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There is a growing awareness of the importance of incorporating behavioral changes into infectious dis-
ease treatments. In this study, we evaluated whether behavioral changes in mouse brains were altered
following infection with the Trypanosoma evansi parasite. Infection significantly reduced locomotor activ-
ity as well as vertical and horizontal movements. In the grip strength test, infected mice showed a lower
peak than the control group, and in the rotator test, parasite-infected mice spent less time on the rod
compared with control mice. The parasite decreased the concentration of both glutathione and catalase
in the brain. In addition, the infection caused a significant increase in the levels of malondialdehyde and
nitric oxide. The infection induced marked histopathological changes in the brain parts and considerably
increased the concentrations of both dopamine and serotonin in the brains of mice. Collectively,
T. evansi infection resulted in an oxidative imbalance in the brain. This resulted in neurodegenerative
alterations in the brain, as well as a shift in the behavior of mice.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Evaluation of behavioral changes during infection is necessary
in biomedical research, including when screening for the pharma-
cological and toxic effects of novel anti-parasitic compounds. The
effects of these agents on general health and on the neurological
and locomotor function are important parameters to be considered
(Karl et al., 2003).

Trypanosomiasis is an infectious disease caused by try-
panosome infection. Both humans and animals can be infected
with several Trypanosoma species (Kumar et al., 2021). Surra, also
known as animal trypanosomiasis, is caused by Trypanosoma
evansi and affects both wild and domestic animals. T. evansi infec-
tion causes weakness, fever, anemia, and neurotic symptoms in
mice (Desquesnes et al., 2013).

Baldissera et al. (2015) reported that infection with T. evansi
induced cognitive deficit in rats, which may have resulted from
brain inflammation (Berlin et al. 2009). In addition, Joshi et al.
(2005) found that T. evansi-infected humans developed sensory
deficits, confusion, anxiety, and irritability. Moreover, neurolog-
ical and behavioral impairments have been reported in para-
sitic infections with Plasmodium berghei (Desruisseaux et al.,
2008).

Several studies have shown that oxidative stress plays a role in
a variety of disorders, including those caused by T. evansi (Avery
2011; Ienco et al., 2011; Baldissera et al., 2014). T. evansi was also
reported to induce oxidative stress in several brain regions (Da
Silva et al., 2011). Because the brain is ultimately responsible for
organizing and controlling behavior, this study was conducted to
determine how behavioral changes in mice brains evolved when
they were infected with the T. evansi parasite.
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Fig. 1. Change in weight of mice. *, significance against non-infected mice at
P � 0.5.

Fig. 2. T. evansi infection causes changes in vertical and horizontal locomotor
activities in mice.*, significance against non-infected mice at P � 0.5.

Fig. 3. T. evansi infection alters mouse fore limb grip strength records. *, significance
against non-infected mice at P � 0.5.
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2. Materials and methods

2.1. Animals and infection

Twenty male C57BL/6 mice (13 ± 2 weeks old) were used in this
study. The animals were allocated into two groups (10 mice per
group). The non-infected control received only water while the
infected group was intraperitoneally infected with 1000 T. evansi.
According to Dkhil et al. (2019), the mice were infected with par-
asites. On day 4 post-infection, the mice were sacrificed by CO2

asphyxiation, and their brains were extracted.

2.2. The behavior experiments

Locomotor activity was measured using the activity cage
(Basile, Milan, Italy; Catalog No 7400) as previously described by
Pontieri et al. (2001).

The grip strength of the mouse forelimbs (i.e., peak force and
time resistance) was measured using a Grip-Strength Meter
(COMERIO, Varese, Italy). Each mouse was tested three times,
and the peak force was recorded.

The mice balance, coordination, and motor activity were mea-
sured using the rota-rod instrument (COMERIO). The mouse was
horizontally positioned and mechanically rotated at a rate of 15
revolutions per minute. The amount of time an animal spent on
the rotating rod was calculated.

2.3. Brain histopathology

The brains of mice were extracted from the skull and fixed in
10% formalin for 24 h before being processed in ethanol and
xylene, embedded in paraffin wax, and sectioned into 4-mm sec-
tions. Hematoxylin and eosin staining was performed as described
by Drury and Wallington (1980).

2.4. Oxidative status in the brain

Mouse brain tissue was homogenized in ice-cold medium con-
taining 300 mM sucrose and 50 mM Tris-HCl. The homogenates
were centrifuged for 10 min at 500 � g and 4 �C. The supernatant
(10%) was used to determine the level of malondialdehyde
(Ohkawa et al. 1979) and nitric oxide (Green et al., 1982). The
enzymatic antioxidant, glutathione peroxidase, and catalase activ-
ities were determined according to the protocols of Paglia and
Valentine (1967) and Aebi (1984), respectively.

2.5. Brain neurotransmitters

The brain was weighed and kept at �80 �C until it was used. The
levels of dopamine and serotonin were determined as described by
Ciarlone (1978).

2.6. Statistical analysis

Significance was evaluated by unpaired Student’s t-test. Data
are expressed as the mean and standard error of the mean.
p � 0.05 was considered as significant for all statistical analyses.

3. Results

On day 4 post-infection, the weight of the mice was signifi-
cantly decreased (Fig. 1) compared to that of control animals. Com-
parison of the locomotor activity of infected mice and non-infected
mice showed that infection significantly decreased locomotor
2

activity. Both vertical and horizontal activities significantly
decreased following infection (Fig. 2).

In the grip strength test, the forelimb muscles of infected mice
had a lower break force compared to the control group (Fig. 3). In
the rotator test, parasite-infected mice spent less time on the rod
compared to control mice (Fig. 4).

The cerebrum, cerebellum, and medulla oblongata appeared as
normal in the control non-infected mice; however, after infection,



Fig. 4. T. evansi infection alters mouse records in the rota rod. *, significance against
non-infected mice at P � 0.5.

Fig. 5. Sagittal sections of the cerebrum, cerebellum, and medulla oblong

Table 1
T. evansi infection induced changes in the oxidative status of the brain.

Group Glutathione peroxidase (mmol/g) Malondialde

Control 0.54 ± 0.07 540 ± 87
Infected 0.39 ± 0.02* 863 ± 116*

Values are means ± SD.
*Significant change at P < 0.01 between control and infected animals.

Fig. 6. T. evansi infection change the concentration of both of dopamine and serot
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the pyramidal cells of the cerebrum were pyknotic. Purkinje cells
were degenerated and spindle-shaped in the cerebellum of
infected brains. Examination of the medulla oblongata showed that
the medullary neurons had become pyknotic (Fig. 5).

Infection by the parasite led to decreased glutathione levels to
0.39 ± 0.02 mmol/g in the mouse brains compared to in non-
infected animals (Table 1). Similar results were observed for cata-
lase activity, with the parasite significantly reducing catalase
levels. In addition, the infection caused a significant increase in
the levels of both malondialdehyde and nitric oxide (Table 1).
Fig. 6 shows that the concentrations of dopamine and serotonin
in the brain were considerably increased by T. evansi infection.
4. Discussion

The behavioral and physiological responses of animals are
altered during illness, which may occur through pathogen-
dependent or host-dependent processes (Lopes et al., 2016).
ata of T. evansi-infected and non-infected mice brains. Bar = 50 mm.

hyde (nmol/g) Nitric oxide (mmol/g) Catalase (U/g)

28.4 ± 20 3.4 ± 0.8
82.8 ± 15* 1.9 ± 0.1*

onin in the brain of mice. *, significance against non-infected mice at P � 0.5.
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As behavior is controlled by the brain, changes in the brain
physiology due to infection can lead to changes in behavior. Kent
et al. (1992) reported that pathogens stimulate the immune system
to produce inflammatory cytokines that affect brain function and
cause sickness-related behavior.

The decrease in mice weight following T. evansi infection
occurred because of decreased animal motivation for food when
the secretion of phagocytic cells was increased by pro-
inflammatory cytokines (Johnson, 2002).

Forelimb and hind limb motor coordination and balance in the
rotarod test requires intact cerebral function and motor coordina-
tion (Carter et al. 1999). In our study, the infection induced cellular
oxidative damage and histopathological alterations the brain,
which may be responsible for the decreased time on the rod.

Neuroinfectious diseases produce an inflammatory microenvi-
ronment that can have a detrimental impact on an infected person’s
quality of life, as well as their social and behavioral habits; this
microenvironment can lead to brain dysfunction (Alves et al., 2020).

Because locomotor activity is required for several specific
behavioral tasks, changes in locomotor activity should be evalu-
ated before other behavioral characterizations are performed
(Karl et al., 2003). Rotarod is a common test to evaluate neuromo-
tor abilities such as motor control, balance, and ataxia (Carter et al.,
1999). Here, T. evansei led to reductions in locomotor activity that
were very similar to those induced by Toxoplasma (Stibbs, 1985).

In the body of mice, oxidative stress can cause tissue injury due
to physiobiochemical reactions. These effects occur when the
antioxidant and pro-oxidant status is disrupted, resulting in oxida-
tive injury due to the reaction with free radicals. Various antioxi-
dant mechanisms and antioxidant protection systems are
induced in animals to restrict the prooxidant activity of reactive
oxygen species to prevent or to lower the formation of these spe-
cies (Pamplona and Costantini, 2011).

In this study, T. evansi decreased the level of glutathione, an
endogenous antioxidant biomarker that functions by decreasing
the enzyme binding of inactive disulfide to the active sulfhydryl
group. By donating an electron to free radicals to neutralize them
and avoid cell oxidation, the sulfhydryl group of glutathione is oxi-
dized (Yadav et al., 2018). Thus, glutathione plays an important
role in the defense against membrane peroxidation and decreases
hydrogen peroxide levels (Dean et al., 2009). Malondialdehyde is
a biological indicator of oxidative stress and was found to be
increased in the liver during trypanosome infection (Dkhil et al.,
2020a).

In this study, the levels of nitric oxide were increased following
parasite infection, which agrees with the results of Dkhil et al.
(2020b). The concentration of nitric oxide is used to assess the
immunological response and oxidative stress state (Bogdan,
2001). Nitric oxide is involved in a variety of physiological activi-
ties, including neurotransmission (Dusse et al., 2000). Bombeiro
et al. (2010) also found that excessive nitric oxide production dur-
ing T. cruzi infection contributes to neurodegenerative processes.

Catalase is an important antioxidant enzyme that can help to
reduce oxidative stress (Abd Ellah, 2010). Oxidative stress has been
linked to a variety of diseases in several studies, such as T. evansi
infection (Da Silva et al., 2011; Baldissera et al., 2014; Dkhil
et al., 2020a). In our study, infection altered the oxidative status
of the brain (Table 1).

The parasite’s ability to affect the natural host’s behavior is
unknown. Several studies have suggested that parasitic brain infec-
tions alter neurotransmitter levels in the brain (Prandovszky et al.,
2011; Skallová et al., 2006), among other effects. However, the pre-
cise mechanism underlying host behavior modification remains
unknown.

Rats infected with T. evansi develop behavioral changes associ-
ated with alterations in the levels of neurotransmitters (Wolkmer
4

et al., 2013). The brain and sympathetic nerves that innervate sec-
ondary lymphoid organs contain dopamine (Klein et al., 2019).
Moreover, T and B cells have been shown to contain dopamine
(Cosentino et al., 2007). Dopamine regulates biological effects such
as movement, emotion, memory, cardiovascular, and endocrine
functions by acting on G-protein receptors (Missale et al., 1998).
Serotonin is also formed by the raphe nuclei in the brain and
affects mood and cognition and also is produced by lymphocytes
(Young et al., 1993). In this study, both serotonin and dopamine
levels were increased in the mouse brain after infection with T.
evansi, indicating disturbances in neurotransmitters.

T. evansi infection induced an imbalance in the brain oxidative
status, leading to neurodegenerative changes in the brain and
behavioral changes of the mice. We limited this study to know
the brain oxidative status and both of the behavioral and histolog-
ical changes induced by the parasite. This could help in diagnosis
and treatment of trypanosomiasis in future.
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