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Dynamics and
immunomodulation of
cognitive deficits and behavioral
changes in non-severe
experimental malaria
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Data recently reported by our group indicate that stimulation with a pool of

immunogens capable of eliciting type 2 immune responses can restore the

cognitive and behavioral dysfunctions recorded after a single episode of non-

severe rodent malaria caused by Plasmodium berghei ANKA. Here we explored

the hypothesis that isolated immunization with one of the type 2 immune

response-inducing immunogens, the human diphtheria-tetanus (dT) vaccine,

may revert damages associated with malaria. To investigate this possibility, we

studied the dynamics of cognitive deficits and anxiety-like phenotype following

non-severe experimental malaria and evaluated the effects of immunization

with both dT and of a pool of type 2 immune stimuli in reversing these

impairments. Locomotor activity and long-term memory deficits were

assessed through the open field test (OFT) and novel object recognition task

(NORT), while the anxiety-like phenotype was assessed by OFT and light/dark

task (LDT). Our results indicate that poor performance in cognitive-behavioral

tests can be detected as early as the 12th day after the end of antimalarial
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treatment with chloroquine and may persist for up to 155 days post infection.

The single immunization strategy with the human dT vaccine showed promise

in reversal of long-term memory deficits in NORT, and anxiety-like behavior in

OFT and LDT.
KEYWORDS

behavior, cognitive dysfunction, diphtheria-tetanus vaccine, immunomodulation,
non-severe experimental malaria
Introduction

Malaria, an infectious parasitic disease caused by protozoa of

the genus Plasmodium, is a major public health issue (1). The

clinical course may present in the classic form of fever, chills,

sweats and headache or evolve to complicated and severe

presentations of the disease, such as cerebral malaria (CM), a

lethal form of P. falciparum infection (2). Cognitive deficits and

behavioral changes are associated with CM and have also been

recorded after episodes of non-severe malaria (nSM), the most

prevalent clinical form of malaria, as well as in murine

experimental models (3–13). However, so far there is no

effective treatment for these sequelae, the mechanisms and

consequences of which require further study.

The immune and nervous systems are plastic cognitive

systems that communicate and interrelate, both being capable

of modifying cognitive function. Immune stimuli are known to

modulate neurogenesis, synaptic plasticity, and cognitive and

behavioral functions (14–17). We have previously shown that

active immunization by different integrated stimuli (anti-

inflammatory inducers of the Th2 response profile) initiated

early after treatment of a nSM episode caused by P. berghei

ANKA (PbA) in C57BL/6 female mice, can abrogate the late

expression of deficits in cognitive function and can also inhibit

the manifestation of an anxiety-like phenotype (18). The present

study: i) analyzes the dynamics of cognitive deficits and anxiety-

like phenotype evolution following PbA experimental nSM, and

ii) investigates the effect of isolated immunization with the adult

human diphtheria-tetanus (dT) vaccine on these parameters.
Materials and methods

Animals and parasite

All animal procedures were carried out in accordance with

the ethical principles and animal welfare practices approved by

the ethics committee of the Instituto Oswaldo Cruz (CEUA-IOC,

Fiocruz, license numbers L-010/2015, L-004/2020). Seven- to
02
eight-week-old female C57BL/6 mice (n = 209), weighing 18-

20 g, were provided by the Instituto de Cien̂cia e Tecnologia em

Biomodelos of the Fundac ̧ão Oswaldo Cruz (ICTB-Fiocruz). Mice

were maintained in controlled conditions of humidity (50% ±

10%), temperature (20° C ± 2° C) and light (12-hour light/dark

cycle), with access to chow and water ad libitum in

polypropylene cages with one Igloo™, with four to five mice

per cage, kept in racks with an air filtration system in the animal

facility of the Centro de Experimentac ̧ão Animal of the IOC

(CEA, IOC-Fiocruz), located at Pavilhão Leon̂idas Deane. One

mouse was excluded due to compromised welfare. Parasite

infection was performed with the ANKA strain of Plasmodium

berghei (PbA), transfected with green fluorescent protein (GFP)

from the Malaria Research and Reference Reagent Resource

Center (MR4)-BEI Resources.
Infection and treatment

Mice were inoculated intraperitoneally (ip) with 106 PbA-

GFP-infected red blood cells in 100 mL of phosphate buffered

saline (PBS). This parasite/host combination corresponds to the

classic model for the study of CM (19, 20). The concentrations of

parasitized red blood cells (pRBC) for the inoculation were

obtained from the blood of eight “passage” mice previously

infected with 150 mL of an aliquot of the strain thawed from

liquid nitrogen, kept in a cryopreservative solution (0.9% sodium

chloride, 4.2% sorbitol, 20% glycerol). Five days was enough to

reach percentages of parasitemia above 5% and the whole blood

was collected by cardiac puncture under ketamine and xylazine

anesthesia for infection (infected groups), after adjusting the

concentration of the intended inoculum to 100 mL. Parasitemia

measurements were obtained by flow cytometry or microscopy

of blood on slides fixed in methanol, stained with Giemsa’s

solution and observed under an optical light microscope

(Olympus BH-2) to quantify the percentage of infected

erythrocytes (1,000 erythrocytes were counted per blood smear).

Non-infected or non-infected/non-immunized control or

non-infected/immunized mice were injected with PBS only
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using the same procedures. After infection of mice,

measurement of parasitemia in the experimental group was

performed to verify the effectiveness of the infection. Blood

drops were collected by minimal section of mouse tails for blood

distension analysis, or were diluted in PBS for later acquisition in

a Cytoflex S flow cytometer for obtaining the percentage of GFP+

red blood cells. Control mice were submitted to the same

procedure of minimal tai l sectioning. The cl inical

manifestation of CM can occur from the fifth day after

untreated infection and is more evident from the sixth day on,

when, gradually, neuropathological signs (ataxia, convulsion,

paralysis, coma and death) appear (21).

In this study, infected mice showed increased levels of

parasitemia from the third to the fourth day after infection

with parasitemia around 2.5%, when treatment with chloroquine

(CQ, Farmanguinhos-Fiocruz) was started, before any clinical

signs of severe malaria were apparent, as described by De Sousa

et al. (6). CQ treatment was administered (in 200mL of 25 mg/kg

solution in PBS) once a day by oral gavage, for seven days. At the

end of treatment, blood was screened by microscopy for the

presence of parasites to confirm the effectiveness of the

treatment in reducing parasitemia. Three mice were excluded

due to recrudescence of parasites following CQ treatment.

Although CQ treatment does not influence the behavioral

performance of mice in tests performed approximately 77 days

after treatment (6), we treated groups of non-infected mice with

PBS or with CQ to screen for the presence of any CQ effect on

cognitive and behavioral parameters 12 days after treatment.
Immune stimuli

Two weeks after the end of treatment, two distinct

immunization strategies capable of inducing type 2 immune

responses were adopted: a) vaccines and immunogens [referred

to as T2 strategy, firstly described by De Sousa et al. (18)] and b)

adult human diphtheria-tetanus (dT) vaccine. The integrated

stimuli “a” encompassed the dT vaccine, the same used in the

Programa Nacional de Imunizac ̧ões (PNI – Ministeŕio da Saud́e,

Brazil). It is an inactivated vaccine, manufactured by Biological

E. Limited (lot: 221500317C) and was administered to mice in a

three-dose regimen via the dorsal subcutaneous route, with an

interval of 21 days between each dose of 100 mL containing 0.4 Lf
of diphtheria toxoid and 1.76 Lf tetanus toxoid, adsorbed on

aluminum phosphate (AlPO4 ≥ 0.3 mg), with thiomersal

preservative (0.01%) kept at 2 to 8°C until the time of

administration. In addition to the dT vaccine, the T2 strategy

also comprises three doses of the c-terminal portion of P.

falciparum Merozoite Surface Protein 3 (PfMSP-3),

administered subcutaneously at the base of the tail, with an

interval of 21 days apart. Each 100 mL dose contains 10 mg of the
immunogen diluted in PBS and adsorbed on 70% Montanide™

ISA 720VG ST adjuvant manufactured by SEPPIC S.A. (lot:
Frontiers in Immunology 03
2587851). The T2 strategy also included white chicken egg

ovalbumin (OVA, Sigma-Aldrich A5503-50g), administered in

three doses of 100 mL, one by the dorsal subcutaneous route and
two by the ip route, with an interval of seven days between doses

and starting 24 hours after the last dose of PfMSP-3. Each dose

contains 50 mg OVA dissolved in PBS and adsorbed on 5 mg/mL

aluminum hydroxide [Al(OH)3]. The isolated dT vaccine

strategy was performed as described in “a”.
Experimental protocol for the study of
the dynamics and immunomodulation of
behavior in malaria

Groups of C57BL/6 mice were randomly divided into the

control (CTRL) and infected (INF) groups and inoculated via ip

with 106 pRBC by P. berghei ANKA-GFP (INF) or injected with

PBS (CTRL) (Figure 1). On the fourth day post inoculation

(dpi), both groups of mice received antimalarial treatment with

CQ 25 mg/kg, via gavage, once a day, for seven days. Parasitemia

was measured on the first (D4) and last day (D10) of treatment,

and after behavioral assays. To assess the dynamics of cognitive

and behavioral performances, CTRL and INF mice groups were

randomly divided into three cohorts of 40 [12 days post-

treatment (dpt), cohort 1], 24 (145 dpt, cohort 2) and 35

(145 dpt, cohort 3) animals. They were subsequently

submitted to a sequence of behavioral tests: open field test

(OFT), novel object recognition task (NORT) and light/dark

task (LDT), at 22-26 dpi, (12-16 days post-treatment, endpoint

referred to as “12 dpt”) or at 155-159 dpi (145-149 dpt, endpoint

referred to as “145 dpt”). Three mice had low levels of

parasitemia and were excluded from the analyzes. To assess

the effect of a single immunogen in reversing malaria parasite

infection related pathology, mice were subdivided in five groups:

control (CTRL, n=19), control immunized with the dT vaccine

(dT, n=19), infected (INF, n=24), infected immunized with the

dT vaccine (INF- dT, n=19) and infected immunized with T2

stimuli (INF-T2, n=19) groups and submitted to the

immunization protocol 14 days after the end of the

antimalarial treatment. These groups were submitted to the

behavioral tests OFT, NORT and LDT 87 dpi (77 dpt). All

CTRL groups were age-matched, mock-infected, mock-immune

stimulated and treated with CQ whenever applicable, and

treated in the same manner as the experimental groups.
Cognitive and behavioral
analysis protocols

The sequence of behavioral tests involved evaluation of

parameters related to locomotor activity, cognitive performance,

and anxiety-like behavior, as reported by De Sousa et al. (6, 18)

(Figure 2). The sequence involves an increasing order of
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aversiveness, to minimize the impact of one task on the next.

Behavioral tests were carried out in the afternoon in an

environment with 60 lux light intensity provided by

incandescent lamps, and mice were acclimatized for two hours

prior to testing with access to chow and water ad libitum. Mouse

performance was recorded by a video camera positioned above the

device, connected to a laptop computer. Automated acquisitions

and analyzes were performed using AnyMaze® version 5.1

software (Stoelting Co., Wood Dale, IL), while manual analyzes

were performed by a researcher blinded to group assignment. The

devices were sanitized with 70% alcohol and dried, before and

after use by each mouse.
Open field test

The OFT was adapted from De Almeida et al. (22), as

described by De Sousa et al. (6, 18). Mice in cohorts 12 and

145 dpt were individually placed in the apparatus close to the

side wall. The OFT arena consist of a gray acrylic box (50 × 50 ×

50 cm). Each mouse was free to explore the apparatus for 10

minutes in the first OFT session (OFT1). After 24 hours, they

were submitted to a second OFT session (OFT2), for 10 minutes.

The parameters determined by two consecutive OFT tasks were:

i) locomotor activity measured by total distance traveled in both

sessions, ii) long-term habituation memory to a novel

environment [reflected by decreases in the total distance

traveled in OFT2 compared to the OFT1, as previously

characterized by De Almeida et al . (22), since the

environment, already explored in OFT1, does not correspond

to a novelty and is consequently less explored in OFT2], and iii)
Frontiers in Immunology 04
the anxiety-like phenotype by time and distance traveled in the

center zone of the OFT1 apparatus. Cohort 3 of 145 dpt was

analyzed in a smaller acrylic box (30 × 30 × 30 cm). All the data

from above mentioned parameters were obtained by the

AnyMaze® 5.2 software.
Novel object recognition task

The NORT was adapted from De Almeida et al. (23), as

described by De Sousa et al. (6, 18). In this task, the recognition

memory is evaluated based on the mice performance due to the

animal’s natural preference for novelty. NORT was performed

24 hours after the OFT2 session and was carried out in the same

OFT arena, in order to reduce spontaneous anxiety levels

associated in novel environments (6, 18). Mice were always

placed individually, facing the apparatus wall and equidistant

from the two objects, and could freely explore for 10 minutes.

The training session consisted of placing two identical objects

(FO1 and FO2). After 24 hours (to assess long-term memory),

mice were again individually placed in the arena, with one of the

familiar objects being exchanged for a different one (in terms of

texture, shape and size) – named novel object (NO). Exploration

was defined as the time a mouse spent with its snout facing the

object at a distance ≤ 2 cm and/or touching the object with the

snout or forepaws. The exploration time in each object and its

percentage were calculated by dividing the exploration time of

the novel or familiar object by the sum of the exploration time

for the two objects, multiplied by 100. The exploration time was

manually measured by a blinded to treatment researcher, using a

digital stopwatch, by observing video recordings of the sessions.
FIGURE 1

Experimental design. C57BL/6 mice were infected with 106 parasitized red blood cells with Plasmodium berghei ANKA on day 0 or injected with
the vehicle (PBS control) intraperitoneally. Four days post infection, both mice were treated with chloroquine 25mg/kg via gavage for seven days
and parasitemia was measured at the beginning and end of treatment, and after behavioral assays. To assess the evolution of cognitive-
behavioral performance, cohorts of control (CTRL) and infected (INF) mice were evaluated 12 (cohort 1) and 145 (cohorts 2 and 3) days after the
end of treatment in behavioral tests. To evaluate the immunomodulatory effect, control and infected mice were immunized or not with the dT
vaccine immunization strategy. For comparative purposes, a group of infected mice was immunized with the type 2 immune response profile
immunization strategy. All mice were evaluated in behavioral tests; PfMSP-3 – Plasmodium falciparum Merozoite Surface Protein 3, dT vaccine –
diphtheria-tetanus vaccine, OVA – white chicken egg ovalbumin, s.c. – subcutaneous, i.p. – intraperitoneal; OFT – open field test, OR1 – object
recognition 1 (training session), OR2 – object recognition 2 (test session), LDT – light/dark task.
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Cohort 3 NORT performance was analyzed in a small acrylic box

(30 × 30 × 30 cm). Six mice from cohort 1, 11 from cohort 2 and

12 from groups of immunization protocol were unable to

explore the objects and were excluded from the analysis

according to Lourenco et al., with minor modifications (24).

Based on mice ethology, it is expected that the exploration

period dedicated to the novel object will be longer than that of

the familiar object.
Light/dark task

The LDT was adapted from De Almeida et al. (25) as

described by De Sousa et al. (6, 18). This test is based on the

natural preference of mice for closed areas over open and lit

(exposed) ones (26). This test was carried out in an acrylic box

(45 cm long × 27 cm high × 27 cm wide) divided into light and

dark compartments (the latter being smaller), with the presence

of a portal that allows the transition between the light and dark
Frontiers in Immunology 05
zones. The bright zone was illuminated with white light, LED

luminaire (14 watts). The dark area presents the entire structure

in black acrylic and without lighting. All three cohort of mice

were placed individually in the light zone of the LDT box to

explore the apparatus for five minutes. Mice that display anxiety-

like behavior spend less time in the light zone and perform fewer

transitions compared to non-anxious control mice. The period

in the light zone and the number of transitions were manually

registered by a blinded treatment researcher observing video

recordings of sessions. An outlier from the INF group (145 dpt,

cohort 2) was excluded based on the Grubb’s test.
Statistical analysis

Results are expressed as measures of mean ± standard errors

or deviations (parasitemia levels) of the mean. The D’Agostino

Pearson test was used to verify the Gaussian distribution. One-

way analysis of variance (ANOVA) followed by Bonferroni’s

multiple comparison post hoc test was used for comparisons

between more than two groups, while two-way analysis of

variance followed by Bonferroni’s multiple comparison post

hoc test was used to compare the total distance traveled

between groups and between sessions (repeated measures) in

OFT and exploration time (repeated measures) in NORT. For

comparisons between two groups, Student’s t-tests with Welch’s

correction (when applicable) were used. Outliers were removed

based on Grubb’s test. Differences with p values less than 0.05

were considered statistically significant. GraphPad Prism 8.01

(La Jolla, CA, USA) was used to prepare charts and

statically analysis.
Results

We have previously studied behavioral aspects at 77 days

after the end of CQ treatment (dpt). Thus, in this study, to

further characterize the evolution of cognitive performance after

a single episode of nSM in the mice, we evaluated performance

of mice in the OFT and NORT at 12 dpt (cohort 1) and 145 dpt

(cohorts 2 and 3).
Non-severe Plasmodium berghei ANKA
infection in mice impairs mice behavioral
performance at 12 days after the end
of treatment

All mice infected with 106 pRBC by PbA showed low levels

of parasitemia (mean of 2.8%) four days after infection (Figure

S1). Parasitemia was consistently negative at D10 after CQ

treatment and after behavioral assays (100% of mice). CQ
FIGURE 2

Behavioral tests. In the open field test (OFT), the animal explores
the apparatus for 10 minutes and 24 hours later explores again.
In the novel object recognition task (NORT), performed in the
same apparatus as the OFT, the animal explores two identical
objects for 10 minutes and 24h later it explores them again, one
of the objects being replaced by a different one. In the light/dark
task (LDT), the animal explores an apparatus with two
compartments, one dark and one light, for 5 minutes. For more
details read section Materials and methods on Cognitive and
behavioral analysis protocols.
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Rosa-Gonçalves et al. 10.3389/fimmu.2022.1021211
treatment did not affect short-term (12 dpt) performance in any

behavioral paradigms OFT, NORT and LDT tested here

(Figure S2).

Non-severe PbA-infection had no effect on long-term

habituation memory (Figure 3A). PbA-infected and treated mice

(herein referred to as infected group, INF) showed no difference

neither in the total distance traveled (locomotion) in the first OFT

session (OFT1), nor in OFT2, as compared to their respective

control 12 dpt (Figure 3A). Additionally, analyzing mouse

habituation to novelty performance by comparing the OFT1 and

OFT2 distance traveled, mice from both CTRL and INF groups

showed decreases in the OFT2 distance traveled when compared

with the respective OFT1 (Figure 3A). To characterize the

dynamics of anxiety-like behavior following an episode of nSM,

cohort 1was evaluated in theOFT1 andLDT.During theOFT1, no

difference between the CTRL and INF groups was detected in the

time spent in the center zone (Figure 3B). In the same way, no

alteration was detected in distance traveled in the center zone

between CTRL and INF groups (Figure 3C).

Non-severe PbA-infection in mice induces long-term

recognition memory impairment, detectable by the NORT,

even after prompt radical cure by CQ. In the training session,

no significant difference in the percentage of time spent
Frontiers in Immunology 06
exploring each object was observed between familiar objects

(Figure S3A). Twenty-four hours after the NORT training

session, no difference in object (FO and NO) exploration was

observed in INF mice. INF mice were unable to distinguish the

familiar object (FO) from the novel object (NO). In the test

session, as expected, CTRL mice spent more time exploring the

NO than FO (Figure 3D). The CTRL group at the 12 dpt cohort

presented an average time of objects exploration of 35 seconds

(s) in each session and the INF group presented 39 s.

Non-severe PbA-infection in mice induces anxiety-like

behavior. In the LDT, the INF group spent less time in the

light zone when compared to the respective CTRL (Figure 3E).

No difference in the number of transitions between zones was

observed between INF and CTRL groups (Figure 3F).
Non-severe Plasmodium berghei ANKA
infection in mice impairs behavioral
performance at 145 dpt

To further characterize the evolution of cognitive performance

after a single episode of nSM, mice were also evaluated 145 days

after the end of CQ treatment (cohort 2) in the OFT and NORT
A B

D E F

C

FIGURE 3

Effect of non-severe Plasmodium berghei ANKA infection in mice in behavioral performance in different paradigms 12 days after the end of
treatment (dpt). (A) Total distance traveled in meters (m) in open field test (OFT1 and OFT2). (B) Time in center zone (seconds, s). (C) Distance in
center zone (m) in first session of OFT. (D) Time in objects in percentage (%) in test session of the NORT. (E) Time in the light zone (s).
(F) Numbers of transitions between light and dark side in light/dark task. CTRL (control) and INF (infected and treated) mice groups. Data points
are identified as individuals’ values. Columns represent mean ± S.E.M. Two-way RM ANOVA/Bonferroni was used for intragroup comparison of
different sessions (n=18-20/group) and different objects (n=12-18/group). Two-way ANOVA was used for comparison between CTRL vs INF of
OFT1 and OFT2, and the p-values were non-significant (n=18-20/group). Unpaired student t-test was used to compare control and infected
group (n= 8-20/group). *p<0.05; **p<0.01; ****p<0.0001.
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(50 × 50 × 50 cm OF arena). The INF mice showed no difference

neither in the total distance traveled (locomotion) in the first OFT

session (OFT1), nor in OFT2, as compared to their respective

control (Figure4A).Additionally,mice fromCTRLand INFgroups

showed decreases in the distance traveled inOFT2when compared

to OFT1 and, thus, similar performance in habituation to novelty

(Figure 4A). Non-severe PbA-infection in mice induces anxiety-

like behavior.Micewere evaluated in theOFT1 and LDT. INFmice

spent a shorter time in the center zone, as compared to CTRL

(Figure4B).Noalterationwasdetected in termsofdistance traveled

in the center zone between CTRL and INF mice (Figure 4C).

In the NORT training session, no significant difference in

percentage of time spent in the exploration of each object was

observed between familiar objects (Figure S3B). In the test

session, CTRL mice spent more time exploring the NO, but no

significant exploration difference was detected between NO and

FO (Figure 4D). No difference in object exploration was

observed in INF mice. CTRL mice from cohort 2 (at 145 dpt)

showed a lower mean exploration time of the objects (9 s) than

those from cohort 1 (at 12 dpt) CTRL group. In addition, there

was an apparent reduction in locomotor activity with aging of

the mice in both NORT sessions in the CTRL groups [28 and 13

meters average total distance traveled in the training session and
Frontiers in Immunology 07
of 21 and 10 meters in the test session, at 12 and 145 dpt (cohort

2) respectively, Figure S4].

In the LDT, the INF mice spent less time in the light zone

when compared to CTRL (Figure 4E). Mice from the CTRL

group showed a fewer number of transitions as compared to INF

mice (Figure 4F).

Due to the low average exploration of cohort 2 objects in the

NORT when compared to cohort 1, analyzes with mice from

cohort 3 (145 dpt) were performed in a smaller apparatus in

OFT and NORT (30 × 30 × 30 cm OF arena). The INF mice

showed no difference neither in the total distance traveled

(locomotion) in the first OFT session (OFT1), nor in OFT2, as

compared to their respective controls (Figure 5A). Additionally,

mice from both groups CTRL and INF showed a decrease in

distance traveled in OFT2 when comparing to OFT1

(Figure 5A). Mice from cohort 3 were evaluated at 145 dpt in

the OFT1 and LDT for the anxiety-like behavior. During the

OFT1, CTRL and INF mice spent similar time in the center zone

of the apparatus (Figure 5B). In the same way, no alteration was

detected in distance traveled in the center zone between CTRL

and INF groups (Figure 5C).

In the NORT training session, no significant difference in

percentage of time spent in the exploration of each object was
A B

D E F

C

FIGURE 4

Effect of non-severe Plasmodium berghei ANKA infection in mice in behavioral performance in different paradigms 145 days after the end of
treatment (dpt). (A) Total distance traveled in meters (m) in open field test (OFT1 and OFT2) 50 × 50 × 50 cm arena. (B) Time in center zone
(seconds, s). (C) Distance in center zone (m) in first session of OFT. (D) Time in objects in percentage (%) in test session in the NORT. (E) Time in the
light zone (s). (F) Numbers of transitions between light and dark side in light/dark task. CTRL (control) and INF (infected and treated) mice groups.
Data points are identified as individuals’ values. Columns represent mean ± S.E.M. Two-way RM ANOVA/Bonferroni was used for intragroup
comparison of different sessions (n=12/group) and different objects (n=5-8/group). Two-way ANOVA was used for comparison between CTRL vs
INF of OFT1 and OFT2, and the p-values were non-significant (n=12/group). Unpaired student t-test and Welch’s correction when applicable were
used to compare control and infected group (n=11-12/group). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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observed between familiar objects (Figure S3C). In the test

session, CTRL mice spent more time exploring the NO,

showing exploration significant preference for NO over FO

(Figure 5D). No differences in object exploration were

observed in INF mice. INF mice were unable to distinguish

the NO from the FO. The 145 dpt cohort 3 CTRL group showed

a mean exploration time of 42 seconds (s) in each session as

compared to 9 s of the cohort 2 CTRL group.

Non-severe PbA-infection in mice induces anxiety-like

behavior. In the LDT, the INF mice spent less time in the light

zone compared to CTRL mice (Figure 5E), although no

difference was observed in the number of zone transitions

between INF and CTRL mice (Figure 5F).
Immunization with dT vaccine reverses
behavioral impairment induced by non-
severe Plasmodium berghei ANKA
infection in mice

We investigated whether immunization with the dT vaccine

alone had a positive impact on behavioral parameters and, if so,
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whether this effect was comparable to that obtained with

integrated immune stimuli capable of inducing T2 responses,

as previously reported (18). dT vaccine immunization does not

affect habituation memory or locomotor activity. In the first

OFT session (OFT1), the total distance traveled by dT, INF, INF-

dT and INF-T2 groups of mice, chosen for the locomotor

activity analysis, was not different from the CTRL. The CTRL,

dT, INF, INF-dT and INF-T2 groups of mice traveled a

significantly shorter mean distance in the OFT2 session

compared to the OFT1 (Figure 6A).

The effect of immunization on anxiety-like behavior was

also assessed in CTRL, dT, INF, INF-dT and INF-T2 groups

of mice by OFT and LDT. The time spent in the center zone

of the apparatus by dT, INF, INF-dT and INF-T2 groups was

not different from that of the CTRL in OFT1 (Figure 6B).

INF mice traveled a shorter distance in the center of the

apparatus as compared to CTRL (Figure 6C). The

immunized groups (dT, INF-dT and INF-T2), in addition

to not showing differences in this parameter in relation to

the CTRL, did not differ from each other. However, INF-dT

mice traveled a greater distance in the center zone as

compared to INF (Figure 6C).
A B
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FIGURE 5

Effect of non-severe Plasmodium berghei ANKA infection in mice in behavioral performance in different paradigms 145 days after the end of
treatment (dpt). (A) Total distance traveled in meters (m) in open field test (OFT1 and OFT2) 30 × 30 × 30 cm arena. (B) Time in center zone
(seconds, s). (C) Distance in center zone (m) in first session of OFT. (D) Time in objects in percentage (%) in test session in the NORT. (E) Time in
the light zone (s). (F) Numbers of transitions between light and dark side in light/dark task. CTRL (control) and INF (infected and treated) mice
groups. Data points are identified as individuals’ values. Columns represent mean ± S.E.M. Two-way RM ANOVA/Bonferroni was used for
intragroup comparison of different sessions (n=15-20/group) and different objects (n=15-20/group). Two-way ANOVA was used for comparison
between CTRL vs INF of OFT1 and OFT2, and the p-values were non-significant (n=15-20/group). Unpaired student t-test was used to compare
control and infected group (n=15-20/group). *p<0.05; **p<0.01; ****p<0.0001.
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dT vaccination reverses long-term
recognition memory impairment induced
by non-severe Plasmodium berghei
ANKA infection in mice

To assess whether the dT vaccine immunization can recover

the long-term memory deficit detected after nSM, the

exploration time between objects in percentage was estimated

in the NORT at 77 dpt. In the training session, different groups

of mice explored the familiar objects FO1 and FO2 in a similar

way and no significant differences in exploration were observed

between objects (Figure S5). After 24 hours, in the test session,

dT, INF-dT and INF-T2 mice showed a significantly greater

exploration of NO than of FO, as observed for the CTRL

(Figure 6D). Mice from INF group showed no preference for

the NO. They were unable to distinguish the NO from the FO

and, explored both for approximately the same time.
The dT vaccine-immunization reverses
anxiety-like behavior induced by non-
severe Plasmodium berghei ANKA
infection in mice

In the LDT, the time spent in the light zone and the number

of transitions were counted in the same experimental groups

mentioned above. INF mice spent a shorter time in the light zone
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of the apparatus in comparison to CTRL (Figure 6E). The

immunized groups (dT, INF-dT and INF-T2), in addition to

not showing differences in this parameter in relation to the

CTRL, did not differ from each other. However, INF-dT and

INF-T2 mice spent a greater time in the light zone as compared

to INF. No significant differences were detected in the number of

transitions between the groups evaluated (Figure 6F).
Discussion

Non-severe malaria (nSM) caused by Plasmodium

falciparum is the most common presentation of malaria. In

recent decades, evidence has accumulated showing the impact of

nSM on children’s cognitive function, mainly in the reduction of

school performance (5, 8, 27–29). The classical experimental

models of nSM (as, for example, in Swiss Webster mice infected

with non-lethal P. yoelii, C57BL/6 with P. chabaudi chabaudi or

P. chabaudi adami) have not reproduced the cognitive deficits

recorded in man (3, 30). However, behavioral changes have been

reported as sequelae of nSM in experimental models only

recently (6, 18, 31). De Sousa et al. studied the classical

experimental model of CM (C57BL/6 infected with P. berghei

ANKA) treated with CQ before any clinical signs of CM and

observed late behavioral changes and cognitive deficits (6, 18).

The cognitive deficits of nSM may be persistent, but the

evolution of cognitive and behavioral impairment is poorly
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FIGURE 6

Immunization effect on behavioral performance in different paradigms of health mice and after non-severe experimental malaria (control
(CTRL), immunized control with dT vaccine (dT), infected (INF), immunized infected with dT vaccine (INF-dT) and immunized infected with T2
stimuli (INF-T2) mice). (A) Total distance traveled in meters (m) in open field test (OFT1 and OFT2). (B) Time in center zone (seconds, s). (C)
Distance in center zone (m) in first session of OFT. (D) Time in objects in percentage (%) in test session in the NORT. (E) Time in the light zone
(s). (F) Numbers of transitions between light and dark side in light/dark task. Data points are identified as individuals’ values. Columns represent
mean ± S.E.M. Two-way RM ANOVA/Bonferroni was used for intragroup comparison of different sessions (n=15-22/group) and different objects
(n=13-19/group). Two-way ANOVA was used for intergroup comparison of the same sessions (n=15-22/group). One-way ANOVA/Bonferroni
was used for comparison of CTRL/INF, CTRL/INF-dT, CTRL/INF-T2, INF/INF-dT e INF/INF-T2 (n= 8-23/group). The p-values between CTRL and
INF-dT and INF-T2 were non-significant. *p<0.05; **p<0.01; ****p<0.0001.
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understood (12, 28). Persistent cognitive impairment may affect

social, economic and cultural development in malaria-endemic

areas. In this work, experiments in the murine model were

carried out to evaluate the cognitive and behavioral performance

12 (short-term) and 145 dpt [to assess persistence using a longer

period than the long-term (77 dpt), evaluated by De Sousa et al.

(6, 18)].

In the OFT, no impact on locomotion activity in mice after

nSM was detected at any of the different times evaluated in all

three cohorts, in agreement with the observations made after

treatment (6, 18) and even during active infection (30) of non-

severe experimental malaria (nSEM).

The OFT is a widely used test to assess locomotor activity,

habituation memory, and anxiety-related parameters (22, 32).

Long-term memory deficits related to novelty habituation were

not detected by the OFT in any of the cohorts analyzed after CQ

treatment. These data corroborate those by De Sousa et al. (6, 18)

showing that this kind of deficit was absent 77 days after

parasite clearance.

Object recognition deficits can also result from nSEM and

were observed here as early as 12 dpt and can persist for up to

nearly five months (145 dpt) after treatment. The cohort of older

mice tested in 50 × 50 × 50 cm apparatus (145 dpt) showed less

exploration in the NORT compromising the analysis. The use of

a 30 × 30 × 30 cm apparatus for the behavioral tasks allowed

greater exploration of the objects by the mice, enabling more

reliable analysis. Aging modulates many aspects of behavior in a

continuous manner in C57BL/6 mice (33). Therefore, differences

in the distance traveled in OFT and transitions in LDT in older

mice could explain the changes in the exploratory behavior of

cohort 2 compared to cohort 1. Long-term recognition memory

in rodents, an important tool that models humans’ ability to

recognize objects, individuals and events, was assessed by the

NORT task (34). Deficits in long-term recognition memory were

detected during experimental cerebral malaria (ECM) by De

Miranda et al. (35) and Campos et al. (36), three days after the

end of ECM treatment with CQ (3), and seven days after

treatment with artesunate (36). One brain structure associated

with recognition memory deficits in humans and rodents is the

hippocampus (37–39). Their detection after nSM is of relevance,

since it shows that alterations in this task are not restricted to

CM. No deficits in long-term recognition memory was detected

at the peak of the parasitemia curve during infection of C57BL/6

mice infected with P. chabaudi adami, a classical experimental

model of nSM (30). However, late term memory deficits (77 dpt

with CQ) were detected in nSEM (6, 18). Learning and memory

are necessary for the acquisition, retention and reconstruction of

knowledge about the world over time (40).

Anxiety-related parameters were evaluated after nSEM

treatment in two different tests (OFT and LDT) in INF groups

from all cohorts. Among the predictive behavioral tests to

explore anxiety-like behavior, the LDT is considered a robust

test to assess this complex phenotype in rodent (41), and the
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time spent in the light compartment is the main predictive

parameter used in most studies in the literature, instead of the

number of transitions (42). In this sense, increases in time spent

in the light zone by INF groups have been observed here in all

three cohorts in LDT. Contrasting with other cohorts, CTRL

mice from cohort 2, evaluated at 145 dpt, showed a lower

number of transit ions between the light and dark

compartments compared to INF mice. As mentioned before,

ageing could affect mice’s behavioral performance (33) and the

stress stimuli induced by the behavioral protocol used in cohort

2 (a larger OFT arena – 50 × 50 × 50 cm) could exemplify this

confounding effect observed between the light and dark

compartment transitions. Additionally, behavioral alterations

have also been described recently in mice with history of

juvenile malaria, in response to stress stimulus at adulthood

(31). However, our group was the first to show behavior sequelae

in nSEM (6, 18) as well as their presence in the short-term (12

days) post-treatment, and their persistence for up to 145 days, in

this work.

Malaria is a systemic infection, the pathology of which may

be influenced by several aspects of the parasite-host relationship,

including parasite and host genetic background, the nature and

intensity of the infection, and induced immune response (6, 19,

20, 43, 44). From an immunological point of view, during the

erythrocyte cycle of Plasmodium development, parasite and host

cell antigens are released into the bloodstream with the rupture

of erythrocytes, activating an immune response. An increase in

pro-inflammatory mediators, such as IFN-ɣ and TNF-a,
contributes to the immune response, microglial activation, and

polarization of the immune response towards the Th1 profile

(20, 45–48) and may contribute to acute and late cognitive

deficits of CM in children (49).

Pathological outcomes manifesting during the early stages of

infection can lead to changes in the CNS microenvironment and

may culminate in the deregulation of homeostasis of cognitive

functions. Therefore, even the minimal cerebral changes that

may occur during asymptomatic (according to Khandare et al.)

phases of infection may contribute to the results reported here

(50). For example, on the third day post infection, increased

expression of neuronal activation marker c-fos protein (51),

increased cerebellar gene expression of programmed cell death

proteins 1 (PD-1), lymphocyte activation gene 3 (LAG-3) and T

lymphocyte-associated protein 4 (CTLA-4), and reduction of

hippocampal chemokine ligand 4 (CXCL-4) occur (50). On the

fourth day post-infection increased levels of TNF cytokine in

brain cortical tissue (52), adhesion of leukocytes and the

minimal presence of edema restricted to a focal area in the

brain have been observed (21).

Both infection and immunization are capable of altering

immune and cognitive responses. De Sousa et al. (18) showed

that type 2 (Th2) immune stimuli can positively modulate the

neurocognitive response in malaria and reverse the cognitive

deficits associated with nSM. Here, we investigated the effect of
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isolated immunization with the dT vaccine by comparing it to

type 2 integrated stimuli effect, demonstrated by De Sousa et al.

at 77 dpt (18).

The dT vaccine corresponds to one of the integrated type 2

stimuli and was chosen because: a) it is a known inducer of Th2

immune response (53–55); b) it contains the aluminum

phosphate (AlPO4) adjuvant which also has a type 2

immunomodulatory effect (56); and c) it is included in the list

of vaccines offered by the Programa Nacional de Imunizac ̧ões
(Ministeŕio da Sau ́de, BR) contributing to a translational

applicability and has been applied worldwide in billions of

doses in recent decades.

Immunization with the dT vaccine, with a 21-day interval,

started 14 days after the end of CQ treatment of non-severe PbA

malaria episodes, promoted the reversal of memory deficits of

long-term recognition in NORT and anxiety-like behavior in

OFT and LDT. As there was no difference in the time spent in

the center zone between all groups analyzed, as De Sousa et al.

(18) also noted, anxiety parameters need to be further

investigated through other tests, such as the Elevated Plus

Maze. However, the results obtained in this work indicate that

the dT vaccine, administered alone after CQ treatment, may

have an anxiolytic-like effect in mice with nSM.

Such effects, as well as those obtained with type 2 integrated

stimuli previously reported by De Sousa et al. (18), also

concerning memory and anxiety alterations recorded after a

single episode of nSM, indicate that immunization, done after

malaria episodes, is capable of reversing (but not preventing)

cognitive and behavioral deficits, since these sequelae are already

evident early (12 days) after treatment. We have observed that

the experimental model of nSM immunized with T2 stimuli

showed an increase in regulatory T cells in the spleen and IL-10

in the serum that could act by controlling neuroinflammation

and contributing to the effects that promote cognitive function

(18). Behavioral effects resulting from immunization with the dT

vaccine alone may operate through the same mechanism. The

present study did not analyze cytokine levels and T cell

polarization to confirm Th2 cytokine production due to dT

vaccination or relate these parameters to behavioral indices

measured. Studies investigating immune cells and mediators,

including the profile of cytokines secreted by regulatory T cells in

serum and hippocampus at different times post infection, are

necessary to increase the understanding of mechanisms behind

the deficit recovery effect of immune stimuli and may help the

development of strategies for the recovery of cognitive ability in

children and residents of malaria-endemic areas, and even in

other conditions that affect cognition.
Conclusion

Poor performance on behavioral tests is detectable in mice with

nSM as early as 12 days after CQ treatment and may persist for five
Frontiers in Immunology 11
months. These results seem to justify the implementation of

strategies to recover cognitive and behavioral deficits resulting

from nSM soon after the end of antimalarial treatment in

children or elderly patients. Immunization with the dT vaccine

seems to have effects comparable to those observed with T2 stimuli

and may constitute a promising strategy for reversing cognitive and

behavioral alterations associated with human malaria. Clinical

assays could help in defining the viability of these measures.
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donéguébougou. Soc Sci Med (2010) 71:324–34. doi: 10.1016/j.socscimed.2010.02.027

30. Guha SK, Tillu R, SoodA, PatgaonkarM,Nanavaty IN, SenguptaA, et al. Single
episode of mild murine malaria induces neuroinflammation, alters microglial profile,
impairs adult neurogenesis, and causes deficits in social and anxiety-like behavior.
Brain Behav Immun (2014) 42:123–37. doi: 10.1016/j.bbi.2014.06.009

31. Guha SK, Sarkar I, Patgaonkar M, Banerjee S, Mukhopadhyay S, Sharma S,
et al. A history of juvenile mild malaria exacerbates chronic stress-evoked anxiety-
like behavior, neuroinflammation, and decline of adult hippocampal neurogenesis
in mice. J Neuroimmunol (2020) 348:577363. doi: 10.1016/j.jneuroim.2020.577363

32. Prut L, Belzung C. The open field as a paradigm to measure the effects of
drugs on anxiety-like behaviors: A review. Eur J Pharmacol (2003) 463:3–33.
doi: 10.1016/s0014-2999(03)01272-x

33. Fahlström A, Yu Q, Ulfhake B. Behavioral changes in aging female C57BL/6
mice. Neurobiol Aging (2011) 32:1868–80. doi: 10.1016/j.neurobiolaging.2009.11.003

34. Aggleton JP, Nelson AJD. Distributed interactive brain circuits for object-in-
place memory: A place for time? Brain Neurosci Adv (2020) 4:2398212820933471.
doi: 10.1177/2398212820933471
Frontiers in Immunology 13
35. De Miranda AS, Brant F, Campos AC, Vieira LB, Rocha NP, Cisalpino D,
et al. Evidence for the contribution of adult neurogenesis and hippocampal cell
death in experimental cerebral malaria cognitive outcome. Neuroscience (2015)
284:920–33. doi: 10.1016/j.neuroscience.2014.10.062

36. Campos AC, Brant F, Miranda AS, Machado FS, Teixeira AL. Cannabidiol
increases survival and promotes rescue of cognitive function in a murine model of
cerebral malar ia . Neuroscience (2015) 289:166–80. doi : 10.1016/
j.neuroscience.2014.12.051

37. Reed JM, Squire LR. Impaired recognition memory in patients with lesions
limited to the hippocampal formation. Behav Neurosci (1997) 111:667–75.
doi: 10.1037//0735-7044.111.4.667

38. Broadbent NJ, Gaskin S, Squire LR, Clark RE. Object recognition memory
and the rodent hippocampus. Learn Mem (2009) 17:5–11. doi: 10.1101/lm.1650110

39. Cohen SJ, Munchow AH, Rios LM, Zhang G, Asgeirsdóttir HN, Stackman
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