirus (MCMV), Mouse Norovirus (MNV),
Ectoparasites (mites) by microscopic evaluation of fur plucks and Endoparasites (pinworms)
by cecal and colon float and anal tape test.

2.2 Behavioral assays

Mice were tested behaviorally starting at 7 weeks after infection in the open field, object
placement, object recognition, balance beam, grip strength, gait analysis and functional
observation battery, in that order.

2.2.1 Functional observation battery—This primary screen was based on the SHIRPA
protocol [31]. This is a standard method that provides a quantitative behavioral and functional
profile by observational assessment of mice. Assessments were divided into five behavioral
domains: general activity/arousal, motor and autonomic, reflexes, sensory and general
condition. The details of each observation and list of tests are summarized in table 1. Most
observations used an ordinal scale such that 0-1 represented normal or average behavior,
negative numbers indicated deficits, hypoactivity or absence of normal behaviors and positive
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numbers indicate hyper-reactivity or higher incidence of abnormal behavior. Some tests could
produce absolute, rather than ordinal values. Activity, for instance was assessed and number
of grid crosses in 1 min. Table 1 (results) details these numerous assays and the units of
measurement for each assay not employing an the ordinal scale.

2.2.2 Open field—The open field has been extensively validated, ethologically and
pharmacologically in both mice and rats [32]. Behavior was recorded manually for 6 min 16
inch square acrylic white box. Exploration was assessed as the number of rears (defined as
raising both forepaws off the ground, except when grooming) and general locomotor activity
was scored as the number of grid crosses (defined when the animal crossed a grid past the
midline of the body).

2.2.3 Object Recognition and Object Placement Tests—Recognition and spatial
memory were assessed in the novel object recognition and placement tasks, respectively
essentially as described previously [33]. These tasks utilize the innate tendency of rodents to
preferentially explore novel objects and are similar to tests conducted in humans [34,35]. In
the object recognition test mice were placed in the open field and allowed to freely explore
two identical, nontoxic objects (e.g., plastic, glass, or ceramic items) and the duration of
exploration of each object (in seconds) were recorded during a 3 min (trial 1). After a retention
interval of 45 min, mice returned to the same open field for 3 min (trial 2) with one of the
familiar objects and a novel object. The time spent exploring both the novel and familiar objects
(in seconds) was recorded. Exploration of the objects was defined as any physical contact with
an object (whisking, sniffing, rearing on or touching the object). These data can be represented
an exploratory preference score (time spent exploring the novel object divided by the total time
spent exploring both objects x 100). An exploratory preference score of 50% indicates chance
performance, while scores higher than chance reflect intact memory. All the 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 (given the same trial duration).

Spatial memory was assessed in a similar way as described above. Mice were allowed to
explore two identical objects for 5 min in the arena. High contrast visual cues were placed on
the walls of the open field. After a retention interval of 15 min, mice were returned to the open
field for 3 min with the objects in different placement within the box. Normal animals
preferentially explore the displaced object. As in the object recognition task, an exploratory
preference score of 50% indicates chance performance, while scores higher than chance reflect
intact memory.

2.2.4 Balance beam—Motor coordination deficits were measured by the number of
missteps and the latency to cross a round beam [36]. Before the test, all mice were pre-trained
on a wide plank to encourage reliable crossing. The start side was brightly lit and the other site
had a small, darkened chamber that contained a palatable food (chocolate cereal) to encourage
the mice to cross. Mice were allowed to walk across two times so that they rapidly traversed
the plank without reversals or stopping. Immediately after pre-training, animals were assessed
on the test beam (2.5-cm diameter, 50-cm long).

2.2.5 Gait analysis—The footprint test was used to compare the gait of control mice with
that of T. gondii infected mice. Before the test, mice received several pre-training trials during
which they habituated to the runway (65-cm long, 8-cm wide, 15-cm high) to foster reliable
crossing of the runway during the test. The start of the runway was brightly lit and the end
contained a darkened enclosed chamber with Cocoa Krispies.” cereal pieces. Immediately after
the pre-training sessions, footprints were recorded on a white paper on the runway floor after
applying non-toxic tempera paint to the paws. Front paws were painted red and rear paws blue.
Mice were then allowed to walk down the runway, and 4 sets of footprints were collected for
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each animal. The footprint patterns were analyzed using the program Image J (NIH). Stride
length was measured from the middle of one rear paw to the middle of the next footprint of the
same paw (see fig 3D). Foot drags were counted as a total incidence in the set of 4 tracks, and
were identified as smearing either before or after foot placement. The number of missteps was
also analyzed as a total incidence in 4 sets of tracks and stringently defined as paw
misplacement within an identifiable normal stride. The number of misplacements was likely
under-estimated due to these strict criteria.

2.3 Histopathology

Five controls and ten infected mice were humanely euthanized using CO, gas after the
conclusion of behavioral testing. The brains were carefully removed and fixed in 10% neutral
buffered formalin (Fisher Scientific). All brains were sectioned coronally and routinely
processed to paraffin blocks. A 5 um section of brain from each sample was taken at or close
to 6 Bregma levels: 1.3 mm; 0 mm; —2.1 mm; —6.2 mm; =7 mm; 8.0 mm. Slides were routinely
stained by hematoxylin and eosin and evaluated microscopically by a board certified veterinary
pathologist (RSS). Brain samples were evaluated for the severity and distribution of
inflammation, the numbers of cysts, tissue destruction/loss, edema, and cell death. Gross
examination of muscle tissues demonstrated them to be normal. In our previous studies with
T. gondii infection in C57BL/6 mice no pathology was seen in leg muscle tissue.

2.4 Statistical analysis

Data are displayed as means + SEM. Statistical analysis was performed using JMP (SAS: Cary,
NC) using ANOVA for all parametric data (open field, balance, beam, preference scores, gait
etc). Welch’s correction was applied to means testing of the gait analysis data, as the variances
were not equal. For all ordinal data from the functional observation battery, statistical analysis
was performed using an ordinal logistic model.

Two infected animals had severe enough ataxia that it was not possible to accurately or reliably
determine strides, and these were excluded from the gait analysis data. These two animals were
also unable to rear and explore the objects in the cognitive tests without falling, stumbling and
or circling, and were also excluded from analysis in these data.

3 RESULTS
3.1 Pathology

All levels of the brain and brainstem had some minimal to moderate lymphohistiocytic,
plasmacytic, and rarely neutrophilic meningoencephalitis with gliosis. The cerebrum was more
significantly affected than the brainstem and the lesions, which included glial nodules and
rarefaction of brain parenchyma. Lesions in the brain and brainstem were multifocal and
random. Intact protozoal cysts (T. gondii.) were present multifocally throughout many sections
and were generally intact and unassociated with an inflammatory or cellular reaction. The least
affected region tended to be the cerebellar folia, which occasionally had areas of gliosis and
white matter loss, but which were generally normal in appearance by hematoxylin and eosin
staining.

3.2 Functional Observation Battery

When assessed in a primary function screen [31], mice infected with T. gondii exhibited the
most robust differences compared to control mice in sensory, motor and general condition
domains (see table 1) . Measures of activity and arousal were generally normal except for
significant differences in positional passivity (the struggling response to a tail hold). Most
reflexes were grossly normal. In the sensorimotor domain, T. gondii-infected mice exhibited
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abnormal pelvic elevation, ataxia and poorer grip strength compared to controls. In addition,
infected mice had deficits in visual placing, indicating poor visual acuity. Whisker mobility
was abnormally low or absent in almost all T. gondii mice and infected mice exhibited a striking
lack of orientation response to whisker stimulation. Body weight was lower in T. gondii mice,
who also exhibited stereotyped behaviors, including retropulsion, tail dorsoflexion (Straub tail)
and circling. When returned to the home cage, social behavior was monitored as normal
(immediate exploration of, contact with or return to “huddle” with cage mates). All subjects
immediately (under 20 sec) returned to cage mates and thus exhibited normal social behavior
as measured by this assay (data not shown) consistent with previous reports of normal social
interaction in chronically infected subject [25,27].

3.3 Motor Coordination

Motor coordination deficits were evident in both the balance beam assay and gait analysis. T.
gondii mice had significantly more slips in the balance beam (fig 2A) and a significantly longer
latency to cross the beam (fig 2B). It is notable that despite the motor difficulties, all infected
animals continued attempting to cross the beam until they reached the end.

Analysis of gait revealed multiple abnormal measures, including higher incidence of mis-steps
(putting a paw down in the middle of a stride, fig 3A), shorter stride length (fig 3B), and higher
incidence of foot dragging (fig 3C) in the rear paws. The incidence of foot dragging in the front
paws was not significantly higher in infected mice compared to controls (data not shown). In
addition to differences in absolute measures of stride length, there was also significantly more
variability in stride length in T. gondii mice compared to controls.

3.4 Open Field

Despite the normal activity/arousal scores in the comparatively short (1 min) test period in the
functional observation battery, further open field testing did reveal significant differences in
activity (Fig 4A) and exploration (Fig 4B) between T. gondii and control mice. Several infected
mice exhibited bouts of circling, which also effectively decreases mean number of grid crosses,
whereas none of the control mice exhibited this stereotyped behavior. However, analysis of
data without the circling mice included still yielded significant differences between T. gondii
and control mice (data not shown). Although infected mice had fewer grid crosses, this was
not because of long periods of immaobility that reduced the apparent mean activity, but rather
infected mice continued exploration for the total test period. Thus the activity difference was
likely to be due to speed and coordination of movement and not to longer durations of inactivity.
Even the severely ataxic animals continued to ambulate for the entire test period.

The decreased rearing in infected mice is consistent with the almost total lack of whisking and
lack of whisker orientation response demonstrated in the functional observation battery. Thus,
though the animals are ambulating, they are doing so without the exploration (rearing, sniffing,
whisking) that normally occurs in the open field.

3.5 Cognitive Function

Notably, despite the profound deficits in sensorimotor function, infected mice had
comparatively normal cognitive function. Infected mice had normal spatial memory (fig 5A)
and normal levels of novel object exploration (fig 5C) in the object placement test after a 15
min retention interval and normal recognition memory (fig 5B) and object exploration (5D) in
the object recognition assay after a 45 min retention interval.
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4 DISCUSSION

The protozoan parasite T. gondii remains as a chronic, latent brain infection throughout the life
of the host and may affect host behavior after the acute phase of infection [37]. The decreased
activity and exploration during first exposure to the open field reported here (fig 4) is consistent
with previous studies in mice with chronic latent infection [29,38], but in contrast to studies
reporting higher activity levels in congenitally infected mice or mice in acute phases of
infection [39,40]. The lack of rearing and whisking would be consistent with host-parasite
interactions that increase the risk of predation, as these (and olfactory) behaviors are a primary
means of gathering information for a nocturnal species with poor visual acuity.

The motor coordination deficits reported here are also largely consistent with previous reports
[37,41,42] and with the decreased levels of dopamine and other catecholamines reported in the
brains of infected mice [43]. Cysts were found throughout the brain consistent with previous
studies [24], however, we did not appreciate an increase in cyst density in the amygdalar
structures [24]. There were pathologic changes in the cerebellum and in all cortical regions
that regulate sensorimotor function. It is possible that skeletal muscle pathology [44] is a
contributing factor to the deficits we demonstrate in the balance beam (fig 2) and the gait
analysis (fig 3). However, myopathy alone would not explain the lack of whisking and the fact
that foot dragging was specific to the hind limbs, nor the high incidence of stereotypies, such
as circling, which are more likely to be of central nervous system origin. In previous studies
we had not seen significant muscle pathology, nor has this been seen by other investigators
[24,37]. In either case, the lack of motor coordination, including decreased stride length,
indicative a slower speed of locomotion, would obviously be consistent with the risk of
predation and with motor coordination deficits purported to occur in humans [10-12].

Although we found normal cognition (fig 5), some previous studies have demonstrated
cognitive deficits in mice after infection with T gondii [45-47]. However, in these studies spatial
learning was altered in a maze assay while memory was found to be intact [45,46]. Rodents
have also been demonstrated to lose their fear of cat urine (cat kariomones), which is a change
inan innate hard-wired behavior unrelated to learning or memory [24,48] and to have a decrease
in learned fear response [48]. The object recognition and placement tasks essentially only assess
memory, so these data are not necessarily inconsistent. In addition, lower locomotor activity
and poor motor coordination in infected mice may confound interpretations in maze assays
where latency to make a correct choice is one of the primary measures and where lower levels
of maze exploration prevents learning. It is thus difficult to distinguish between performance
deficits and slower rates of learning. Furthermore, these studies require food deprivation or
restriction. Given the significant differences in body weight between infected and control mice,
there may confounding effects due to food deprivation effects on stamina or metabolism in
infected mice evaluated using a maze assay. There is also a possibility that the cognitive tests
used here were simply not sensitive enough or appropriate to detect cognitive deficits should
these exist in infected mice. However, we have previously detected cognitive deficits at even
shorter retention intervals using these tasks in subjects with no visible pathology [49] or with
focal pathology [50] and in various other rodents models . It is also remarkable, given the gross
sensorimotor deficits, the lack of normal exploratory activity and the profound and widespread
central nervous system pathology evident in infected mice that they should have normal spatial
and recognition memory at any retention interval or would in fact perform the task at all. This
reinforces our observations of the lack of normal sickness behaviors in these mice, including
lethargy, reduced response to novel objects and social withdrawal typical of sick or distressed
rodents.

Overall, these studies demonstrate the complex and subtle interactions that have occurred in
the evolution of the relationship of T. gondii with its intermediate hosts. The parasite does not
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justkill its host, but alters the behavioral repertoire of an infected animal making it more likely
that predation with occur completing the parasite life cycle facilitating the transmission of
genetic information to subsequent generations of parasites. The changes in behavior are
specific and do not represent “gross” brain damage or dysfunction, but display specificity. This
specificity, however, is not due to targeted destruction of specific areas of the brain, but a subtle
dysregulation of brain function. The mechanisms by which T. gondii alters behavior deserve
further investigation and may involve mimicking of neurotransmitters, or alternations or nitric
oxide levels in the brain resulting in the modulation of signaling pathways.
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Figure 1.

Histological findings in brain stained with hematoxylin and eosin. (A) Normal brainstem (25x
magnification). (B) Toxoplasma treated mouse brainstem. There is extensive lymphocytic
perivascular inflammation (arrows) and focally extensive inflammation at the base of the
brainstem (boxed area) (25x magnification). (C) Normal brainstem (200x magnification).
(D) T. gondii infected mouse brainstem. There are nodules of glial cells (arrows), rarefaction
of white matter (*), infiltrates of lymphocytes (arrow heads), and axonal swelling (a). (200x
magnification). (E) T. gondii infected mouse cortex. There are glial cell aggregates (surrounded
by arrows) and a protozoal cyst (large arrowhead) (200x magnification). (F) T. gondii infected
mouse brainstem. There is a single large protozoal cyst (arrow) with no apparent inflammatory
reaction (200x magnification).
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Figure 2.

Motor coordination deficits assessed as the number of slips (A) and the time to cross (B) a 120
cm long and 2.5 cm diameter beam. * indicates significant differences between T. gondii
infected and control mice, p< 0.001.
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Gait deficits assessed as the number of mis-steps (A) and the mean stride length (B) and the
number of rear paw drags (C). * indicates significant differences between T. gondii infected
and control mice, p< 0.05. Representative footprints of a control mouse (D) compared to T.
gondii infected mice (E and F) clearly show examples of the shorter and more variable stride
pattern, paw misplacements, weaving gait and other abnormalities. Examples of foot drag

(G), paw misplacement (H), and gross ataxia (I) from T. gondii infected mice are also

illustrated.
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Figure 4.

Open field behavior in a 6 min test period indicates that T. gondii infected mice have lower
levels of general locomotor activity (A: grid crosses) and exploratory activity (B: number of
rears) and the number of rear paw drags. * indicates significant differences between T.
gondii infected and control mice, p< 0.005.
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Cognitive deficits were not evident in T. gondii infected mice (Toxo) in either spatial memory
(A) or in recognition memory (B) in the novel object recognition and object placement tasks.
Extent of object exploration (sec) was also normal during the trial 1 of each task (D and E) in
both T. gondii infected and control mice
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