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Abstract

Background: Cerebral malaria, the main complication of Plasmodium falciparum infection in humans, is associated with
persistent neurocognitive sequels both in human disease and the murine experimental model. In recent years, cognitive
deficits related to uncomplicated (non-cerebral) malaria have also been reported in chronically exposed residents of
endemic areas, but not in some murine experimental models of non-cerebral malaria. This study aimed at evaluating the
influence of uncomplicated malaria on different behavioural paradigms associated with memory and anxiety-like
parameters in a murine model that has the ability to develop cerebral malaria.

Methods: Plasmodium berghei ANKA-infected and non-infected C57BL/6 mice were used. Development of cerebral malaria
was prevented by chloroquine treatment starting on the fourth day of infection. The control group (non-infected mice)
were treated with PBS. The effect of uncomplicated malaria infection on locomotor habituation, short and long-term
memory and anxious-like behaviour was evaluated 64 days after parasite clearance in assays including open field, object
recognition, Y-maze and light/dark tasks.

Results: Plasmodium berghei ANKA-infected mice showed significant long-lasting disturbances reflected by a long-term
memory-related behaviour on open field and object recognition tasks, accompanied by an anxious-like phenotype availed
on open field and light-dark tasks.

Conclusions: Long-term neurocognitive sequels may follow an uncomplicated malaria episode in an experimental model
prone to develop cerebral malaria, even if the infection is treated before the appearance of clinical signs of cerebral
impairment.
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Background

Malaria, one of the major public health problems in the
world, usually manifests with the classic symptoms and
signs of fever, sweating, chills and intense headache. It
may also result in immunopathological phenomena that
accompany the severe forms of the disease [1, 2]. In 1—
2% of the cases of infection with Plasmodium falcip-
arum, which account for around 90% of the world cases,
cerebral malaria (CM), the most severe complication of
falciparum infection, develops, resulting in about 80% of
all the malaria deaths, mainly of children, pregnant
women and non-immune adults [3]. Survivors may
present neurocognitive sequels, such as behavioural
changes, learning deficits and other cognitive impair-
ments, in the short or long-term after the clinical epi-
sodes [4—11]. Neurocognitive impairment has also been
consistently recorded in murine models of CM [12, 13].

In recent years, poor performance in cognitive events,
mainly related to learning and memory, has also been ob-
served in individuals with uncomplicated malaria episodes
in different endemic regions of the world [14—18]. They
were not, however, observed in some murine experimental
models in which CM is not expected to occur [12, 19]. The
appearance of CM in some models seems, therefore, to de-
pend on the host-parasite interaction specific to each situ-
ation, involving the genetic background of the host and the
parasite species and strains and the nature and intensity of
the consequent inflammatory response, determining or not
damage to brain tissues and vasculature [20].

The late impact of the uncomplicated malaria on cogni-
tive performance is still poorly understood. The present
study aimed at searching for a long-lasting influence of un-
complicated experimental murine malaria on different be-
havioural paradigms, specifically designed to investigate the
cognitive performance and anxiety-like phenotype in mice.
Considering that the great majority of cases of human mal-
aria due to P. falciparum present as non-complicated mal-
aria, we decided to use the classical murine experimental
model of CM (P. berghei ANKA-infected C57BL/6) treating
the mice early (at day 4) in the course of infection to avoid
CM development. Our understanding is that this prototype
simulates the situation of uncomplicated falciparum mal-
aria, which has the potential of becoming severe and evolv-
ing to CM, but will not do so if treated opportunely.

Methods

Animals

Seven-week-old C57BL/6 female, mice weighing 20-25
g, were provided by the “Instituto de Ciéncia e Tecnolo-
gia em BioModelos” of the “Fundagdo Oswaldo Cruz”
(ICTB- Fiocruz, Brazil). Mice were kept in cages con-
taining five animals, housed in racks with an air filtra-
tion system in a room kept at 25 °C and 12 h light/dark
cycles with free access to food and water.
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Infection and treatment of experimental groups
Passage C57BL/6 mice were infected by intraperitoneal
(ip) injection with 150 pl of cryopreserved and thawed
Plasmodium berghei ANKA expressing green fluorescent
protein (GFP) (PbA) [21] parasitized red blood cells. Five
days after PbA-inoculation, the whole blood of the pas-
sage mice was collected, adjusted to 10° parasitized
erythrocytes per 100 pl inoculum, and injected by the ip
route in C57BL/6 mice of the experimental groups. In
this model of infection, the evolution and establishment
of CM occurs between the fifth and sixth day [22]. Para-
sitaemia was determined by flow cytometry, based on
the percentage of GFP™ erythrocytes. Infected mice were
treated on the fourth day of infection, with a mean para-
sitaemia of 2.5% (range 1.1-4.3) before any clinical sign
of CM was apparent. The treatment regimen used
[chloroquine (CQ) 25 mg/kg (total dose)] was standard-
ized accordingly to the literature for the treatment of
human malaria caused by Plasmodium parasites sensi-
tive to this drug [3, 23]. The only difference is that the
total dose in mice is given scheduled in 7 days, not 3 (as
in humans), since this is the protocol previously show to
completely abolish P. berghei parasitaemia in mice [12].
PbA infected/treated C57BL/6 mice will be hereafter re-
ferred to as infected mice. Phosphate buffered solution
(PBS) was administered by gavage to the control (non-
infected mice) group that, otherwise, underwent all ma-
nipulation procedures to which the experimental group
(infected mice) were subjected. Eleven animals were
used per group (of infected or non-infected mice) in two
rounds of experiments, totalling 22 animals per group.
An experiment aimed at excluding the existence of a
possible effect of chloroquine on learning and anxious
behaviour was carried out in a group of non-infected
mice before the experiments that used treatment in in-
fected mice. Two groups of (twelve animals each)
chloroquine treated or non-treated (PBS treated, con-
trol) mice were evaluated for behaviour tests and anxiety
phenotype, in two rounds of experiments, totalling 24
animals per group.

Evaluation of behavioural tasks

Sixty-four days after treatment (Fig. 1), animals were
evaluated on open field, object recognition, Y-maze and
light/dark tasks. Before the sessions, mice were acclima-
tized in the experimental room for 2 h. All experiments
were completed between 2—6 pm and the behavioural
performance of mice was analysed using the AnyMaze®
software (Stoelting Co., Wood Dale, IL, USA).

Behavioural tasks

Both open field and object recognition tasks were evalu-
ated in a grey acrylic box (50 x 50 x 50 cm) with a 200
lux intensity white light. Mice were individually placed
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Fig. 1 Experiment flowchart. Plasmodium berghei ANKA-infected C57BL/6 mice received chloroquine treatment for 7 days, starting on the day 4
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ehavioural tasks on memory and anxiety-like evaluation 64 days after

and then recorded for 10 min with a video-camera
(positioned above and at ¢.90° to the square arena) that
was connected to a monitor for further analysis. The
apparatus was cleaned with 70% alcohol and dried after
all tasks.

Open Field task (OFT)

The OFT was used as previously described [24, 25]
and was divided into two daily sessions (ie. 24 h
apart), a training (OFT1) and a test session (OFT2),
in order to evaluate locomotor activity (total distance
travelled in the OFT training and test sessions); ha-
bituation to novelty [(i) a significant decrease in the
distance travelled during the first to the third minute
on the first training session (OFT1) was used to
measure short-term habituation to novelty; (ii) a sig-
nificant decrease in the total distance travelled in the
second test session (OFT2), compared to OFT1 was
considered a long-term habituation to novelty]; and
anxiety-like phenotypes, evaluated by the decrease in
time and distance travelled in the centre of the open
field arena in the first OFT exposition.

Novel Object Recognition task (NORT)

The NORT [26] was used, with minor modifications, to
evaluate recognition memory. NORT is based on the
tendency of mice to discriminate a novel object (NO)
from a familiar object (FO). Two OFT sessions were per-
formed before initiating the NORT protocol in order to
reduce the novelty of the arena and decrease the anxiety
levels. 24 h after the OFT sessions, the mice were sub-
mitted to the NORT training session. Animals were indi-
vidually placed in the periphery of the apparatus with
two identical objects and allowed to explore the arena
for 10 min. Object exploration was recorded by an expe-
rienced observer only when the animal's nose or mouth
was in contact with the objects. During training session
both objects were novel and the time spent on both ob-
jects should be similar. In the NORT test session, 24 h
after the training session, the animals were individually
placed back in the arena with one FO (the same as in
the previous phase) and one NO in order to measure
the long-term memory. The time spent exploring the

objects was again recorded for 10 min. The results were
expressed as percentage of time exploring each object
during the test session. The test session should detect a
preference for the NO. Mice that recognized the NO as
such and explored it for more than 50% of the total time
were considered to display successful recognition.

Y-maze task

The Y-maze apparatus consisted of grey wooden walls
with 3 identical arms (30 x 8 x 15 ¢cm each at an angle
of 120° from the others). The working and short-term
memories were evaluated separately using two different
protocols and two cohorts of animals. Firstly, the Y-
maze task was conducted as described [27] to assess the
spontaneous alternation. Mice were placed at the end of
one arm and were allowed to explore the maze freely for
8 min without training. An alternation was defined as a
complete cycle of consecutive entrances into each of the
3 arms. Percent alternation (PA) was calculated as fol-
lows: PA = number of alternations/ (total number of en-
trances into each arm — 2) x 100. The second approach
was a two-trial task with a training phase and a test
phase trials [28], separated by an inter trial of 30 min. In
the training phase trial, each mouse was individually
placed in the maze with one of the 3 arms closed, were
allowed freely to explore the 2 arms for 5 min, and then
allocated back to the home cage. After 30 min, the ani-
mal was again placed in the maze with all 3 arms
opened, and was allowed freely to explore all arms. The
previously closed arm, opened in the test phase trial,
was defined as the new arm. The animal performance
was video-recorded for analysis. The time spent and the
total distance travelled in the new arm were analysed
using AnyMaze® software.

Light/Dark task

The light/dark task was performed as previously described
[29]. The apparatus consisted of a rectangular acrylic box
with two separate chambers of similar dimensions (50 x
50 x 50 cm). One chamber had black walls and floor and
was not illuminated. The other side had white walls and
floor and was illuminated by a 100W white lamp that was
placed overhead. The two compartments were separated
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by a wall, which had a small opening at the floor level.
Each mouse was placed in the light compartment facing
away from the opening and allowed to explore the box for
5 min. The following behavioural parameters were ana-
lysed by ANY-Maze software: the number of transitions
between compartments and the time spent in the light
compartment.

Statistical analysis

The difference in behavioural tasks performance was
analysed by a two-way ANOVA test followed by Bonfer-
roni post-hoc test to evaluate the effect of different treat-
ments on locomotor activity and short- and long-term
memory. Additionally, unpaired Student’s t-test was used
to evaluate differences in the anxiety-related behaviours.
However, when the sample standard deviation (SD) was
different between the groups, the unpaired t-test with
Welch’s correction was used; P < 0.05 was considered
statistically significant.

Results

To address whether uncomplicated P. berghei ANKA
(PbA) malaria might influence different behavioural par-
adigms two months after infection and treatment,
C57BL/6 mice were inoculated with 10° parasitized
erythrocytes and treated with CQ for seven days from
day 4 of infection (Fig. 1).

Effect of CQ treatment on parasitaemia and on
recognition memory or anxiety in mice

None of the animals treated with CQ for 7 days showed
recrudescence of parasitaemia for up to 4 months of
follow-up (Fig. 2) and this therapeutic scheme alone did

Parasitemia (%)

i
Tc-s“ .

4 7 1 30 61
Days post-infection

Fig. 2 Effect of chloroquine (CQ) administration for full treatment of
PbA infection in C57BL/6 mice. CQ was given by gavage at a
concentration of 25 mg/kg daily for 7 days (from day 4 to day 10 of
infection, n = 10, combining 2 experiments). This therapeutic
scheme does not allow recrudescence of parasitaemia for up to 4
months of follow-up

119
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not influence either the recognition memory (ANOVA:
F(, 52y = 1.390, P = 0.759, Fig. 3a, b) or the anxiety-like
parameters (t-test: £56 = 0.1517, P = 0.8806, Fig. 3¢, d),
the two important and central behavioural features
explored in detail in this study.

Effect of uncomplicated malaria on locomotor activity
PbA infected/treated mice showed no difference in the
total distance travelled in both OFTs paradigms in rela-
tion to the control group (both groups; ANOVA: F(, g
= 52.36, P < 0.0001, Fig. 4a).

Effect of uncomplicated malaria on different
memory-related behaviours

Both infected and non-infected groups significantly de-
creased the total distance travelled across the OFT test
sessions, an important index of long-term habituation
memory (ANOVA: F, go) = 52.36, P < 0.0001, Fig. 4a).
However, the PbA-infected mice presented no change in
the distance travelled between the first and third minute
of OFT training and test session (ANOVA: F, go) =
0.2301, P = 0.5365), as compared to non-infected mice
in which distance travelled decreased in OFT2 (ANOVA:
Fq, g0y = 4.88, P = 0.0392, Fig. 4b), suggesting a short-
term habituation to novelty impairment.

No significant difference in the time spent on each fa-
miliar object was observed in the Novel Object Recogni-
tion task (NORT) training session between non-infected
and infected groups (ANOVA: F;, 77 = 1.088, P =
0.3002; F(y, g0y = 0.01834, P = 0.8926, Fig. 4c). In the test
session, however, only non-infected mice recognized the
NO (long-term recognition memory) since their NO ex-
ploration time was markedly higher than the FO explor-
ation time (ANOVA: Fg, g0y = 35.51, P = 0.0009, Fig.
4d). PbA-infected mice showed no difference between
NO and FO exploration time (ANOVA: F, go) = 0.431,
P = 0.5281, Fig. 4d).

Moreover, a significant increase was observed in
time spent in the arm at which infected mice were
initially placed (arm 2) in the training session of the
Y-maze task (ANOVA: F(q, 32y = 10.44, P = 0.0024,
Fig. 4e) and a different temporal pattern of explor-
ation during testing was registered, comparing the
new arm (arm 1) with the other two arms (arms 2
and 3) (ANOVA: F, 45 = 4.899, P = 0.0136 and
Fo, 4g) = 6.283, P = 0.0007 in control mice and F,
4g) = 2.196, P = 0.1260 and F(5 45 = 4.899, P =
0.0194 in the PbA infected mice; Fig. 4f). No differ-
ence in the percentage of spontaneous arm alter-
nance was observed between PbA-infected and non-
infected mice in spatial working memory in the Y-
maze task (data not shown).
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Effect of uncomplicated malaria on anxiety

A significant decrease in the distance travelled in the
centre zone during OFT1 (t-test: tug = 2.705, P =
0.0284, Fig. 5b) and a significant reduction in time spent
in the light zone in the light/dark task (t-test: f;¢) =
2.089, P = 0.0415, Fig. 5¢) was observed in PbA infected
mice. No difference in time in the centre zone in OFT1
(t-test: to) = 0.9658, P = 0.3580) and number of transi-
tions in light/dark task (t-test: 36y = 1.423, P = 0.1149,
Fig. 5a, d) was observed in these animals.

Discussion

The results described here are, to our knowledge, the
first to present robust evidence of a long-term cognitive
impairment in murine experimental uncomplicated mal-
aria. PhA-infected C57BL/6 mice exhibited impairment
of the recognition memory as well as an increase in the
anxiety-like phenotype 64 days after parasite clearance
and 71 days after a four days long-infection.

The novel object recognition task (NORT) is an excel-
lent tool to measure parameters related to recognition
memory in rodents. Data obtained with this test indicate
that the long-term memory of PbA infected mice was
impaired even when tested 64 days after treatment. In
agreement, deficits in long-term memory after experi-
mental CM have been described both during infection
[30-32] and 30-40 days after treatment [12, 13]. How-
ever, cognitive deficits were not observed in various
murine experimental models of non-CM such as PbhA-
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infected BALB/c mice, P. chabaudi chabaudi-infected
and P. chabaudi adami-infected C57BL/6 and 17NL
Plasmodium yoelii-infected Swiss mice [12, 19]. It must
be said that the host-parasite interplay can modulate the
pathogenesis of the experimental malaria determining
the disease outcome. For example, the profile of immune
response to PbA differs according to the mice genetic
background, being more inflammatory (Thl profile) in
C57BL/6 mice, than in BALB/c mice (Th2 profile) in-
fected with the same parasite, thus resulting in suscepti-
bility (C57BL/6) or resistance (BALB/c), to the
development of CM and, possibly, the emergence or not
of neurocognitive dysfunctions [33].

Important features related to cognitive performance,
such as short- and long-term habituation to novelty (a
parameter strictly related with spatial memory), have
been measured in the OFT. Usually, when mice assess
for the first time the open field arena, a high rate of
locomotor activity is observed. However, over time (nor-
mally up to 3 min) this exploratory behaviour decreases
significantly, since the stress related to novelty disap-
pears (short-term habituation) [25, 34—42]. Similarly,
when mice re-assess the familiar open field arena, they
normally show a slower exploratory behaviour called
long-term habituation [23]. The results of OFT displayed
here may suggest a short-term habituation to novelty
impairment in PbA-infected mice. We did not observe
any disturbance in total distance travelled comparing
PbA-infected mice with non-infected mice in the OFT.
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Fig. 5 PbA-infected mice presented long-lasting increase in anxious-related behaviour. The distance travelled (a) in the centre zone was evaluated
in the open field task training session (n = 22, combining 2 experiments). The time spent in the light compartment (b) was evaluated in the
light/dark task (n = 12). Data are reported as the mean + SEM and were analysed by unpaired Student’s t-test. *P < 0.05 compared to the
non-infected animals. See Methods for behavioural task description. Abbreviations: Non-inf mice, uninfected and PBS treated mice; PbA-inf mice,
infected and chloroquine treated mice
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The differential effects of long-term memory for either
object recognition (Fig. 4d) or spatial habituation (Fig. 4a)
are not surprising, since previous studies have shown that
long-term habituation is more robust than other
memories, such as that for inhibitory avoidance task [43].
Memory habituation is impaired in surviving CM mice 40
days after treatment [12]. However, a similar study, con-
ducted in a model of uncomplicated experimental malaria
(Plasmodium chabaudi adami-infected C57BL/6 mice)
[19], evaluated the locomotor performance 15 days after
parasite clearance and observed no difference in total dis-
tance covered or velocity between infected and control
mice. Moreover, CM (PbA-infected C57BL/6) surviving
mice did not present any change in locomotor behaviour,
although they showed a significant motor deficit 40 days
after CQ treatment [13]. These data suggest that the
motor impairment is strictly related to severe malaria.

In spite of the recorded impairment in the short-term ha-
bituation in OFT1, no long-lasting effect of uncomplicated
PbA infection was observed on the Y-maze task, including
the specific parameter used to analyze the working memory
(percentage of spontaneous arm alternance). On the other
hand, the study provides evidence that indicates that PhA-
infected mice present long-lasting anxiety-like behaviour,
since it was observed a significant decrease in the distance
travelled in the centre zone during OFT1, reduced time in
the light zone in the light/dark task, and increased time in
the arm 2 where they were initially placed in the Y-maze,
including a different OFT1 temporal pattern of exploration,
mainly in the first minutes of the task. Actually, anxious an-
imals prefer not to be exposed to situations in which they
may be exposed to predators, such as an open, novel or
light environment. Taken together, these results seem to in-
dicate that the initial evidence concerning the impairment
in short-term habituation to novelty may be not due to
short-term cognitive deficits but rather to an increase in
the anxious-like behaviour.

Increase in anxiety-like behaviour was previously re-
ported in an uncomplicated malaria experimental model
(Plasmodium chabaudi adami-infected C57BL/6 mice), 15
days after parasite clearance [19]. Anxious behaviour was
also detected, at the high cross-maze [31] and the open
field behaviour [32] tasks, at day 5 of infection in the same
model of the present study (PbA-infected C57BL/6 mice).
However, one must keep in mind that on day 5 when the
behaviour was assessed, animals are usually sick (feverish
and toxemic) and progressing to or already presenting CM.

Considering the results reported here, we can hypothesize
that even a short-term PbA-infection, treated before the ap-
pearance of any clinical sign of neurological impairment in
C57BL/6 mice [44], a model susceptible to experimental
CM, may result in long-term memory deficits and anxiety-
like behaviour. Studying this same model, another author
has shown that as early as at the fourth day of infection, the
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leukocyte adhesion process in the cerebral microvascula-
ture had already started, even in the absence of petechial
haemorrhage signs and with minimal formation of oedema
[22]. This precedes the evident and typical neuropatho-
logical CM signs starting on day 5 of infection, with the
usual full establishment on day 6 of infection in the model
studied and could explain, at least partially, the results re-
ported here. However, leukocyte accumulation has been
also shown to occur in the non-CM model of P. berghei
NK&65 infection of C57BL/6 mice [45], and, moreover, pre-
liminary data shows that no blood-brain barrier breakdown
is observed on day 4 in the PhA-C57BL/6 model studied
here (unpublished observations).

In this study, the behavioural effects of malaria in C57BL/
6 PbA-infected mice were recorded late (70 days after the
infection) in animals treated, at day 4, before any clinical
manifestation suggestive of brain tissue damage. This late
observation of long-term cognitive deficits as sequels of un-
complicated malaria in a CM-prone host-parasite model
may be considered as an informative example of the poten-
tial situation in human falciparum malaria.

As far as pathogenesis of the observed behavioural effects
is concerned, some mechanisms have been proposed to ex-
plain behavioural changes in the absence of neural injury, in-
cluding hypoxia, depression, attention deficit, anxiety,
malnutrition, medications and normal aging [46]. We can,
therefore, ponder that in the early phases of the infectious
process establishment, when minimal changes in the brain
physiology and structure may be starting (as the slight
leukocyte adhesion and minimum oedema in the cerebral
microvasculature, in the absence of petechial haemorrhage
recorded at day 4 by Potter et al. [22]), accompanied by the
emerging inflammatory environment and probably distur-
bances in the glial cells homeostasis (directly) and the trig-
gering of an anxious behavioural (indirectly) could influence
the cognitive performance of the experimental mice.

Finally, we can speculate that the equivalent time in
humans of manifestation of the memory impairment
and anxiety-like phenotypes, observed here in mice,
based on longevity parameters [47] suggests that cogni-
tive impairments could be detected 7 years after an epi-
sode of mild malaria in a human.

Conclusions

Long-lasting cognitive impairments, related to learning
and memory, have never been reported as sequels of
mild malaria in murine models. Here, evidence of short-
and long-term memory deficits 64 days after parasite
clearance by CQ treatment of PbA-infected C57BL/6
mice is presented for the first time. Further research in
other strains of mice susceptible or insusceptible to de-
velop CM is needed to confirm these data and to eluci-
date the dynamics of cognitive deficits and anxious
related parameters in uncomplicated malaria.
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